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Abstract

ABSTRACT

The performance of agglomerated products is determined by their composition

and structure [1]. For a given product, composition is usually fixed and the
structure of the agglomerates is determined by the way they are manufactured. In

this work, a commercal X-ray tomography (XRT) system was used in order to
investigate the structure of individual agglomerates and how it is affected by

different parameters during the granulation process.

Qualttative analysts of cross-sectional images for different granulation systems
show typical structures for different granulation methods (ranging from the

opened structure of fluidised bed granules to the more compact high-shear
granules). It 1s also shown that granules from the same batch can have different

structures due to the coexistence of different granulation mechanisms during the

granulation process.

Further studies were catried out for high-shear melt granulation using calcium
catbonate and polyethylene glycol as a2 model system. A method was developed
to analyze XRT data in terms of radial profiles of greyscale intensity within the
granules in order to provide information on their internal structure. Different
process and formulation parameters were studied using this method alongside

qualitative analysis of the images and dissolution/strength information.

An increasing radial consolidation was observed in all cases. Higher impeller
speed and longer granulation time increased the overall consolidation 1n the
granules tested, resulting in stronger and slower to dissolve granules. The effect
of formulation parameters was not clear in the radial profiles (XRT scans do not
show clear structural differences due to resolution/ composition issues); but the
effect was clear in the performance indicators: increasing primary particle size,

binder molecular weight and binder to solid ratio resulting in stronger/more

difficult to dissolve granules.
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Chapter 1 - Introduction

INTRODUCTION

1.1 INTRODUCTION

1.1.1 Particulate systems

Particulate systems are all around us. They range from systems that are readily
present in nature (such as sand dunes or pebble beaches) to manufactured daily
consumer products such as instant coffee granules or pharmaceutical tablets.
These systems are constituted of particles with sizes spanning over several orders

of magnitude in size, from rocks to the submicron particles in 2 pharmaceutical

tablet [2].

In industry, particle technology is a science of growing importance, as the
functionality of products is required to be strongly specific in order to
accommodate the growing demands of a competitive world. In the home,
people demand in domestic life, our painkillers to act quickly, but also to taste
inoffensive; want our coffee granules to dissolve instantly but not to break up in
the jar; detergent tablets that not only clean our clothes but make them smell
great and tron easy. Whilst in industry silos need to discharge quickly to speed up
production 1n addition the dust levels must be minimized, caking has to be
avolded, homogeneity in pharmaceutical tablets is crucial, etc. These are only a

few examples of how particulate systems play a crucial role in day to day life and

also human economy.
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In industry approximately 75% of manufacturing processes involve fine particles

at some point [3]. Manufactured matenals that are particulate in nature cover a
broad range of possibilities, from low-cost matenals such as construction sands
or agncultural grains to high-value particulates manufactured with a very specific
function as s the case of the pharmaceutical or the fine chemical industry. As a
result, particle technology is of importance in the majority of processes in the

chemical, food and pharmaceutical industries as almost all of their products are
in 2 powder form. It is estimated in [4] that up to 60% of the products in the
chemical industry are manufactured as patticulates, and a further 20% use

powder as ingredients, whereby the value of these products accounts for up to

USS1 tnllion 1n the United States alone.

Proper design and handling of these fine particles are key to making a process
successful. Careful attention to particle characterstics during the design and
operation of a facility can significantly improve environmental performance and
increase profitability by improving product yield and reducing waste as pointed
out in [3]. However, the behaviour of particulate solids differs greatly from that
of lquids or gases. Firstly, liquid or gases can be considered a continuum,
whereas particulate solids are not. A good example on how different it is dealing
with particulate solids than with liquids is explained in [5], showing that for an
engineer a liquid, such as ethanol, is significant on its own, the formula of
ethanol can be deduced from its name as can its properties and conversely this
collection of properties define ethanol. When it comes to particulate solids
things are more complicated with other factors such as size distribution,

flowability or hardness playing a fundamental role in the description of the
matenal.

For all the reasons described above it is cleatly important to gain an

understanding on how the different processes that particulate solids are

subjected to, can affect their behaviour.
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1.1.2 Granulation and thesis motivation

When dealing with small particulate solids it is useful to aggregate them together
in order to form larger entities, granules. Granulation can be defined as the
process of agglomerating particles together into larger, semi-permanent
aggregates (granules) in which the original particles can still be distinguished {6].
This work refers to wet granulation, in which the agglomeration of the

particulate products is achieved by using a liquid binder in order to form

interparticulate bonds [4].

Granulation can be seen as an example of particle design, by which the
properties of the granules are controlled by a combination of formulation and
process parameters [4]. Formulation parameters include all varables related to
the original particulate material and the liquid binder used, for example particle
size distribution of the start materials, type of binder or binder to sohd ratios;
whereas process parameters refer to all varables related to the equipment used
to carry out the granulation process as well as the operation parameters used

such as mixing time, intensity of mixing or operating temperature.

The type of properties achieved by means of granulation include for example {1,
0]

*  Elimination of dust handling hazards or product losses.

*  Improved product appearance.

*  Reduced caking or lump formation by improving flowability.
*  Increased bulk density for storage.

*  Creation of non-segregating blends.

*  Control of solubility.

Some examples of products prepared utilising granulation can be seen in [1] such
as fine chemicals like dyestuffs, food both for humans and animals or household

products like detergents amongst other types of product.
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Granulation can also be used in order to obtain functionalized products, for

example in pharmaceutical applications active powders can be contained within a

binder matnx that would only dissolve when in contact with the right kind of

environment.

Particulate products and particulate processes can be studied at different length

scales: macro, meso and microscale. Some examples can be seen in Table 1.1.

Table 1.1. Particle products and processes: Scales of view (adapted from [7})

Production of granular alumina (ALOs) from bauxite

Macro view Definition of thf: product (density,
ore (Bayer Process) appearance, punty, etc.)
. Study of the indimdual unit operations involved SCIET :
Meso miew erinding, dissolution, calcinations, etc) Particle size distribution
Pnmary processes (e.g. what is the time needed for the . v
Micro view dissolution of a 10 pm crystal when the rate is How does the partice look kike, what

1S 1 face area, 1s it porous, etc.
governed by mass transfer) 19188 sur HERPO

For wet granulation it 1s evident that the properties exhibited by the granules
(Whether as a tablet or as a group of individual granules) will be affected by the
structure of the granules, and that this structure is determined by the granulation
process. There 1s a lack of understanding on how the manufacturing process
affects the structure of individual granules even though these structures are
responsible for the properties exhibited by the final product. Research has
traditionally focused on trying to relate formulation/process parameters to the

properties exhibited by the products, but usually the effect of these parameters
on the structure 1s overlooked.

This thesis aims to gain an understanding of the relationships between the

process and the properties by looking at the structure of granules, which
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onginates from the manufacturing process and which is responsible for the

properties exhibited by them.

To achieve this, the effect of .different varables on the structure of the
manufactured granules was studied using x-ray tomography, which allows a
physical insight of the constituents of the granules. For a series of both process
and formulation parameters, the insight into the granular structure was coupled
with the properties exhibited by those granules (dissolution and strength), in
collaboration with on-going research by other members of the Particle Products

Group at the University of Shefhield, Chemical & Process Engineeting.

1.2 THESIS OVERVIEW

After this short introduction (Chapter 1) a review of relevant literature is made
(Chapter 2). Chapter 3 outlines the experimental methodologies used for this
work. Chapter 4 presents the results obtained and analyses them qualitatively. In
Chapter 5 a method to carry out quantitative analysis is developed and applied
on a series of high-shear melt granulation experiments in Chapter 6. Chapter 7
outlines the main conclusions extracted from this work, and Chapter 8 suggests

different possibilities to take this work further.
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LITERATURE
REVIEW

2.1 INTRODUCTION TO GRANULATION

In this work, the defimition for granulation will be that of wet granulation: the
process of agglomerating fine powder (primary particles) together in the
presence of a liquid binder in order to obtain 2 smaller number of larger particles
(granules). At any 1nstant during the granulation process a granule will be made
up of the onginal primary particles, binder, entrapped air and/or fragments of
other granules that coalesce forming one agglomerate. The terms granule and
agglomerate will be used indistinctively in this work.

The benefits of this size enlargement process in industrial applications have been
outlined in the introduction and are explained in further details in [6].

2.1.1 Methods for granulation

Different methods can be used in wet granulation processes. There are four
main types and the selection of the process depends on factors such as desired
properties in the product (such as bulk density of granule size) as well as size and

process limitations (such as inability to handle very viscous binders). Table 2.1

compares the strengths and weaknesses of these processes.

6
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Table 2.1. Comparison of the granulation capabilities of different types of granulation

processes (source [1])

Low shear High shear

e hacioal i) Huidiz;cit bed Stgnmm;e;;ttgg
mixers mixers granuiators S
Fine/cohestve
feed powders o ' ++
Coarse feed
+ +
powders
High viscosity . 4 ] N/A
binders
lﬂw dcnSity + ) + +++
<lmm granules
Dense <Imm +
sphencal granules
Dense 1-10 mm
size sphencal 4+ - ] N/A

granules

Examples of the different types of mixers can be found in [1] and are as follows:

*  Low shear mixers: the powder is lifted mechanically but flows under
gravity (e.g. rotating drum mixers).

*  High shear mixers: the matenal is mixed by means of a fast rotating
impeller impacting and shearing the materal within the mixing bowl (e.g.
high shear mixers).

*  Fludised bed granulators: the movement of particles is induced by a gas

stream and at any time the proportion of liquid binder in the mixer

needs to be kept low enough to avoid defluidisation.

=  Steam re-wetting: applicable to highly soluble solids that are dispersed in

air and contacted with water vapour in 2 drying tower to create low

denstty granules.

In this project the experiments are cartied out using high-shear mixers. A

detailed descaption of a high-shear mixer, including design, scale up and process
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parameters can be found in [8]. The high-shear mixer used in this work 1s

described 1n Chapter 3.

In high shear granulation the primary particles are added to the mixing bowl and
the liquid binder can be added by three different methods [9]:

*  Poured onto the surface of the powder bed (pour-on)
*  Sprayed onto the surface of the powder (spray-in)
= Added as solid binder flakes to the powder bed (melt-in).

The method of binder addition will affect the way the granulation occurs and the

properties of the granules. Also in [9] it is reported that binder distribution

within agglomerates 1s initially size dependant although tending to a uniform

distribution with long granulation times.

More details about the high shear mixer and the experimental protocol used for

the expeniments in this work can be found in the experimental chapter.

2.1.2 Mechanisms of granulation

The first research in granulation took place about 50 years ago using sand in
drum granulators [10]. Since then the knowledge and understanding of the
process has increased considerably. In 1973 Sastry and Fuerstenau proposed a
theory to explain the mechanisms involved in granulation [11]. It was a rather
complex explanation that included several competing mechanisms, the

distinction between those depending on the cut size established to differentiate

between granules and non-granulated materials (Figure 2.1).
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Figure 2.1. Traditional granulation mechanisms (source [4]).

Some of those mechanisms can be considered as cases of coalescence or
breakage, and Ennis and Litster in 1997 explained granulation as a combination
of three rate processes: wetting and nucleation, consolidation and coalescence,

and attriton and breakage (6] (Figure 2.2).

(1) Wetting & Nucieaton

Figure 2.2. “Modern™ approach to granulation (source [4]).

A detalled description and importance of each of the three rate processes can be

tound 1n [4]. Bretly:
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Wetting and nucleation: this process refers to the imtial contact between
the binder and the dryv powder bed and how the binder distributes within
this bed to create the 1nal nucler granules. The relative sizes between
primary particles and liquid binder droplets will influence the nucleation
mechanisms, with two main nuclet tormation mechanisms (distribution
and immersion)|{12, 13].

Consolidation and growth: particle-particle and particle-equipment
interactions lead to granule compaction and growth. Different authors

have described this process differently. For example Vonk e7 a/ [14]

propose a destructive nucleating growth mechanism by which growth

occurs after 1nittal nuclei are broken down and further densified. Iveson
and Litster [15] introduced a growth regime map showing the

dominating granule growth mechanism as a function of granule

deformation (given by the Stokes deformation number).

"°""2’ Sturryl
" : urry
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" Growth
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Deformation | “Nycleation

Number, | Only Induction
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e ©
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Figure 2.3. Granule growth regime map (source [15]).

Attrition and breakage: due to impact, wear or compaction in the mixer
or dunng further product handling. Difterent breakage/attrition
mechanisms are reported 1n the literature, classified according to the

effect of the damage on the agglomerates, or on the type of forces that

cause this damage (for example in [16]).

10



ChaEter 2 — Literature review

2.1.3 Final considerations

Even though granulation has been the subject of research for almost 60 years,

the discipline is currently extremely active with much research being conducted
at a fast pace. Industrial interest in granulation has also gradually grown in the
last decades with virtually every product that appears as a powder undergoing a

granulation step to benefit from the improved product characteristics it offers.

The granulaton mechanisms ate not well understood. However extensive

research in the field has allowed a better understanding of the different varables

that affect the process. The future of granulattion will go through the
understanding of the granulation mechanisms at the different length scales so

that granulation processes can be designed to obtain specific product properties.

It is there that this work focuses: on trying to understand the effect that different

granulations conditions have in the structure on single granules and how this

structure may show in the properties they exhibit.

2.2 GRANULE STRUCTURE

The term structure describes the way a system is internally built-up from its basic
components. For agglomerates, structure can then be defined as the spatial

arrangement of the basic components of a granule, which are: primary solids,

binder and intra-particle porosity.

Scale information should also be given alongside structural information. In this

case, macro-structure would refer to the powder bed or the tablet structure,

meso-structure to internal agglomerate structure and micro-structure would

describe the structure of the basic components. 10 quantify structure the

following must be known [17]:

*  Amount of each component: quantified by its phase volume.

11
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= Size of the defined phases, which can be calculated using chord length
distributions.
*  Distrnbuton of the phases throughout the system, describing the granule

homogeneity.

These characteristics can quantify the structure of an isotropic, spatially
unlimited structure. They do not account for the granule’s shape, outer

morphology or radial concentration gradients.

2.2.1 Importance of granule structure

The structure of an agglomerate is a key factor in determining the final
properties of the product, whether as independent agglomerates or tablets. The
performance of agglomerated products is determined by their composttion,
structure and the way they have been manufactured [6]. For a given product,

composition is usually fixed and the structure of the agglomerates is determined

by the way they are formed. It 1s therefore very important to understand how the
structural characteristics of an agglomerate are going to affect its properties as
well as how the manufacturing method is going to affect the structure achieved
by the agglomerate. This way i1t would be possible to build links between
manufacturing and final product properties that will encompass the structuring
of agglomerates from the beginning of their processing in order to obtain 2
desired product performance. Early work (1966) shows how the granulation

methods have a direct effect on the propertiés exhibited by the final product, but
does not relate this effect to the granule structure [18].

Knowing how to measure and describe the internal structure of agglomerates

would also allow its incorporation into fundamental modelling of granulation
[19] allowing the use of structural characteristics in simulation tools, physical

models or to predict structure dependant granule behaviour [17] .

Properties of granulated material are determined by its composition, size

distribution, shape and internal structure [17]. The composition is fixed usually

12
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by chemical requirements to achieve certain properties of the product. The size
distbution 1s usually chosen to meet crteria such as appearance, dust content
and bulk density targets. Therefore it is the agglomerate morphology, shape and
structure that ultimately determine the properties of the granule. Although this

statement is mostly applicable in a pharmaceutical environment (in non-

pharmaceutical environments there 1s more freedom to change parameters, use

different additives to modify certain properties, etc.), it highlights the importance

of granule structure.

The granule structure will determine important properties such as the

intergranular bonding during compression (important for tabletting), breakage or

dissolution rates of the product.

The intergranular bonding behaviour during comptession is described 1n [20] as
are the resulting tablets properties and structure [20, 21]. Previous work [22, 23]

described four types of structure depending on the manufacturing process of the

granules (Figure 2.4). These models are summarized in

Table 2.2 and show different types of intergranular bonding during the
compression of the granules to form tablets (Figure 2.5):

*  For pre-comptessed granules (roller compacted granule) the binder
particles are present as discrete particles within the granules and little
intergranular bonding occurs during tabletting (bonds are only formed
between solid particles), leading to the formation of low strength tablets.

* The opposite occurs in the case of spray dried granules. The high
concentration of the binder at the surface creates large areas of
intergranular binder to binder contact, even at low tabletting pressure.

"  For wet-massed granules, the granules make contact between binder and
binder, binder and crystals and the crystals themselves. The area of

intergranular binder bonding is smaller, resulting in tablets weaker than
those produced from spray dried granules.

"  Spray-coated granules are characterized by the presence of a surface layer

of binder (Figure 2.4 and Figure 2.6).

13
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Figure 2.4. Structure of granules prepared by different process methods

(modified from |23]).

The term “spray drying” and “spray granulation” are used as synonyms in this

early work and the structures reported for this type of agglomerates (see Figure

2.4) correspond to the typical opened structure of fluidised bed granules (as we

will see 1n Chapter 4).

Table 2.2 was modified in order to accommodate the term “flmdised bed

oranulaton’ alongside the properties typical of agglomerates obtained this way.

1

Table 2.2. Characteristics of granules prepared by different processes (modified from

(sranulation process

Pre-compression

Wet massing

Fluidised bed

granulation

Spray coating

123])

Granule property

State of binder

in granules

Discrete
parucles or
partcle
fragments

Fim matrx

Fum matrix

Surface shell

Concentratton of
binder at surface

Verv low

LLow

Nudtr;ltt

High

+ Cold meltung during compression

++ Partcle fracture during compression

*

— — —

Bulk
densit

Grranule
dunsm'

Very high Very High

High [ 1agh

|Low

]A’l"ﬂ.

High/low FHigh/low

Precipitation of partally dissolved solid during compression

Main l}:ltlx‘lr1;2
mechanisms (dunng
tabletting

Particle fusion+
Parucle interlocking ++

Plastic detormaton

Binder cohesion

Interpartculate b nding*

Binder cohesion

]Il[t‘f‘ﬁ¢1riil'llLllt' 11{111ii111;"

Binder cohesion
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Figure 2.5 Schematic representation of granule structure and intergranular

bonding during compression (modified from [20]).
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Figure 2.6. Internal structure of a typical spray coated powder (source |23]).

More recent work shows the importance of structural characteristics on the
properties shown by agglomerates, such as breakage [1, 24] or the behaviour of

eranules under stress [23]. The void fraction, as well as the size and spatial
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distribution of pores within the granule, is also a key characteristic since the
presence of pores has a direct influence on properties such as wet and dry

strength, dissolution and disintegration in a liquid medium [26].

2.2.2 First attempts to look into granule structure

The first attempt to look inside single agglomerates used an abrasion technique
combined with chemical analysis to study the posidon and concentration of
binder throughout the granules [27]. Granules of magnesium carbonate were
created using polyvinylpytrolidone (PVP) as binding agent by wet massing. ‘The
distdbution of binder within the granule and its effect on local strength as drying

occurred was studied by calculating the radial distribution of binding agent at
different stages during the drying process.

In order to do this, an attrition method previously described in [28] and [29] was
used; a method by which the outer layers of the specimens were removed and

analysed for PVP content using infrared spectroscopy. The core weight was

recorded and the diameter measured. Elastic modulus and hardness

measurements were then made, and the process repeated until the core weight

was reduced to about 10% of the onginal weight.

This work showed granules to have two concentric regions with different
properties. The hardness was found to increase towards the outer layers of the

granule. The Young’s modulus of elasticity followed a similar pattern to the

hardness, decreasing towards the centre of the granule up to a point where it
remained constant. In addition, the amount of PVP was found to be higher in

the outer layers of the granules. The extent of these properties depends on the

drying profile the samples are subjected to.

With regards to pharmaceutical composition, non-uniform distribution of binder
within agglomerates can be coupled to misdistribution of the active component.
Therefore, any attrition dunng storage or further processing can cause fines with

a composition different from the bulk, resulting in lower product quality.
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Optical techniques were also developed [30] to determine the distribution of
polyvinylpyrrolidone (PVP) binder in fluidized bed dred granules, by labelling
the binder with a fluorescent matenal and assessing its position within the

granules by hight microscopy. They used fluorescein isothiocyanate (FIC) to label
the binder and make it fluoresce when excited by light.

Following thts, a mixture of the labelled PVP and normal PVP was created to

achieve suitable fluorescence, and this mixture then used to granulate powder
mixtures in a fludized bed. Sample granules were taken and observed using a

fluorescence microscope. Sample granules were also embedded in wax and cut

into 20 um thick sections with a microtome. The sections were also inspected
with a2 fluorescence microscope and they report that the distrdbution of PVP
within the granules could be seen perfectly. Unfortunately, no quantitative results

are given in their work about how the binder distributes within the agglomerates,

only the method 1s explained.

2.2.3 Solvent extraction methods

Seager et al. [22] initially tded to study the structure of agglomerated material as
related to the manufactuning process and final product conditions. Previous
work from the same authors [23] had suggested that properties of granules are
governed by the distnbution of the binding agent within them, which is in turn
determined by the method of manufacture. A solvent extraction method was
then developed [22] to study the position of the binder within granules prepared
by three difterent methods (roller compaction, wet massing and spray drying)

and relate the product structure with the production process mechanism (Figure

2.7).
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