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ABSTRACT
INFLUENCE OF MATERIAL PROPERTIES ON GRANULES PREPARED BY

DRY CO-ROTATING TWIN SCREW EXTRUSION AND COUNTER-
ROTATING BATCH MIXING

Afstathios ;)t};ve Pafiakis
Recently, the pharmaceutical industry has shown interest in continuous granulating
technology because of the flexibility it offers as an option that bypasses the costly scale-
up process associated with batch manufacturing. However, the granulation mechanism(s)
using twin screw co-rotating hot melt extrusion (HME) has not been fully explored, and it
is not yet well understood. This leads to costly experiments during development and
process reliability problem in commercial manufacturing. The main objective of this
dissertation is to increase the mechanistic understanding of the twin screw granulation
process of systems containing an active pharmaceutical ingredient (API) and a polymer
excipient. This is accomplished by demonstrating that the onset of granule growth is driven
by frictional energy dissipation (FED) and plastic energy dissipation (PED); where FED is
the dominating mechanism for granule growth. The work presented here demonstrates how
these mechanisms manifest in the evolving and resulting granule structure.
The highlights of this dissertation can be categorized into the following parts:
(1) A proof of concept analysis that looks at the morphological evolution of granules formed
inside the extruder, specifically across the kneading zone. (ii) A comprehensive
understanding of how PED and FED are influenced by the input material properties and

the set-up of the extruder and how these interactions manifest themselves through system



responses and granule growth. And finally, (ii1) an understanding that PED and FED are
predominantly responsible for the onset of granulation in batch mixing studies.

For the first part, a proof-of-concept trial is explored with a prototype formulation
containing approximately 65% (w/w) theophylline and hydroxypropylcellulose (HPC)
MF (35% w/w). Granule carcasses collected across the kneading zone reveals the onset
of granulation and the morphological differences within the granule, indicating that
interacting material properties are playing a part in the granule ensemble processes.

Four blends are prepared to investigate how fine API (micronized theophylline)
interacts with a coarse polymer (HPC MF), how coarse API (theophylline) interacts with a
fine polymer (HPC EXF), and the effects when both components in the blend are fine and
coarse. When each formulation is granulated, the torque, product temperature, and particle
size are found to be strongly dependent on heating temperature, screw speed, screw design
and, ultimately, the input material properties.

Finally, to elucidate the effects from just the input material, the four formulations
are granulated under controlled conditions, in a batch mixer, at room temperature. This
provides a “time-dilating” effect where the granulation process happened in order of
minutes vs. seconds as observed in the extruder. The product temperature and torque traces
vary for all four formulations, evident that PED and FED are a function of the formulation.
The formulations with theophylline reach the maximum torque limit approximately twice
as fast as the formulations containing the micronized theophylline. Particle size growth and
rate of densification is also different between all the formulations. All observations
correlate that the following input material properties: particle size, cohesion, inter-particle

coefficient of friction, £, influence the ensemble and structure of the granules.
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CHAPTER 1

INTRODUCTION

Granulation processing is a routine method used in the development and manufacture of
goods in the food, plastic, and pharmaceutical industries. Granulation is also the primary
unit operation used in the manufacture of oral solid dosage forms in the pharmaceutical
industry. The goal with granulation is to transform fine, poor flowing powders into
enlarged, free-flowing agglomerates to enhance handling and improve subsequent
processing. Most granulations are batch type systems or, at best, semi-continuous.

In recent years, pharmaceutical companies have taken strong interest in continuous
manufacturing. This stems from the demand that the number of patients who need
treatment is constantly increasing and the industry is obligated to deliver quality medicines
to meet this need. Combined with the everchanging political and regulatory landscape,
companies must evolve and adapt to remain relevant. This necessity has led the way for
new granulation unit operations. Many equipment manufacturers have devoted more
attention to continuous processing.

The concept of continuous processing has many advantages for the industry. Scale-
up and manufacturing time are significantly reduced using this approach. Many institutions
are also taking advantage of equipment readily available within their network. For this
reason, co-rotating twin screw hot melt extruders (HME) are currently being investigated
more intensively because of their versatility; they can be efficient continuous granulators.
While amorphous dispersion is obtained from dissolution of API in polymer at elevated
temperature during HME process, twin screw mixing can also be utilized for granulation

of particulates.



In this work, the powder-to-granule evolution during Twin Screw Granulation
(TSQ) in the extruder, at the kneading zone, was studied using two sets of binary crystalline
dispersion systems. Each set containing theophylline (THF) and micronized theophylline
(MTHF), and each API was blended with hydroxypropylcellulose (HPC) MF and HPC
EXF at various concentrations, resulting in four different formulations.

A literature review is presented in Chapter 2, beginning with a description of
common granulating unit operations used in the pharmaceutical industry. This is followed
by a review of available literature on interparticle interactions. Since the powder flow
properties were measured using the iShear™: Powder Flow Rheometer for this research,
the theory behind this instrument was discussed. A mechanistic description of amorphous
solid dispersion prepared using HME is briefly described and complimented with a
proposed mechanism for TSG.

In the TSG section, four major mechanisms are discussed as the main contributors
to ensure granule growth via TSG: mixing, heating, melting, and sintering. These all
occurred simultaneously, while the material is in the compacted state. Ultimately,
experimental evidence shows that plastic energy dissipation (PED) and excessive frictional
energy dissipation (FED) are the dominant drivers for obtaining a suitable granulation.

Chapter 3 summarizes the experimental methods that are used throughout this
work. These experiments used novel and popular methods to elucidate the influence which
these material properties had on the granulating mechanism. Microscopy is used to evaluate
the asperities and to help visualize the morphological contribution towards the melting
mechanisms. The friction coefficient was measured experimentally using the iShear™

powder flow analyzer. Mercury Intrusion Porosimetry (MIP) was also used to assess the



densification and pore distribution of granules prepared at different conditions across the
different formulations.

Chapter 4 begins with the measured physical properties of the “as-is” raw materials
and blends. Particle size distribution (PSD), morphology and density are introduced for
micronized and non-micronized THF, HPC MF and HPC EXF, and the four
THF/HPC Blends.

This was followed by a feasibility assessment of preparing granules using a 30 mm
TSG. For this study only non-micronized THF, at 65% drug loading, and HPC MF was
evaluated. Initial assessment suggested that this formulation was appropriate for TSG.

Given the success of the feasibility assessment, the following four formulations
were prepared: micronized and non-micronized THF with HPC MF (coarse polymer) and
micronized and non-micronized THF with HPC EXF (fine polymer) consisting mixture of
different particle sizes of the API (70% w/w) and polymer (30% w/w). Milled theophylline
(MTHEF; fine API) was blended with coarse hydroxypropylcellulose (HPC MF; coarse
polymer), theophylline (THF; coarse API) with fine hydroxypropylcellulose (HPC EXF,
fine polymer), and the other two formulations consisted of both components in the blend
being fine or coarse.

These formulations were evaluated on a Leistritz 27 mm co-rotating TSE, equipped
with three custom 5 mm dispersive kneading blocks. The influence particle size differences
had on the system parameters (e.g., torque, product temperature power, specific energy,
residence time, and heat generation at the mixing block) as a function of feed rate, barrel
temperature, screw speed are presented here. The resulting granules give a closer look at

the complex, simultaneous mechanisms occurring in the kneading zone of the Co-TSE.



The granule particle size distribution data qualitatively show the evidence of sintering as
well as the relentless extensional and elongations flow regimes the powders undergo during
granule formation.

To better understand what was observed from the TSG trials, the iShear™: Powder
Flow Rheometer was used to measure the interparticle properties of the raw materials and
the blends. The following mechanical properties were determined from consolidated and
unconsolidated Mohr Circles. The Mohr Circles were determined from the measured
uniaxial compressive strength (cc), major consolidation stress (c1) and the minor
consolidation stress (c2). The coefficient of friction, f was determined from the associated
yield loci as a function of drug load. Theophylline for these experiments ranged from 25-
75 % w/w; a total of 16 formulations were evaluated.

The Brabender was used to explore a novel method that enabled granulation in a
counter-rotating batch mixer to minimize large scale granulation trials. Reproducibility
using this method was investigated while studying the implications when the particle sizes
of the API and Polymer were varied and what these differences had on the system
parameters (e.g., product temperature and torque) as a function of input formulation. The
resulting granules gave a deeper understanding of the complex, simultaneous mechanisms
that are occurring in the kneading zone of the Co-TSE being emulated in the batch mixer.
This study assessed the influence particle sizes differences between the API and the
Polymer had on understanding the PED and FED mechanisms.

This was accomplished by tracking processability and the evolution of granule
growth and densification rate. In parallel, a thermal analysis was used to characterize the

rheological properties of the blends and the polymers to determine the onset of granulation.



Scan Electron Microscopy (SEM), Modulated Dynamic Scan Calorimetry (MDSC) and
Dynamic Mechanical Thermal Analysis (DMTA) were used to assess localized polymer

melting and on-set of Polymer softening.



CHAPTER 2

LITERATURE REVIEW

2.1 Traditional Pharmaceutical Granulation Processes

Granulating technology is used as a size enlargement process for small particles by which
a process or procedure forces them to agglomerate into larger free flowing particles. There
is a variety of unit-operations and processing techniques dedicated to particle
agglomeration. Agglomeration is the formation of aggregates, where the agglomerates are
bound together by selective ingredients and processes. The processes can be described by
a series of agitating and compressing techniques (Ennis 1996, Palzer 2011). For oral solid
dosage forms, a heterogeneous particulate system is fed into a granulating unit operation
and is agglomerated, or granulated, either batch wise (i.e., High Shear Wet Granulation) or
semi-continuously (i.e., Roller Compaction), to form a granulated product (Freeman 2016).

The feed typically consists of a mixture of solid ingredients, referred to as the
formulation. These include an active pharmaceutical ingredient (API), binders, diluents,
flow aids, surfactants, wetting agents, lubricants, fillers, or end-use aids (e.g., sintering

aids, colors or dyes, taste modifiers). The agglomeration can be induced in several ways.

2.1.1 Wet and dry granulation

Wet granulations employ a spray flux, sometimes comprised of a binder solution on top
of a fixed, cross-section, agitated powder bed. The powder blend is agitated by an
impeller, which helps provide an equal distribution of the binder solution. Most high shear
wet granulators are equipped with a chopper that facilitates the break-up of larger

agglomerates and the distribution of a uniform binder.
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Figure 2.1: Basic diagram of a high shear wet granulation process.
(Source: Oulahna, Cordier et al. 2003)

Some APIs are known to be shear sensitive, meaning a low shear wet granulation
process would be employed. For this case, the same fundamentals are present but can be
carried out in a fluid bed dryer, as illustrated in Figure 2.2. The powder blend in this case
is agitated by a pre-treated stream of air at a set inlet temperature and due point.
Agglomeration in this case occurs when particles are gently stacked together via liquid

bridges. Fines generated during the process are arrested in the exhaust filters.
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Figure 2.2 Basic diagram of a fluid bed granulation process.
(Source: Xinhui, 2008)



A dry granulation is commonly referred to as roller compaction. This is a semi-
continuous granulations process. The formulation, made up of a homogenous blend of
excipients and the API, is fed through two counter rotating rolls where the roll force
presses the powders, pre-mixed with a dry binder, to form ribbons to a specified solid
fraction that is subsequently milled downstream into granules.

Hopper

Variable speed horizontal
and vertical feed screws

Compaction rolls

Figure 2.3 Basic diagram of a roller compaction dry granulation process.

2.2 Mechanism of Interparticle Interaction
The study of powder is often broken into two categories: dynamic and static. Some
materials will demonstrate the same characteristics as a liquid, while others will behave
like a solid, and some will be unique particulate-interface dominant. The differences
between particulate and liquid are observed when a powder is either static or dynamic. For
example, powders take the shape of the container it is held in, similar to a liquid. However,
powders do support shearing stresses and, as a result, form a pile similar to solids. Another
similarity to solids is that the shearing stress is proportional to the normal load rather than

the rate of deformation. Particulates deviate from solid-like behavior because the



magnitude of the shearing stress is unknown. The following inequality holds:

t<flo 2.1)

where f” is the interparticle static coefficient of friction and o is the range of normal
forces that can be applied to the powder before the shear stress, 1 is large enough to cause
the particles to slide past one another and begin to flow (Tadmor and Gogos 2006, p.146).
Adhesion forces between particles heavily influence the handling of powder
material. The three major forces that affect interparticle interactions for bulk powders are:
Van der Waals force, electrostatic force, and capillary force due to liquid bridges. All three

are the main source of the adhesive force (Okuyama, Higashitani 1997).

2.2.1 Shear cell
Shear cell testing gained its reputation as a reliable powder flow analysis for soil
mechanics. The Shear cells were used to determine simple flow indices and measure the
forces required to initiate flow. This is defined as powder failure based on measurements
of cohesive strength, powder friction, and wall friction, where applicable (Ennis, 2008).
The same principles which apply to soils, are also relevant to pharmaceutical
powder systems. The shear cell is used to quantify the flowability of a powder by applying
a normal force (FN) on a powder contained within two rings, one on top of the other. The
portion of the powder contained in the bottom ring would slowly rotate against the powder
in the fixed top ring. The shearing interface is known as the shear plane (Freeman 2007,

Ennis, 2007).
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Figure 2.4 Schematic of an iShear™ powder flow rheometer and normal force applied to
a powder sample equipped for shear cell testing.
(Source: Ennis et al. 2008, Powder Systems 2022)

This assembly translates the torque experienced at the shearing interface as a
function of time and is known as the shear stress (t) time series. The time series is

developed at variable normal Forces while the sample is being sheared.
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Figure 2.5 Example of time series profile for normal force, shear, and density of
hydroxypropylcellulose MF from the iShear™ powder flow rheometer.
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The yield characterization of the powder is a function of the consolidation it
undergoes prior to shearing. In the consolidation stage, the torque is applied for each shear
step until the sample fails (i.e., flows). The cell is then counter-rotated to remove the torque
applied. This step is repeated until the shear stress reaches steady state (t). At steady state,
the sample reaches critical porosity (&), which is a function of the consolidation normal
stress. The sample is then ready for shearing. In the shearing stage, a smaller normal force
is applied to the sample in the rings. Prior to each shearing step, the sample is sheared with
the original normal stress before applying the next normal load. In addition, the shear stress
is increased so that the sample can reach the maximum shear stress. At this point the
powder will flow. The function of shear stress as a function of normal force is known as
the yield locus. A common equation known as the Mohr-Coulomb is used to estimate the
yield locus (Ennis 2007).

Where:

T=1,+ fo =1, + otan(p;) (2.2)

The coefficient of friction, £, is the slope of the resulting yield locus (YL) as
described in Equation 2.2.

The coefficient of friction, £, can be derived from consolidated and unconsolidated
Mohr Circles. The Mohr Circles are determined from the measured uniaxial compressive
strength (oc), major consolidation stress (c1) and the minor consolidation stress (c2) as

presented in Figure 2.6.
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Figure 2.6 Yield loci for consolidated bulk material derived from Mohr Circle.
(Source: Carson and Pittenger 1998; Roberts 2005, Freeman 2007)
2.3 Twin Screw Co-Rotating Extruder

Twin-Screw Extruders are equipped with two screws in a Figure-eight barrel. This design
takes advantage of the material interacting between the screws, primarily the kneading or
mixing section, as well as the interaction of the material between the inner barrel wall and
the screw. These twin-screw extruders are used in the continuous melting, mixing, and
homogenizing of different polymers with various additives. Twin screw extruders
implement intimate mixing, which is essential for reactions in which at least one of the
materials has high visco-elastic properties. The screws can either be tangential or
intermeshing, where the intermeshing design can either be co or counter rotating.
Tangential designs provide a wide range of channel depth and can accommodate longer
lengths. Counter rotating intermeshing screws exert a dispersive mixing action on the
material between the screws. These behave like a positive displacement device, with the
ability to generate pressure more efficiently than any other extruder. (Perry, Green and

Maloney 1997).
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The most common type of twin-screw mixing extruder is the co-rotating
intermeshing variety (APV, Berstorff, Davis Standard, Leistritz, Werner and Pfleiderer).
The shafts for these machines are splined and are fitted with matching pairs of conveying
elements and kneading disks as shown in Figure. 2.7. The configuration of these elements
can be tuned to accommodate the compounding needs of different materials, including
pharmaceutical formulations. The twin screw extruder has been used in the pharmaceutical
industry primarily to manufacture solid dispersions for poorly soluble APIs. Vanhoorne
et al. (2016) and Kallakunta et al. (2019) discusses applications of preparing crystalline

API in a polymer matrix for controlled release oral solid dosage forms.

polymers

Figure 2.7 Intermeshing co-rotating twin screw extruder: 27mm Leistritz extruder.
(Source: Martin, 2011)
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2.4 Description of the Hot Melt Extrusion Process and Mechanisms
A working design space and control strategy is established around the processing
temperature (PT) for pharmaceutically relevant HME application. The product temperature
is controlled between 50°- 100°C above the glass transition temperature (Tg) of the polymer
(or above the melting point for semi-crystalline polymer excipients) and below the melting
point of the active if it is not thermally labile (Terife, 2013). This expression takes the form
of:

Pr = Ty potymer + 50° — 100° (2.3)

Terife (2013) has listed several products that have been developed and
commercialized in Table 2.1. The listed products are made using extrusion technology. It
can be assumed that all these products consist of a homogenous blend made up of an API
in its crystalline or amorphous form. These are mixed with a polymer excipient to serve as
a carrier and to provide the desired quality attributes. The API is dependent on the excipient
to keep the product stable in the amorphous or a crystalline state. For crystalline
formulation, the crystalline API is dispersed in what can be referred to as a solid rich
suspension. Solid rich suspensions are typically used for the manufacture of controlled
release oral solids like Kalitra®, which is an example of a commercial product

manufactured via twin screw granulation (Breitenbach 2006).
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Table 2.1 Examples of Drug Products Manufactured by the TSG and HME Process

Name API Polymer Delivery Indication Status

HME Purpose

Excipient* Form
Lacrisert® None HPMC Implant Dry eye syndrome M Shape
NuvaRing Etonogestrel + Ethinyl EVAa Implant Contraceptive M Shape
Estradiol
Zoladex Goserelin acetate PLGA Implant Prostate cancer M Shape
Implanon Etonogestrel EVA Implant Contraceptive M Shape
Ozurdex® Dexamethasone PLGA Implant Macular Edema M Shape
Kaletra® Lopinavir + Ritonavir PVP-VA Tablet Anti-Viral (HIV) M Amorphous solution
Norvir® Ritonavir PVP-VA Tablet Anti-Viral (HIV) M Amorphous solution
Eucreas® Vildagliptin HPMC Tablet Diabetes M Melt granulation
+Metformin

Rukobia® Fostemsavir HPMC+HPC Tablet Anti-Viral (HIV) M Melt granulation
Zithromax® Azithromycin HPMC Tablet Antibiotic M Taste Masking
Gris-PEG® Griseofulvin PEG Tablet anti-fungal M Crystalline
Rezulin® Troglitazone PVP Tablet Diabetes w “Amorbhous solution
PalladoneTM Hydrophone EC + ERS Tablet Pain w Controlled release
Posaconazole Posaconazole - Tablet Anti-fungal D Amorphous solution
Anacetrapib Anacetrapib - - Cardiovascular disease D Amorphous solution

*EVA: Ethyl Vinyl Acetate, HPMC: Hydroxypropyl methylcellulose, PLGA: Poly(lactic-co-glycolic acid), PVP-VA: Polyvinyl pyrrolidone co-vinyl acetate, PEG:
Polyethylene glycol, PVP: Polyvinyl pyrrolidone, EC: Ethyl cellulose, ERS: Eudragit® RS.

Source:(Terife, 2013) ¢ D: Development, M: Marketed product, and W: Withdrawn from the market



The HME process can be broken up into four elementary steps: conveying, melting,
mixing/kneading, and pressurization (Dreiblatt 2007, Gogos 2012 ). The API and
polymer(s) can be fed into the extruder as individual components. However, they are
typically introduced as premixed homogeneous blends. Materials are generally fed into the
extruder using a loss in weight (LIW) feeder. The LIW controller adjusts feeder screw
speed to produce a rate of weight loss equal to the desired feed rate. The blend is conveyed
by the screws where it is heated. The polymer melts primarily by heat generated by volume-
wise reduction through plastic energy dissipation (PED) and frictional energy dissipation
(FED). PED and FED are created by the action of the kneading blocks deforming fully
filled stream regions (Tadmor, Gogos 2006 p 219). The PED and FED mechanisms
facilitate the dissolution of the API into the molten polymer via elongation and extensional
flows. Figure 2.8 shows the mechanism of the API dissolving in the molten polymer for a

miscible mixture.

Boundary
Polymer layer forms
melts
== _
Premixed drug and Suspended drug particles Suspended drug particles

polymer particles-Feed

Concurrent Concurrent
diffusion diffusion
Distributive Distributive
mixing mixing

Suspended drug particles ]
dissolving at high rates by Drug/polymer solution
farced convection

Figure 2.8 Schematic representation of the dissolution mechanism of an API during the
HME process carried out at a temperature above the melting point of the API.
Source: (Liu et al. 2010)
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Lastly, devolatilization sections are incorporated into the setup of the process to
allow volatiles to vent from the extruder while they are melting (Todd 1998). Pressurization
is the last mechanism observed. This occurs when the molten mixture is pushed through
the die by the rotating screws. Initially, the material builds up at the die until enough mass
accumulates to push the melt through the die. The extrudate is then rapidly cooled below
the Tg and the API-Polymer mixture is locked in an amorphous state, retarding the mobility

of the API for a finite duration of time (Terife 2013).

2.5 Description of the Twin Screw Granulation Process and Proposed Mechanisms
Like traditional granulation, two types of processes can be considered with TSG: a wet or
dry. The elementary steps for a wet process are as follows: conveying, spraying, and
drying. Powder is fed into the extruder and conveyed towards the kneading blocks by the
two co-rotating screws. A binder solution is used to facilitate granulation upon compaction,
usually at the kneading zone. The granules are subsequently dried either down the barrel
of the extruder after mixing or externally by some other method (e.g., drying oven or
fluidized bed). The granule attributes are strongly dependent on the binder addition rate,
barrel temperature, screw speed, and screw design. Barrel temperature may not be a critical
parameter when a wet method is employed.

In the case for dry twin screw granulation, a polymer binder is added to the premix
prior to granulation. While the pre-blend is conveyed down the barrel of the extruder, the
polymer is softened using the external heating mechanism. In this case, granulation is
facilitated by the compaction that is occurring in the fully filled kneading section. Here,
the API is folded and kneaded into the softened binder. The granule attributes are strongly

dependent on barrel temperature, screw speed, chilling capacity of the cooling media, as
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well as the screw design and the pressure profile (Ebube, Hikal, Wyandt et al 1997, Bravo,
Hrymak, and Wright, 2000, Gogos 2012, Trinh 2015, Pafiakis 2016, Shah, Karde, Ghoroi
et al 2017). Dry twin screw granulation lends itself to a narrow processing window. This
is due to the variability of the input material properties, making it difficult to design a

robust process (Peeters 2015).

2.5.1 Sintering

Sintering occurs when particulates stick to each other when they come in contact at high
temperatures. Surface tension is the driving force for sintering. Since the particles coalesce,
the surface area decreases and because of this, the total volume of the particulate bed
decreases. A decrease in the surface area also decreases the surface energy. There are two
different stages for sintering. The first stage consists of the formation of bridges between
particles small enough to not change the density. The second stage consists of densifying,
where the voids between the particles decrease. This causes an increase in density. This
sintering occurs locally between particles due to viscous flow. This means the rate of
densification is driven by the local temperature between particles (Liu, Thompson, and

O'Donnell 2017, Alvarez, Snijder, Vaneker et al. 2022.)

Frenkel has presented the following equation for viscous sintering.

=——t (2.4)

Where ¥ / p < 0.3, x is the radius of the neck and R is the radius of the particulate, I is the

surface tension, # is viscosity and ¢ is sintering time.
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An illustration of Frenkel’s model is presented in Figure 2.9.

2x

Figure 2.9 Illustration of sintering.
(Source: Tadmor and Gogos p. 200)

A TSG granulation is a process by which particulates are agglomerated using
polymers, pre-mixed in a homogeneous mixture. The polymers become tacky during the
process and suspend non-meltable materials via the sintering mechanism. Figure 2.10

illustrates this granulation mechanism.
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Figure 2.10: Schematic representation of the melt granulation using a Co-TSE process.
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The top half of the cartoon in Figure 2.10 illustrates the relentless expansion and
contraction of the polymer and non-melting component mixture. The cartoon shows the
deformations the particles are experiencing in the fully filled kneading section of the HME.
The onset of glue points and the multi-stage sintering process phenomena is shown. The
bottom half of the cartoon shows a more generalized case of the rapid volume-wise heating
phenomenon that is taking place due to the deformation. This shows the simultaneous
nature of the PED and FED mechanisms that drive softening of the polymers.

For granulation of particulates, melting of the API is undesired. Instead, the intent
of the process is to bind the API to the polymer matrix. This is achieved by operating in a
regime where Tadmor and Gogos show that polymer particulates can create glue points or
particulate clusters. This regime is FED dominant. These glue points are generated by the

FED mechanism. This leads to binding and granule growth.

Glue
Points

. API O Polymer

Figure 2.11 Illustration of a particulate cluster of API and “tacky” polymer created via
glue points.
(Source Pafiakis, Armenante and Gogos 2022)

Kim et al. analyzed the melting of molded polymer discs that were subjected to

rapid and cyclic deformation. These experiments defined Plastic Energy Dissipation (PED)
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caused by the viscous component of the viscoelastic properties of polymer solids (Tadmor,

Gogos 2006 p.222).

&
PED = f ode = pC,AT, (2.5)
&

e

The area under the stress—strain curve with the adiabatic specific enthalpy AT,

increase during compression as shown in Figure 2.12.
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Figure 2.12 Unconfined compression stress—strain curves and experimentally
measured temperature increase ATa as a function of strain for PS (Dow 685), LDPE

(Dow 640), and Soluplus (BASF).
(Source loannidis 2014)
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2.5.2 Mixing

Mixing is a physical process that reduces heterogeneity when two or more components are
blended for a length of time. For immiscible fluids, it requires mechanical energy in the
form of laminar, turbulent, or bulk flow creating phase dispersion and distribution. For
polymers, only laminar flow is needed. The goal for extrusion polymer systems is to reduce
the thickness of a striation and, as a direct result increase the interfacial area. Figure 2.13

illustrates the same mechanism for mixing observed in a V-blender.

|

L=Striation Thickness

Figure 2.13 Schematic representation of random distributive mixing (e.g., a process takes

place in a V-blender).
(Source Gogos 2011)

Co-rotating twin screw extruders use the fully filled mixing sections to provide
uniform and rapid mixing. The screw and kneading configuration provide the holdup
required to enable the axial mixing (Gogos 2011). There are several types of kneading
elements that are available. However, they all are based on two basic designs. One design

facilitates dispersive mixing and the other distributive mixing.
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Figure 2.14 Illustrating dispersive and distributive kneading elements
(Source: Thiele 2007, Martin 2011)

The wider disk provides extensional shear or dispersive mixing. The thinner disk
provides melt divisions or distributive mixing (Thiele 2007, .Martin, 2011). Bakers’
transformation describes these phenomena where the striation thickness is reduced by
stretching and folding. This is also referred to as extensional and elongational flows. These

are like that of kneading a dough (Gogos 2011).

23



. -

Consecutive dividing and pulling 2™*1 layers after n itterations,n = 1

I —

Consecutive pulling and Folding 1 + 2" layers after n itterations,n = 2

Figure 2.15 Schematic representation of striation thickness reduction by stretching and

folding a.k.a extensional/ elongation flows.
(Source Gogos 2011)

The density of the resulting granulation is proportional to the extensional and
elongational flows. Furthermore, for pre-blends that are highly cohesive and poor flowing,
fast screw speeds are required to convey the powder to the kneading zone. It is typically
expected that faster screw speeds may result in excessive temperature generation that
causes a FED dominant melting mechanism. PED and FED melting sources provide an
effective deformation/frictional-melting mechanism. Repeated deforming stress induced
by both PED and FED will simultaneously act as heat sources (Tadmor, Gogos 2006,
p. 324).

Other system parameters used to characterize different formulations during
development or scale-up are product temperature, residence time, power, and specific
energy (SE). Power is a system parameter monitored and used in the scaling of fluid

system. Sirasitthichoke (2022) explains that power dissipation depends on the impeller
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geometry and location within the vessel, as well as how the agitator interacts with the fluid.
The same holds for screw configurations and the interaction with the powder. This is
important, especially as it transitions form a free-flowing powder to viscous melt in the
extruder.

The cumulative residence time distribution is given by the equation:

* : YAt
F(t) = f E(t)dt = Z E(t)At = 22 2.6)
0 - o CAt
Where:
f ’ E(t)dt ¢ ¢ 1
= % = o = 2
0 fO cdt Zo cAt 2.7)
is the exit age distribution, c is the intensity of the tracer at time t.
The mean residence time is given by the expression:
_ (e Ctedt  YhtcAt
= f t-E(t)dt = f"w = Z?x, (2.8)
0 fO cdt 20 cAt

Where t is the mean residence time (Kolter et al., 2010).

t can simply be determined by the volume, V and Q is the volumetric flow rate using the

following equation (Dankwerts 1953).

f= (2.9)

4
Q
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The Specific Energy (SE) is calculated by the power per amount processed per

time. Steiner (2007) defines Power (KW) and SE in two steps using the following

equations:
KW lied) — KW (motor rating) X % torque X RPM running
(applied) = Max. RPM X 0.97 (gearbox efficiency) (2.10)
» KW (applied)
Specific Energy = W (2.11)

2.5.3 Heating and melting mechanism

Heating and melting of any substance can be described by the thermal energy balance:

Du .
pD—tz—V-q—P(V-v)—(T:Vv)+S (2.12)

Where —V - q is the net rate of the internal energy increase per unit volume from
an outside source. P(V -v) is the rate of internal energy increase per unit volume by
compression. —(7: Vv) is the rate of internal energy increase by flow and deformation. S
is an external source for homogeneous internal energy increase such as chemical reaction
(Tadmor and Gogos 2006, p. 179).

For melting polymer systems in co-TSEs, the mechanisms can be qualitatively
described as deformation/ frictional melting. —(7: Vv) can be described by two different
mechanisms of physical phenomena.

The first is when individual particles are exposed to repeated deformations, heat
(q) is generated inside the particle; this is PED. The second is when the mechanical energy
exerted on the material is dissipated into heat through particle-particle friction under the

pressure of compaction, in the kneading zone of the particulate bed; this is FED. FED is
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the dominating melting mechanism in Co-TSE that leads to the desirable downstream

granules. Figure 2.16 illustrates the PED and FED mechanisms.

Semi Compacted Powder Compacted Agglomerates Solid Rich Suspension
(Slightly Deformed) (Deformed) (Very Deformed Solid Suspension)
PED Z— FED PED Z— FED PED Z—> VED

. API O Polymer

Figure 2.16: Evolution of a free-flowing blend to a solid rich suspension
The overall internal thermal energy balance is simplified to the following equation

presenting in Equation 2.13.

D
pD—iz—V-q+PED+FED (2.13)

At this point it is difficult to form mathematical expression for the PED and FED
terms because of the non-homogeneity of the source systems (i.e., the compacted powder
bed and particulate assembly). However, these two mechanisms are the most important
when it comes to melting polymer powders and pellets in Co-TSE’s (Tadmor , Gogos 2006,

p. 182).
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A simplification of the overall heating mechanism can be summarized by the

following expression

Rate of Conductive Rate of Dissipative
Rate of Heating =<{ Surface Heating ;+ {Volume — wise Heating (2.14)

(Barrel) (Motor)

Where the motor term is the mechanical energy given off as heat. The packed solids
in the fully filled kneading section of the co-TSE is undergoing simultaneous PED and
FED (Ioannidis 2016).

Kim et al. (1999) found that when melting pellets in a Co-TSE, the PED mechanism
fades along the length of the partially filled region of the screw and transitions to the next
dominating mechanism, FED. FED occurs in the fully filled region at the kneading block,
this leads to melting.

Elements of a possible melting mechanism in continuous mixers can be
qualitatively described from the Valsamis—Canedo experiments. In this body of work, it
was proposed that significant amount of melting may occur sooner than previously
expected in the mixing section of the co-TSE. The energy dissipated at the entry of the
mixing section was large enough to sinter and partially melt the particulates. This causes
them to fuse to one another and agglomerate via sintering. Again, the fusing and the partial
melting were caused by the two melting mechanisms that involve polymer particulates,

FED and PED (Tadmor, Gogos 2006, p. 559).
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Figure 2.17 Cross section of the mixing chamber of a Farrel continuous mixer (FCM),
illpgtrating the regions where deformation and flow patterns that lead to melting and
mixing.

(Source: Pafiakis, Armenante and Gogos 2022)

In counter rotating batch mixers, solids are pulled by the rotors toward the mixing
zone, as illustrated in Figure 2.17. In the rolling zone, the solids get compacted and sheared.
When they reach the rotor-tip clearance region, there is nowhere else for the particles to
go. Therefore, the compacted particulates undergo excessive shear deformation at a high
rate of the order of Y4y, ~T Dyq/h where h is the rotor tip—barrel clearance and D4y is
the rotor tip rotor diameter. (Tadmor and Gogos 2006, p.560)

It can be assumed that the particulate solids in the mixing chamber fill the “rolling
zone” up to the minimum rotor diameter. The particulate bed is densified and compacted
as the bed is forced through the rotor-tip clearance. This region can be defined as h = H,

where H,, is the maximum and h is the minimum clearance between the barrel and the

rotors. Due to the tight tolerance, the particulate bed is experiencing significant
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compression and shear, causing the particulates to deform. This deformation, driven by
PED, is softening interparticle contact and increasing their effective friction coefficient, f
(Tadmor, Gogos 2006, p. 560).

The shear deformation experienced by the particulate in the converging mixing
zone will cause particle to particle velocity differences. This will lead to the particles
excessively rubbing. Since the polymer particles are in a compacted state, each particle will
experience a normal force, Fyy by the particle next to it. The velocity difference between
the surface of the rotor-tip that is moving, and the stationary barrel surface is
nDmaxN (Tadmor, Gogos 2006 p. 560).

The difference in velocity of one circumferential layer of particles to the next one

in the radial direction is:
d
Av = anaxN( p/h) 2.15)

d
Where d,, is the average particulate diameter, and rp/ h~10‘2. The power

dissipated locally by the FED is of the order of:
. dp
Weio~TDmae (“7/y) FFy 2.16)

Where f is the interparticle friction coefficient (Tadmor, Gogos 2006 p. 560).
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Particle- particle friction can be characterized using the following illustration.

Ideal Smooth Particle-Particle interaction (a)  Interlocked Abrasive Particle-Particle
interaction (b)

IFN |FN

—_—

Fr

[

f

Fr

Fn Fn

Figure 2.18 Representation of particle-particle interaction under pressure for an ideal,

smooth system. and an interlocked, abrasive system under relentless deformation.
(Source: Pafiakis, Armenante, Gogos 2022)

When powders are loosely packed, the cohesive forces are the most influential,
highlighting each discrete particle. When powders are consolidated, the frictional forces
and those due to mechanical locking are far more dominant because the particles are forced
together. The contact pressure and the contact area will increase (Cohen and Tabor 1966).
Cohesion still exists in the compacted state but only represents a fraction of the forces that
restrict independent particle — particle movement (Freeman Technologies 2017). This is
overcome by the rotors in the blender, forcing particles to grind against each other. A
contrast of a smooth vs. abrasive particle-particle interacting system is illustrated in Figures
2.18, highlighting the relative velocities formed between particles (Pafiakis, Armenante
and Gogos 2022).

Where Fn is the normal force, Fr is the tangential force, and f'is the coefficient of
friction. Furthermore, the top particle is moving with a different velocity (Ve) in reference
to the adjacent particle, represented as a displaced length (L) over time (f) as shown in

Equation 2.17 and Equation 2.18.
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Power = Fr -V, = (Fr-L)/t (2.17)

Where Fr = f - Fy (2.18)

Valsamis—Canedo experiments demonstrated that the energy dissipated in the
mixing section was large enough to sinter and partially melt the particulates. This random
deforming mechanism in turn caused the particles to agglomerate. The fusing and the
partial melting were attributed to the two melting mechanisms that involve polymer
particulates PED and FED (Valsamis and Canedo 1994). PED and FED cause enough
melting that leads to the formation of a solids-rich suspension. The solid-rich suspension
experiences excessive dissipative mix-melting in the ‘‘mixing zone”, where complex flows
are caused by the rotor-tip design. (Tadmor and Gogos 2006).

Lastly, little has been investigated on the roles of PED and FED in the initiation of
rapid volume-wise melting in mixers with respect to input material properties. Gogos et al.
investigated the agglomeration rate of powder blends containing three different amounts
of fine polypropylene (PP) powder. It was concluded that the blend with the highest level
of fines demonstrated the fastest onset of growth (Gogos, Esseghir, Yu, Todd, and Curry

1994).
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CHAPTER 3

EXPERIMENTAL

3.1 Materials

3.1.1 Active Pharmaceutical Ingredients (API): micronized and non-micronized
theophylline (THF)

Micronized anhydrous theophylline (MTHF) and non-micronized anhydrous theophylline
(THF) were used as the model active pharmaceutical ingredients (API). Both were
purchased from BASF (Minden, Germany) The chemical structure for THF is presented

in Figure 3.1 and a summary of some of its properties are listed in Table 3.1.

“r

|
CHs

Figure 3.1 Chemical structure of theophylline.
(Source: Wang, Randviir and Banks 2000)

Theophylline is a bronchodilator used to treat asthma chronic obstructive
pulmonary disease for the past several decades (Sullad 2010). In the solid state, it exists in
three anhydrous polymorphs (Forms I, II, and IV) and one crystalline monohydrate (Form
M). Forms I, I, and IV are kinetically stable at room temperature. No solid-state transition
of any anhydrous form was observed when stored in a desiccator with anhydrous silica

(Mahlin and Bergstréom, 2013).
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Table 3.1 Summary of Selected Properties of Theophylline

Property THF MTHF
Chemical Formula C7HsN4O2*
Melt Temperature [°C] 273.0
Glass Transition 94.0%
Temperature [°C]
MW [g/mol] 180.167°
Solubility parameter 24.4-29.8°¢
[MPa'”]
-0.02°

LogP

Source: (a-Hancock, York, and Rowe, 1997; b- Mahlin and Bergstrom 2013, c-Kim, lee Change et al.
2014)

3.1.2 Polymers: Hydroxypropylcellulose (HPC) MF and EXF

Two different grades of Klucel™ or hydroxypropylcellulose (HPC) were used in this study.
Klucel™ MF and Klucel™ EXF (or HPC MF and HPC EXF) were purchased from
Ashland (Hopewell, VA). The chemical structures for HPC are presented in Figure 3.2 and

a summary of some properties for each grade are presented in Table 3.2.

OCH,CHCH;  CH,
OCH,CHCH,

OCH,CHCH,

OH

Figure 3.2 Chemical structure of hydroxypropylcellulose.
(Source Klucel™ Physical and Chemical Properties).
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HPC is a nonionic water-soluble cellulose ether. It is manufactured by facilitating
a reaction between alkali cellulose and propylene oxide at high temperatures and pressures.
Propylene oxide is substituted on the cellulose through an ether linkage at the three reactive
hydroxyls present on each hydroglucose monomer unit of the cellulose chain. Furthermore,
etherification takes place in such a way that hydroxypropyl substituent groups contain
almost entirely secondary hydroxyls. The secondary hydroxyl present in a side chain is
available for additional reactions with the oxide to facilitate chaining out to for side chains
that can have more than one mole of propylene oxide (Klucel™ Physical and Chemical
Properties).

All grades of HPC are thermoplastic and are amenable to plastic manufacturing unit
operations including HME. For pharmaceutical application, lower molecular weight grades
of HPC (e.g., EXF) are recommended for thermal labile drugs. Medium to higher molecular
weight HPC grades (e.g., MF) are recommended when harder material is warranted like

controlled release tablets (Klucel™ Physical and Chemical Properties).

Table 3.2 Summary of Selected Properties of Hydroxypropylcellulose

Property HPC MF HPC EXF
Glass Transition Temperature Tg [°C] 130
Softening Temperature [°C] 100-150
MW [KDa] 850 80

Source: (Klucel™ Physical and Chemical Properties, )
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3.2 Sample Preparation

3.2.1 Preparation of theophylline and hydroxypropylcellulose blends for twin screw
granulation

Four different blends were prepared using micronized and non-micronized THF at 70 %
drug load. Each was blended with HPC MF and HPC EXF. Approximately 80 kg were
prepared for each formulation.

A 454 L diffusion blender (SERVOLIFT, Randolph, NJ) was initially charged with
approximately half the required amount of HPC, followed by the entire required amount of
THF, and finally the remaining amount of HPC. The API was “sandwiched” between the
two halves of the polymer, a common practice used for blending in industry.

Each blend was rotated for 25 minutes at 10 rpm for a total of 250 revolutions. The
454L bin containing pre-blend (PB) was then raised over, and gravity fed through, a U-10
Quadro Comil (Quadro, Waterloo, Ontario CA) with a round impeller at 1500 rpm and
round 0.037”” (0.94 mm) screen.

The milled pre-blend (MPB) was collected in a second 454 L diffusion blender.
The MPB was rotated for 25 minutes at 10 rpm for a total of 250 revolutions. The final
blend (FB) was collected and stored in fiber drums, doubled line with polyethylene (PE)
bags, with desiccant pouches in between the two PE bags. Figure 3. 3 shows a flow diagram

of this blending process.
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Add 1 the following order: Preblend
HPC 250 Revolutions
Theophylline
HPC {

De-lumping

%I: 0.95 mm round-hole screen; 1500 rpm
'

Milled Preblend
100 Revolutions
'
Fiber Drum
g Lined with two PE bags, and desiccant bags

Figure 3.3 Process flow diagram for preparing theophylline: hydroxypropylcellulose
blends for twin screw granulation.
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3.2.2 Preparation of theophylline and hydroxypropylcellulose blends for
iShearTM powder flow analysis

100 g blends were prepared for iShear™ analysis where the level of theophylline for each
formulation was 25 %, 50 %, 70 % and 75 % w/w as listed in Table 3.3.

Table 3.3 Morphology and Formulation Composition for iShear Analysis

Formulation Ingredients Morphology Y% (W/w)
THF Coarse -- 25 50 70 75 100
|
HPC MF Coarse 100 75 50 30 25 --
MTHF Fine - 25 50 70 75 100
II
HPC MF Coarse -- 75 50 30 25 --
THF Coarse -- 25 50 70 75 --
111
HPC EXF Fine 100 75 50 30 25 -
MTHF Fine -- 25 50 70 75 --
v
HPCEXF Fine -- 75 50 30 25 -

The blends were prepared by adding each material to suitably sized jar. The blend
was tumbled using a turbula mixer (Glen Mills Inc., Clifton, NJ) at 45 rev’! for ten minutes.
The resulting blend was passed through an 18mesh (0.0394”, Imm) screen (Newark Wire
Cloth Company, Clifton, NJ). The screened blend was added back to the original jar and
tumbled in the turbula mixer for another ten minutes. The final blend was collected and
stored in doubled lined polyethylene (PE) bags, with desiccant pouches in between the two

PE bags.
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3.2.3 Preparation of theophylline and hydroxypropylcellulose granules

3.2.3.1 Twin screw granulation using the 30 mm (TSMEE). A feasibility assessment
for preparing granules using a Co-rotating 30 mm Twin Screw Mixing Element Evaluator
(TSMEE). For this study only non-micronized THF, at approximately 65% drug loading
with HPC MF was evaluated. Literature review suggested that this formulation was
appropriate for TSG (Nkere 1997, Breightenbach 2006, Mohammed, Majumdar, Singh et
al. 2012). There are 3 zones of 160 mm length, totaling 480 mm on the extruder. Two screw
configurations were evaluated. The first screw configuration consisted of one reverse
conveying element at the discharge of the extruder. The second screw configuration was
made up of five kneading blocks followed by one reverse section, also at the discharge of
the extruder. There was no die plate equipped for these experiments.

For each screw configuration granulation was stopped after steady state was
achieved for ~15-20 minutes. The barrels of the 30 mm extruder can open like a clam shell
and carcass samples, like those described by Maddock (1959), were collected from the
mixing sections of both configurations and assessed using scan electron microscopy

(SEM).

3.2.3.2 Twin screw granulation using the ZSE Maxx 27 mm co-rotating extruder.

The 70% THF blends were granulated using the Leistritz ZSE Maxx 27 mm extruder
(Somerville, NJ) fitted with a loss in weight feeder set in gravimetric mode. There are 9
zones of 120 mm length totaling 1080 mm on the extruder. The screw configuration was
equipped with three, 5 mm distributive, broad lobed, kneading blocks at the end of Zone 7.

Screw configuration is presented in Table 3.4. Not all the formulations were processable,
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but this configuration was ideal for characterizing the extent of granulation for each

formulation as a function of process temperature, feed rate and screw speed.
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Table 3.4 Distributive Screw Design Evaluated During 27 mm Leistritz Experiments

Elements along the

Order Element Function
shaft (mm)
1 10 mm spacer Spacer N/A
2 10 mm spacer Spacer N/A
3 GFF-2-40-90 Conveying 90
4 GFA-2-40-90 Conveying 90
5 GFA-2-40-90 Conveying 90
6 GFA-2-40-90 Conveying 90
7 GFA-2-40-90 Conveying 90
8 GFA-2-40-90 Conveying 90
9 GFA-2-40-90 Conveying 90
10 GFA-2-30-90 Conveying 90
11 GFA-2-30-90 Conveying 90
12 GFA-2-30-15 Conveying 15
13 KS1-2-5-90-E Kneading 5
14 KS1-2-5-90-A Kneading S
15 KS1-2-5-90-M Kneading 5
16 GFA-2-30-90 Conveying 90
17 GFA-2-30-90 Conveying 90
18 GFA-2-30-30 Conveying 30
19 GFA-2-30-30 Conveying 30
20 Screw Tip Total 1080

The screw configuration is also presented in Figure 3.4.
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Figure 3.4 Screw configuration used for 27 mm ZSE Maxx experiments. The mixing zone is comprised of three 5 mm kneading

blocks.



The system parameters were recorded automatically by the data logger on the Co-
TSE every 2 seconds for each run. The temperatures set for the study were 35°C and 50°C.
These low temperatures were ideal because the screw configuration allowed for any heat
generation to be primarily driven by the frictional energy dissipation (FED) mechanism
between the two particles. Product temperature was measured manually with an IR gun
when the equipment reached steady state.
3.2.3.3 Brabender: batch mixing evaluation. Batch mixer granulation was performed
using a Brabender MetaTorque batch mixer (C.W. Brabender Instruments Inc., South
Hackensack, NJ) equipped with 60cc bowl and two counter-rotating roller blades.
Approximately 45 g of blend was loaded into the Brabender through a transport shoot while
the blades were in motion at a 2-5 rpm. The mixer needed to be filled such that the mixer

was fully filled for all the formulations despite the density differences.

M 5 kg weight

Air-Cooling #
| 4
]

Air-Cooling
Inlet
Outlet

¥ Thermocouple

for Heating —
Zone 3

Thermocouple
‘ for Heating

Thermocouple [
for Heating
Zone 2

Probe

Figure 3.5 Brabender batch mixer frontal view of all components and mixing screws.
(Source: Pafiakis, Armenante and Gogos 2022)
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After mixing was completed for each time point, the sample was completely removed

from the mixer and cooled down to room temperature for further analysis.
3.3 Materials Characterization

3.3.1 Bulk and tap density

Bulk density was determined by pouring approximately 50 mL of powder into a 100 mL
graduated cylinder. The graduated cylinder was tared prior to loading and the mass was
recorded A precise reading of the volume was recorded. The mass was divided by the
volume to obtain the bulk density. The tap density was measured by placing the sample
into the Vankel® tap density tester (Agilent, Santa Clara, CA) and measuring the volume
after 500 taps.

3.3.2 Particle size distribution

For the raw material: the CamSizer® X2 (MICROTRAC MRB, Montgomeryville, PA)
was performed using MICROTRAC MRB'’s standard settings. All measurements were
performed using the X-Dry module with the X-Jet air pressure dispersion cartridge. MTHF
and THF were measured using a dispersion pressure of 20kPa The HPC MF and HPC EXF,
were measured using a dispersion pressure of 250kPa. The 70% w/w theophylline
preblends were also evaluated using the CamSizer®.

For the preblends and the granulations: The 70% w/w theophylline preblends and
resulting granules, from the 27 mm TSG experiments, were measured by sieve analysis
using an ATM Sonic Sifter (ATM, Corporation, Milwaukee, WI) with 6 screens and a fine
collecting pan. The screen sizes used for analysis were as follows: 20 (840 pm), 40 (420
um), 60 (250 pm), 80 (180 pum), 140 (105 pm), and 270 mesh (53 um) and Pan.

Approximately 5 g of sample was tested with a total sifting time of 5 minutes. The percent
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retained was calculated from the amount retained on each screen divided by the sample
size.

The 70% w/w theophylline preblends and resulting granules, from the Brabender
experiments, were measured by sieve analysis using a Meinzer II Sieve Shaker (CSC
Scientific, Fairfax, VA) with seven screens and a fine collecting pan. The screen sizes used
for analysis were as follows: 8 (2360 um), 20 (840 um), 40 (420 pm), 60 (250 um), 80 (180
pum), 140 (105 pum), and 270 mesh (53 um) and Pan. Approximately 40 g of sample was
tested with a total sifting time of 10 minutes. The percent retained was calculated from the
amount retained on each screen divided by the sample size. The geometric mean diameter
(GMD) was determined using the methods described by Wilcox and Deyoe (1970).

3.3.3 iShear™: powder flow rheometer

The iShear™ Rotary Split Cell (E&G Associates, Inc; Chattanooga TN) was used to
measure the flow properties. Each sample was loaded into the standard 30 cc shear cell.
The sample was pre-consolidated using a 600 g weight for 5 minutes. The sample was
initially conditioned at a normal stress of 25 g/m2. The analysis was operated at the
following normal stress 25, 20, 15, 10, and 5 g/m2 with a 25g/m2 normal stress
conditioning between each operating normal stress.

3.3.4 Thermogravimetric Analysis (TGA)

A TGA 5500 thermogravimetric analyzer was used to determine the loss of water for the
two polymers before and after drying. Nitrogen was used as a purge gas at a flow rate of
25mL/ min; samples of approximately 10 mg were heated in open platinum pans to 300°C.
3.3.5 Modulated Differential Scanning Calorimetry (MDSC)

A DSC 2500 apparatus was used to analyze the 70% drug load formulations and the two
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polymers (“as-is” and dried). Approximately 3.0-6.0 mg samples in an aluminum pan. the
samples were equilibrated at -20°C before heating. The heating rate was set at 2.00°C/ min
up to 200°C and modulated at +£1.00°C every 60 seconds.

3.3.6 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA) was conducted using a Rheometric
Scientific DMTA-IV (Rheometric Scientific Inc., NJ) to characterize the onset of
molecular mobility of the polymers similar to Monteyene et al. (2016). Measurements were
performed using a dual cantilever with medium size clamp for testing. The samples were
molded using compression molding at 70°C. The sample dimensions were approximately
16 mm (L) x 12.5 mm (w) x1.8 mm (h). The sample was heated from 25°C to 160°C with
a slow ramp rate of 2°C/min at frequency of 1Hz (6.28 rad/s) and 0.15% strain within linear
viscoelastic (LVE) region of the samples. The run was terminated when the E”(viscous
modulus) was higher than E’( elastic modulus) since the sample became soft and would
buckle.

3.3.7 Scan Electron Microscope (SEM)

Polymer and API: Scanning electron microscope (SEM) images were collected on samples
staged on aluminum stubs prepared with adhesive carbon conductive tabs. The sample was
sputter coated using a Cressington 208 HR Auto Sputter Coater® equipped with a platinum
target (Ted Pella, Inc., Redding, CA). SEM images were acquired using 1.5kV-3kV using
a field emission FEI Quanta 250 Field Emission Gun (FEG) SEM. (FEI Company,
Hillsboro, OR, 97124).

Granules: Scanning electron microscopy was performed using a JEOL JSM- 5510 (Japan

Electron Optics Laboratory LTD) scanning electron microscope and were scanned at 10—
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20 kV. From the foam material, transverse or tangential slices were made with a scalpel.
These slices were mounted on a double-sided tape. The powdery samples were affixed on
the stub with adhesive tape. The mounted samples were coated with a layer of gold using
a Blazers sputtering device. Samples were placed in a multiple specimen holder of the
scanning electron microscope. Digital images were processed in Adobe Photoshop.

3.3.8 Mercury Intrusion Porosimetry (MIP)

Porosity was measured by mercury intrusion porosimetry (MIP) using an AutoPore IV
instrument (Micromeritics, Inc., Norcross, GA). Approximately 200 mg of the granules
were loaded into the MIP porosimeter. Granule porosity was determined using the
following parameters: evacuation pressure of 50 mm Hg, mercury filling pressure of
0.5 psi, and equilibration time of 5 seconds for each of incremental pressure values from 0
to 30,000 psi. Data were generated at the 1-10 um range and were analysed to quantitate
maximum intrusion volume and the pore size distribution within 1-5 pum range to assess
intra-granular porosity differences between different samples.

3.3.9 CT X-Ray tomography

Data was acquired on a Nikon XT H 225ST X-Ray CT Scanner with a beam energy of 120
kV and 108 uA beam current. The exposure time was 0.5 s, with 3142 separate image
projections used to recreate the volumetric image, each a single scan for a total scan time
of approximately 25 mins. Images were acquired using the Inspect X (Nikon Metrology)
software. Raw image projections were processed using CT Pro 3D Version XT 4.4.2
(Nikon Metrology) to recover the volumetric image data, which was visualized using

VGStudio MAX 2.2 (Volume Graphics GmbH).
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3.3.10 Thermal imaging

Thermal imaging was obtained using a Flir T440 thermal imaging camera (Flir Wilsonville,
OR). Thermal distribution is captured in real-time with heat map superimposed on the
image being measured. Spot temperature was recorded by the crosshair and a temperature-
color scale was used to capture the temperature distribution in the image. A zinc selenide
(ZnSe) window was used to collect thermal imaging spectra. The ZnSe window has a
68 mm diameter, thickness of 2 mm, and a band gap of 2.82 eV. The window was encased

in a stainless steel 316 flange and mounted onto the front face of the Brabender.
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CHAPTER 4

RESULTS AND DISCUSION

4.1 Physical Properties

The characterization and manipulation of powders is complex. Many properties are
interacting synergistically, dictating particle-particle, bulk, and ultimately, granulating
behaviour. Most of these competing material parameters include morphology, long-range
interactions, and contact mechanics. Morphological attributes consist of roughness,
friction, and particle size intrinsic to that material. Some long-range interactions may
consist of surface energy and electrical properties. Contact mechanics consist of toughness,

rigidity, and the different moduli (Ennis 2008, Shah, Karde , Ghoroi and Heng 2017).

4.1.1 Hydroxypropylcellulose (HPC) MF and EXF
HPC MF and HPC EXF were the granulating polymers used for this work. The
thermoplastic characteristics of these polymers made them amenable to extrusion work,
but in this work, it was the morphological characteristics of the polymers and their
interaction with the API as a function of particle size that were heavily investigated.

The particle size distributions for neat HPC MF and HPC EXF are presented in

Figures 4.1 and 4.2 respectively.
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Figure 4.1 Particle size distribution of neat hydroxypropylcellulose MF (HPC MF) with a
D10=99.5um, D50=306.3 pm, and a D90=599.0 um.
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Figure 4.2 Particle size distribution of neat hydroxypropylcellulose EXF (HPC EXF)
with a D10=16.1um, Ds50=45.8 pm, and a D90=86.25 um.
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Figure 4.1 shows that HPC MF has a larger median particle size (Dso) when
compared to HPC EXF in Figure 4.2. Both polymer grades used have uniform
distribution.

HPC MF also has a greater bulk and tap density compared to HPC EXF as show

in Figure 4.3.
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0.1

HPC MF HPC EXF

Figure 4.3 Bulk and tap density of hydroxypropylcellulose MF (HPC MF) and

hydroxypropylcellulose EXF (HPC EXF).
(Source: Pafiakis, Armenante and Gogos 2022)

One of the most critical material properties in this work are the material asperities
and surface roughness of the particles. These characteristics correlate with the friction
coefficient, fof the particle. These morphological disparities can be observed between HPC

MF and HPC EXF in the microscopy and SEM images in Figures 4.4 and 4.5, respectively.
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HPC EXF

Figure 4.4 Microscopy image comparison of hydroxypropylcellulose MF (HPC MF) and
hydroxypropylcellulose EXF (HPC EXF) at 20x magnification.

The bulk properties of HPC MF show clear discrete particulates. The bulk
characteristic of HPC EXF shows several agglomerates. This may be due to tribol effects,
cohesion, or moisture content.

HPC MF HPC EXF

-

kv 1.59 mn 10.7mm ETD 1.12e67T

Figure 4.5 SEM image comparison of hydroxypropylcellulose MF (HPC MF) and
hydroxypropylcellulose EXF (HPC EXF).
(Source: Pafiakis, Armenante and Gogos 2022)
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The HPC MF appears “chunky”, coarse, and abrasive in the SEM whereas the HPC
EXF particles are fine, thin fibers. The criticality of these morphological characteristics
and correlation to the materials friction coefficient, / will be explained in subsequent

sections.

4.1.2 API: Micronized and Non-Micronized Theophylline
The API used for this work was theophylline. Two different grades were used, micronized
theophylline (MTHF) and theophylline 325M (THF). The particle size distribution for

MTF is presented in Figure 4.5 and THF is presented in Figure 4.6.
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Figure 4.6 Particle size distribution of neat, micronized theophylline (MTHF) with a
D10=3.5 pm, Ds50=7.0 um, and a D9o=13.9 um
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Figure 4.7 Particle size distribution of neat, theophylline 325M (THF) with a
D10=6.3um, Dso=15.5 pm, and a D9o=28.6 pm.

Figure 4.5 shows that MTHF has a smaller mean particle size (Dso) when compared
to THF. Both API samples also showed to have uniform distribution. The bulk and tap
density for both API samples was comparable where THF had a slightly higher tap density

than the micronized sample. The bulk and tap density are presented in Figure 4.8.
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Figure 4.8 Bulk and tap density of micronized and non-micronized theophylline.
(Source: Pafiakis, Armenante and Gogos 2022)

Like the polymers, the morphology of the API was also critical in this work. The
morphological disparities can be observed between THF and MTHF in Figure 4.9 of the

Bulk component and SEMs in Figure 4.10
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Figure 4.9 Microscopy image comparison of theophylline 325M (THF) and micronized
theophylline (MTHF) at 20x magnification.
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Figure 4.10 SEM image comparison of theophylline 325M (THF) and micronized
theophylline (MTHF).
(Source: Pafiakis, Armenante and Gogos 2022)

THF consist of thicker elongated particulate clusters while MTHF consist of a mixture of

both fine spheres and some thicker block-like particle, also in clusters.

4.1.3 Theophylline: Hydroxypropylcellulose Blends
Four blends were prepared for iShear™ analysis, twin screw granulation, and counter
rotating batch mixing. These formulations contained a mixture of the different particle sizes
presented where the API (70% w/w) and polymer (30% w/w). micronized (or milled)
theophylline (MTHF; fine API) was blended with coarse hydroxypropylcellulose (HPC
MF; coarse polymer), theophylline (THF; coarse API) with fine hydroxypropylcellulose
(HPC EXF, fine polymer), and the other two formulations consisted of both components
in the blend being fine or coarse.

Particle size distribution was measured using the CamSizer and with traditional
sieve analysis for the 70:30 theophylline: polymer blends since the CamSizer was not

readily available during this work.
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The particle size distribution taken by the CamSizer showed a bimodal distribution
for the 70:30 MTHF:HPC EXF formulation and the 70:30 MTHF:HPC MF formulation,
as expected. The particle size distributions are presented in Figures 4.11 and 4.12,
respectively. The distributions show that the blend of the two fine components, MTHF and

HPC EXF, were closer in size when compared to the blend with the MTHF and HPC MF.
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Figure 4.11 Particle size distribution of 70:30 micronized theophylline (MTHF) blended
with hydroxypropylcellulose EXF (HPC EXF) with a D10=4.0 pum, D50=9.5 um, and a
D90=76.5 pm.
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Figure 4.12 Particle size distribution of 70:30 micronized theophylline (MTHF) blended
with hydroxypropylcellulose MF (HPC MF) with a D1o=4.3 pm, Ds5o=16.5 um, and a
D90=440.6 um.

Sieve Analysis for the 70:30 MTHF blends are presented in Figure 4.13 and 4.14.
A bimodal distribution is also observed for both MTHF formulations. This method was

developed to enable a way to track the particle size growth as a function of time. This will

be discussed more when the Brabender batch mixer is introduced.
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Figure 4.13 Sieve analysis for particle size distribution of 70:30 micronized theophylline
(MTHF) blended with hydroxypropylcellulose EXF (HPC EXF).
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Figure 4.14 Sieve analysis for particle size distribution of 70:30 micronized theophylline
(MTHF) blended with hydroxypropylcellulose MF (HPC MF).
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The Camsizer data for the 70:30 THF:HPC EXF formulation shows a unimodal
distribution, suggesting a more homogeneous distribution of particles in the bulk blend.
This behavior can lead to specific packing orientation. This will be further discussed in

subsequent section when the coefficient of friction, f'is introduced.
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Figure 4.15 Particle size distribution of theophylline (THF) blended with
hydroxypropylcellulose EXF (HPC EXF) with a Di0=7.4 pm, Ds0=19.2 pm, and a
D90=60.4 pm.
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Figure 4.16 Particle size distribution of theophylline (THF) blended with
hydroxypropylcellulose MF (HPC MF) with a D10=6.6 um, Dso=17.54 um, and a
D9o=180.50 pm.
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Figure 4.17 Sieve Analysis for Particle Size Distribution of 70:30 Theophylline (THF)
blended with Hydroxypropylcellulose (HPC EXF)
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Figure 4.18 Sieve analysis for particle size distribution of 70:30 theophylline (THF)
blended with hydroxypropylcellulose (HPC MF).

The bulk and tap density for all 70:30 samples were comparable where the 70:30
THF:HPC MF blend had slightly higher bulk and tap density than the other three

samples.
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Figure 4.19 Bulk and tap density of micronized and non-micronized theophylline.
(Source: Pafiakis, Armenante and Gogos 2022)
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4.2 Twin Screw Granulation of Theophylline and Hydroxypropylcellulose Blends

4.2.1 Granule analysis using the 30 mm Twin Screw Mixing Element Evaluator
(TSMEE)

For this study only non-micronized theophylline (THF), at approximately 65% drug
loading with HPC MF was evaluated. The minimum processing barrel temperature was
determined experimentally by ramping the temperature in Zone 1 and Zone 2 (Data not
available). Zone 3 was kept constant at 20°C. The feed rate was constant at 4.5 kg/hr. at a

screw speed of 105 rpm.

4.2.1.1 System Parameters for 30mm Twin Screw Mixing Element Evaluator
(TSMEE). The minimum processing barrel temperature was found to be 90°C for both
screw configurations. Table 4.1 presents the following parameters and response (product
temperature and torque).

Table 4.1 30 mm Twin Screw Mixing Element Evaluator (TSMEE) System Parameters

Feed  Screw Zone 1 Zone 2 Zone 3
Screw ° o o Product Torque
Configuration Rate Speed  Temp °C Temp °C Temp °C Temp°C (%)
(kg/hr.) (rpm) (set/actual) (set/actual) (set/actual)
1 x Rev.
Conveyor 90/90 90/90 20/35 95 28
(1RS)
5 x Kneading 4.5 105
Blocks + 1 x
Reverse 90/90 90/90 20/40 90 35
Conveyor
(5KB1RYS)

FED and PED are occurring because of the temperature recorded in Zone 3. From
the temperature ramping trials, it was observed that the temperature in Zone 3 would climb
extremely fast. There was a 15°C and 20°C temperature increase between the reverse (1RS)

conveying set up and the one with the five kneading blocks (SKB+1RS), respectively.
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4.2.1.2 Carcass Analysis Using the 30 mm Twin Screw Mixing Element Evaluator
(TSMEE) for the One Reverse Section Screw Configuration. Carcass samples were
collected from the extruder after it was opened from the segments identified in Figure 4.20

for the screw configuration with one reverse section (1RS).

. ?’th Blh 5111 4“1 3I’d 2I'Id 15t
Figure 4.20 30 mm Twin Screw Mixing Element Evaluator (TSMEE) with one reverse
(1RS) screw configuration.

Figure 4.20 shows that the extruder is running starved. The powder begins to build
up at segment 8. This is due to the reverse (1RS) screw element that was used for this

configuration. From segment 8 and forward, there is powder build up that accumulates

from the mixing/ granulating that is occurring between segment 5 and 1.
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Figure 4.21 shows carcass samples from segments 8, 7 and 6 show that there were

no morphological changes relative to the unprocessed formulations.

7

Figure 4.21 Carcass analysis by SEM of the theophylline (THF) formulation granulated
with the one reverse (1RS) screw configurations: 8", 7" and 6™ segments show no
morphological change relative to the unprocessed formulation.

Figure 4.22 shows carcass samples between segment 5 and 4.
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Figure 4.22 Carcass analysis by SEM of the theophylline (THF) formulation granulated
with the one reverse (1RS) screw configurations: between segment 5 and 4.

Material collected between segment 5 and 4 are not in a particulate form and show
that they are slightly deformed. The particles do appear to be in “chunks” composed of

many fused or sintered particles in the range of 1-10um. The segment between 5 and 4 is
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the first segment, moving downstream in the extruder screw, that the material appears to
be in one solid plug rather than free flowing powder.

Figure 4.23 shows carcass samples between segment 4 and 3.
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Figure 4.23: Carcass analysis by SEM of the Theophylline (THF) formulation granulated
with the one reverse (1RS) screw configurations: between segment 4 and 3.

Material collected between segment 4 and 3, still appears to be fused particulates
(or sintered), however, areas that resemble a polymer melt begin to appear. This may be
indicative that the heat generated locally is going beyond the PED and FED melting
mechanisms and approaching or entering the viscous energy dissipation (VED). The extent
that particulates are fused together also seems to be noticeably greater, compared to

material collected from the previous lobe.
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Samples between segment 3 and 2 were not collected. Figure 4.24 shows carcass

samples between 2 and 1.
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Figure 4.24 Carcass analysis by SEM of the theophylline (THF) formulation granulated
with the one reverse (1RS) screw configurations: between segment 2 and 1.

Material collected between segment 2 and 1 have a strong resemblance to a solid
rich suspension and polymer melt vs. a granulation and the extent that the particles are
fused is clear, but the mass is approaching one single phase. Discrete particulates are no

longer visible.
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Figure 4.25 shows the morphology of the final product.
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Figure 4.25 Carcass analysis by SEM of the theophylline (THF) formulation granulated
with the one reverse (1RS) screw configurations: final granulation.

The final product is not very different than the morphology observed between
segment 2 and 1. All the mass building seemed to occur between segment 4 and 1. It is

possible that that the blend was one solid rich suspension by segment 2.

4.2.1.3 Carcass analysis using the 30 mm Twin Screw Mixing Element Evaluator
(TSMEE) for the one reverse and five kneading block section screw configurations
(SKB+1RS). figure 4.26 shows the filled extruder for the screw configuration with the

five kneading elements followed by the one reverse section. (SKNB+1RS).
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Figure 4.26 30 mm Twin Screw Mixing Element Evaluator (TSMEE) with five eading
blocks (5KB) and one reverse (1RS) screw configuration.

Like Figure 4.20, Figure 4.26 shows that the extruder is also running starved with
this configuration. There is more powder build up prior to segment 8, but the morphology
of this material was found to be equivalent to that taken between segment 8 and 7.

Figure 4.27 shows carcass samples before segment 8.

with the five kneading blocks (5 KB) and one reverse (1RS) screw configurations: before
segment 8.
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It is also clear that granulation is occurring much sooner using the 1RS
configuration, due to the addition of the five kneading blocks. Only the segment between
8 and 7 are powder and granulation begin between segment 7 and 6.

Figure 4.28 shows the granulation between segment 7 and 6.
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Figure 4.28 Carcass analysis by SEM of the theophylline (THF) formulation granulated
with the five kneading blocks (5 KB) and one reverse (1RS) screw configurations: between
segment 8 and 7.

In this segment, the blend is no longer in free-flowing particulate form but rather in
a granulated or sintered state. Note that, with the 1 RS screw configuration, this
morphology was observed in the segment between 5 and 6, further down the extruder. Until

then, the only changes for this granulation is the change in the product temperature.
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Figure 4.29 shows the granulation between segment 7 and 6.
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Figure 4.29 Carcass analysis by SEM of the theophylline (THF) formulation granulated
with the five kneading blocks (5 KB) and one reverse (1RS) screw configurations: between
segment 7 and 6.

The samples collected from the first neutral kneading block consist of sintered
particulates with occasional arears that resemble a polymer melt. Figure 4.30 shows the

granulation between segment 6 and 5.
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Figure 4.30 Carcass analysis by SEM of the theophylline (THF) formulation granulated
with the five kneading blocks (5 KB) and one reverse (1RS) screw configurations: between
segment 6 and 5.

The granules collected between segment 6 and 5 now show strong evidence of

agglomeration and sintering (or granulation). These images also show that the morphology
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from segment 7 and 6 is maintained with this configuration. There does not seem to be an
increase in the extent of polymer melting. Figure 4.31 shows the granulation between

segment 5 and 4.
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Figure 4.31 Carcass analysis by SEM of the theophylline (THF) formulation granulated
with the five kneading blocks (5 KB) and one reverse (1RS) screw configurations: between
segment 5 and 4.
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The granule morphology continues to show the fusing of discrete particles vs. a

solid rich suspension. Figure 4.32 shows the granulation between segments 4 and 3.
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Figure 4.32 Carcass analysis by SEM of the theophylline (THF) formulation granulated
with the five kneading blocks (5 KB) and one reverse (1RS) screw configurations: between
segment 4 and 3.

The segment between 4 and 3 still shows discreet particles fused together. By this

stage it may be possible that the API particles (and some polymers particles) are held
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together by the polymer glue points. Figure 4.33 shows the granulation between segment

3 and 2. Figure 4.34 shows the granulation between segment 2 and 1.
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Figure 4.33 Carcass analysis by SEM of the theophylline (THF) formulation granulated
with the five kneading blocks (5 KB) and one reverse (1RS) screw configurations: between
segment 3 and 2.
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Figure 4.34 Carcass analysis by SEM of the theophylline (THF) formulation granulated
with the five kneading blocks (5 KB) and one reverse (1RS) screw configurations: between
segment 2 and 1.
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Figure 4.35 shows the morphology of the final product.
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Figure 4.35 Carcass analysis by SEM of the theophylline (THF) formulation granulated
with the one reverse (1RS) screw configurations: final granulation.

The segments between 3 and 2, 2 and 1, and the final product do not show any
morphological difference. On the contrary, the morphology continues to be maintained
throughout the mixing section.

Based on this carcass analysis and the limited temperature data collected during
processing, the kneading blocks alleviate some of the PED and FED that may have been
more aggressive with the 1RS configuration alone. This may seem counterintuitive but the
blend with the SKB and the 1RS conveyor had a “metering” effect. The material in the
mixing section was controlled in a way for this configuration that did not lead to VED and,

hence, a solid suspension.
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4.2.2 Parametric Effects using three Smm Kneading Blocks to Granulate in a 27 mm
Co-Rotating Twin Screw Extruder.

A system analytical model was used for analyzing the parametric effects for each

formulation. The model is presented in Figure 4.36.

System Analytical Model for Twin Screw Extrusion

Extrusion Key System Product

Parameters pr— Parameters pr— Attributes

® ® ®

Machine Parameters Physical Properties
« Length/Screw Diameter * Specific Energy *Particle Size
« Screw Configuration * Residence Time *Prod. Temperature

* Temperature Difference
at the mixing zone
Process Parameters
« Screw Speed
* Feed Rate
« Barrel Temperature

Figure 4.36 System analytical model used for 27 mm twin screw extrusion trials.
(Source: Dreiblatt 2013)
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Table 4.2 list the set points of all the parameters that were evaluated.

Table 4.2 Design of Experiments Used for 27 mm Parametric Study.

FEED RATE (kg/hr)  SCREW SPEED (rpm) TEMPERATUE (°C)

200 35

4 50
35

400 50

35

. 200 50
35

400 50

The mean residence time and residence time distribution was qualitatively captured
by injecting approximately 100 g of blend died with blue food coloring and recording the
time it took for the tracer to peak and to clear the extruder (Kolter 2010). This was
performed for all formulations that were processable at the given temperature, feed rate,
and screw speed. Figure 4.37 shows an example of the onset of the blue die and the time it

takes to clear the extruder.
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Figure 4.37 Example of how residence time was determined using the micronized theophylline and hydroxypropylcellulose MF blend
(MTHF:HPC MF).




4.2.2.1 Screw configuration evaluation for the 27 mm granulation experiments.

Two scouting assessments were used to identify the screw configuration and the
processing temperature for the screening experiments. Only the 70% theophylline: 30%
HPC EXF formulation was used for these assessments. The first screw configuration
evaluated is presented in Table 4.3 and Figure 4.38. This screw configuration was

evaluated at 50°C only.
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Table 4.3 Two Dispersive Kneading Zones Screw Design Evaluated During 27 mm

Leistritz Experiments

Elements along the

Order Element Function
shaft (mm)

1 10 mm spacer Spacer N/A
2 10 mm spacer Spacer N/A
3 GFF-2-40-90 Conveying 90
4 GFA-2-40-90 Conveying 90
5 GFA-2-40-90 Conveying 90
6 GFA-2-40-90 Conveying 90
7 GFA-2-40-90 Conveying 90

GFA-2-40-90 Conveying 90

GFA-2-30-30 Conveying 30

GFA-2-30-30 Conveying 30
8 GFA-2-40-90 Conveying 90
9 GFA-2-30-15 Conveying 15
10 KS1-2-5-90-E Kneading 5
11 KS1-2-5-90-A Kneading 5
12 KS1-2-5-90-M Kneading 5
13 GFA-2-30-90 Conveying 90
14 GFA-2-30-15 Conveying 15
15 KS1-2-5-90-E Kneading 5
16 KS1-2-5-90-A Kneading 5
17 KS1-2-5-90-M Kneading 5
18 GFA-2-30-90 Conveying 90
19 GFA-2-30-90 Conveying 90
20 GFA-2-30-30 Conveying 30
21 GFA-2-30-30 Conveying 30
22 Screw Tip Total 1080
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Figure 4.38 Screw configuration used during scouting studies for 27 mm ZSE Maxx experiments. The mixing zone is comprised of
two 15 mm kneading sections. Each kneading block is 5 mm wide.



The resulting product had a high product temperature of approximately 215-223°C
and the product was not a granulation, but rather more of a solid plug (photo not available).
Samples that were collected were X-rayed to assess the density distribution in the solid
mass.

Figures 4.39 through 4.40 show the cross-section from various angles of a piece of

the resulting plug.

Py a) gl T ¢ »

Figure 4.39: Cross sectional area of a portion of the ophylline (THF):
hydroxypropylcellulose EXF (HPC EXF) “plug” approximately 1 mm from the top.

Figure 4.40 Cross sectional area of a portion of the theophylline (THF):
hydroxypropylcellulose EXF (HPC EXF) “plug” approximately 1 mm from the left side.
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Figure 4.41 Cross sectional area of a portion of the tip of ' thylline
hydroxypropylcellulose EXF (HPC EXF) “plug” from the back.

The images show the pore (or density) distribution which is proportional to the
sintering that is occurring between the particulates. The extensional and elongational flows
are also evident. The swirl can be seen in the center of the granule around a large void.
This phenomenon indicates that the two dispersive kneading blocks may be experiencing
excessive FED and PED leading to viscous energy dissipation (VED).

Granules were successfully collected from the screw configuration with one
dispersive kneading zone. The granules were clearly dense, and they did reach a product
temperature of approximately 180°C. However, the product was indeed a granulation
(photos available in the next section). Granules from this trial were also X-rayed. Figures

4.42 shows the cross-sectional area of the front of the resulting granules.
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Figure 4.42 Cross sectional area of a portion of the teophylline (THF):
hydroxypropylcellulose EXF (HPC EXF) granule approximately 1mm from the front
(plane not shown).

Like the screw configuration with the two dispersive kneading section, this image
shows the pore distribution between the particulates within the granule. The extensional
and elongational flows are also evident for this configuration in the granule. The swirl
again is observed in the center of the granule around a much smaller cluster of voids.
Several channels can be seen throughout the granule with this configuration that were not

observed in the configuration with two kneading sections, suggesting the local temperature

was low enough for the granulation to be in a predominate PED and FED regime.

4.2.2.2 Temperature evaluation for the 27 mm granulation experiments. A

temperature profile was evaluated on the screw configuration with one dispersive kneading
zone for the THF:HPC EXF formulation. The temperatures evaluated were 35°C, 50°C,
65°C and 100°C. It was found that it was not possible to produce granules at 65°C and
100°C with this screw configuration and formulation. The run times were too short to
record any meaningful data, therefore, samples were not collected since steady state was

never achieved.
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4.2.2.3 Micronized Theophylline (MTHF) with Hydroxypropylcellulose MF (HPC
MF) and Hydroxypropylcellulose EXF (HPC EXF). Parametric effects for the
micronized (milled) theophylline and HPC MF are summarized in Table 4.4.

Table 4.4 Summary of System Responses for 70:30 Micronized Theophylline (MTHF):
Hydroxypropylcellulose MF (HPC MF)

Blend FEED SCREW Average Avg. Avg. Mean Avg. Avg. Spec. Avg.
RATE SPEED Barrel Torque Product Residence  Power Energy AT
(kg/hr.) (rpm) Temp. (°C) (%) Temp (°C) 2:;: (KW)  (Kwhr/Kg)  (°C)
35 8.7 76.7 25 0.5 0.13 7.9
200
50 9.6 103.0 19 0.5 0.14 8.3
4
35 10.1 130.0 21 1.1 0.29 15.0
400
MTHF 50 10.5 150.0 12 1.2 0.30 7.9
HPC
MF 35 13.2 102.3 25 0.7 0.10 14.4
200
50 11.4 110.7 26 0.6 0.08 8.2
8
35 10.8 138.0 10 1.2 0.16 14.9
400
50 13.1 165.6 NA 1.4 0.19 8.3

a-Residence time not measured.

The torque was comparable across all the runs for the MTHF:HPC MF
Formulation. The product temperature was the highest for both feed rates, at the faster
screw speed, for both temperatures. The highest product temperature observed was for the
8 kg/hr.; 400 rpm; 50°C run at 167°C. The lowest product temperature reading was for the
4 kg/hr.; 400 rpm; 35°C run at 76.7°C suggesting that particle to particle interactions may

be sensitive to feed rate and temperature.
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The residence times were similar between feed rates and screw speeds, where the
slower screw speed had the longer residence time, as expected. Excessive heat at the mixing
block was consistent for each feed rate at the faster screw speed and lower temperature,
indicating that the particles were rubbing against each other in the kneading zone creating
heat via PED and FED, predominantly FED considering the granules were loose and
relatively free flowing. All runs produced acceptable granules and showed a distributive
growth in particle size instead of forming a plug or excessively large particles.

Figure 4.43 illustrates the particle size distribution for granules from the 4 kg/hr.;
200 rpm; 35°C. Particle size growth is indicated by the blue columns. The gray columns

are the particle size of the blend before granulation.
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Figure 4.43 Granules and particle size distribution of granules for micronized theophylline
(MTHF) and hydroxypropylcellulose MF (HPC MF) blend (MTHF:HPC MF) at 4 kg/hr.;
200 rpm; 35°C.
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Figure 4.44 illustrates the particle size distribution for granules from the

4 kg/hr.; 400 rpm; 35°C.
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Figure 4.44 Granules and Particle Size Distribution for micronized theophylline (MTHF)
and hydroxypropylcellulose MF (HPC MF) blend (MTHF:HPC MF) at 4 kg/hr.; 400rpm,;
35°C.

The effect of the screw speed is evident in the particle size distribution. There are
less fines between the 420 um and 53 pm for the granules produced at the faster screw
speed. Furthermore, the granules have a fluffy” appearance, suggesting that they were not

over-densified. This is also confirmed from the low torque readings.
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Figure 4.45 illustrates the particle size distribution for granules from the

8 kg/hr.; 200 rpm; 35°C.
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Figure 4.45 Granules and particle size distribution for micronized theophylline (MTHF)
and hydroxypropylcellulose MF (HPC MF) blend (MTHF:HPC MF) at 8 kg/hr.; 200rpm;
35°C.

The granules prepared with these conditions have a similar particle size distribution
to the granules prepared at 4 kg/hr.; 400rpm; 35°C. Decreasing the screw speed and
increasing the feed rate seemed to create the same compacting dynamics in the kneading
zone. The product temperature is higher for the granules taken at the lower feed rate and
faster screw speed, but the AT between the set point and the temperature at the kneading
block is similar between the two runs suggesting the same heat generation is occurring in

the kneading zone.
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Figure 4.46 illustrates the particle size distribution for granules from the 8 kg/hr.;

400 rpm; 35°C.
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Figure 4.46 Granules and particle size distribution for micronized theophylline (MTHF)

and hydroxypropylcellulose MF (HPC MF) blend (MTHF:HPC MF) at 8 kg/hr.; 400rpm;
35°C.

These conditions resulted in the finest granulation for this set. It seemed that there
was not enough particle to particle interaction in the kneading block to initiate significant
granule growth. Particulates did agglomerate but not to the extent of the other conditions.
The energy dissipated in the mixing section was not great enough to sinter and fuse all the

particulates, especially at the high feed rate.
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Granules for the 4 kg/hr.; 200 rpm were the only granules collected for particle size

analysis at 50°C.
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Figure 4.47 Granules and particle size distribution for micronized theophylline (MTHF)
and hydroxypropylcellulose MF (HPC MF) blend (MTHF:HPC MF) at 4 kg/hr.; 200rpm;
50°C.

There were noticeably less fines for these granules compared to the ones taken at
35°C. This can be expected since the polymer is softened at the higher temperature, there
is more “kneading capacity,” meaning it is easier for the material to stretch and fold more

API into the polymer.
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Figure 4.48 shows the granules for the 8 kg/hr.; 200 rpm; 50°C (particle size data

not collected).

Figure 4.48 Granules and particle size distribution for micronized theophylline (MTHF)
and hydroxypropylcellulose MF (HPC MF) blend (MTHF:HPC MF) at 8 kg/hr.; 200rpm;
50°C.

The granules here appear to no longer resemble the discrete agglomerates from the
previous runs. Since there is more material available at the kneading block and the polymer
is softer, the material is being compacted into a ribbon made up of larger agglomerates,
because of the higher temperature.

Overall, all the granules presented at the parameters evaluated are acceptable. It
seems that the formulation with the fine API and coarse polymer provides a mean of
controlling the velocity differences between adjacent particles, perhaps keeping the melting
mechanism in the PED and FED regime. There was no evidence of any solid rich

suspension to indicate the mechanism transitioned to VED.
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The parametric effects for the micronized theophylline (MTHF) and HPC EXF are
captured in Table 4.5.

Table 4.5 Summary of System Responses for 70:30 Micronized Theophylline (MTHF):
Hydroxypropylcellulose (HPC EXF)

Blend FEED SCREW Average Avg. Avg. Mean Avg. Avg. Spec. Avg.
RATE SPEED Barrel Torque Product Residence Power Energy AT
(kg/hr.) (rpm) Temp. (°C) (%) Temp Time (KW) (Kw-hr/Kg) (°CO)
(°C) (sec)
35 18.9 126.9 17 1.0 0.27 22.8
200
50 18.6 134.6 29 1.0 0.27 11.9
4
35 14.5 167.0 16 1.6 0.42 24.0
400
MTHF 502 14.2 156.5 NA 1.6 0.41 13.4
HPC
EXF 35b NA NA NA NA NA NA
200
50° NA NA NA NA NA NA
8
35 15.8 155.1 10 1.7 0.23 28.3
400
50 16.3 165.0 10 1.8 0.24 13.4

a-Residence hard to read since solid plug was formed.
b-Run was not processable at 8 kg/hr. The powder would back up in the feed zone.

The data shows that the torque is slightly higher for both temperatures at the
4 kg/hr.; 200 rpm settings. PED and FED are evident from the product temperature
readings. Product temperature is highest for both feed rate conditions at the faster screw
speeds. The residence time is approximately two times slower at the slower feed rate. The
difference between the set point temperature and increase in temperature at the mixing
block is greatest for both feed rates and both screw speeds at the lowest temperature. This
may be because the particles are not softened enough to granulate, hence, there is less
lubrication in the extruder, making the rubbing between the particle more aggressive. This

in turn drives up the temperature via FED.
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Granules were collected at 4 kg/hr.; 35°C for both screw speeds, as shown in Figure
4.49 along with the corresponding particle size distribution. Particle size growth is

indicated by the blue columns. The black columns are the particle size of the blend before

granulation.
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Figure 4.49 Granules for micronized theophylline (MTHF) and hydroxypropylcellulose
EXF (HPC EXF) blend (MTHF:HPC EXF) at 4 kg/hr.; 200 rpm; 35°C.

Particle size distribution was not measured on the sample collec