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Abstract

Wet granulation is a size enlargement process used in many fields, such
as pharmaceutical, nutraceutical, zootecnichal, etc., due its ability to improve
technological properties of the final product, compared to tiaeoform,
and/or to realize suitable delivery systems for drug/functional molecules for
oral administrations/food preparations and/or to produce intermediate
processing products. In spite of its widespread use, economic importance
and almost 50 years oesearchgranulates manufacture is still based on
empirical approachMoreover,phenomena involved in powders aggregation
are not well understood, and thus it is difficult to successfully obtain a
product with tailored features without extensive experialeests.

In the scientific literaturehe approach to the granulation study is based
on experimental tests, to investigate thgpact of formulation and process
variables orgranules properties, or on modeling activities, to mathematically
describe thenvolved phenomena. The two approaches, experimental and
theoretical, are rarely applied together. In this study a novel integrate
strategy of investigation was applied to eluciddte role of the
phenomenological aspects, and their connection with the wmaérating
parameters in granulation process, on the granules final properties, in order
to develop physicainathematical descriptions of the size enlargement unit
operation, which can indubitably constitute a starting point for scale up
purposes.

The first step of the Ph.D. research activity was the design and realization
of a bench scale experimental set up, with the innovative feature of using an
ultrasonic atomizer for spraying the wetting phase in order to improve its
dispersion degree on the surfaaepowder bedFour are the main sections
composing the realized apparatus: feeding section, production section,
stabilization section and separation sectiéor. the preparation of granules,
hydroxypropyl methylcelluloseHPMC) was used as powder modeht@rial
due to its versatile properties. It is an easy to handle, available at low cost,
odourless, hypoallergenic, biocompatible, and not toxic polymer, used as
excipient in the formulation of hydrogbkhsed matrices in form of tablets or
granules, in orer to provide controlled release of oral solid dosage systems.
Distilled water was used as binder phasethe built configuration, the
powder was placed in a leshear granulator and agglomerated by spraying
the binder phase. The produced wet granulese wgéabilized by dynamic
drying in presence of a hot air flow, because the evaporation of the residual
moisture slows down the degradation of the granules. The dry granules were
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separated by manual sieving with cutoff sizes from top to bottom as follows:
2mm, 0.45 mm and a collection pan. Three granules fractions were obtained

by the separation step: a fraction of
t han 2 mm, one of ismall scrapo, i . e.
mm, and o n eie.oparticlésunithesizel bettveen 0:25mm. The
range size 0.42 mm was considered as the fraction of interest being a size
typical range of granules in the food, pharmaceutical and zootechnical fields.
Finally, only the fraction of useful was subjectedccharacterization methods
carried out adopting both th&STM (American Society for Testing and
Materials) standards arat hocinnovative protocols. In particular, a new
procedure for analysing the mechanical properties of granules, authet

built Dynamic Image AnalysisOJA) device, based on the free falling
particle scheme, for monitoring the evolution of tA8D during the wet
granulation process, were developed.

The experimental campaigns were planned by Design of Experiments
(DoEg appraches. Asystem with three process parameters (factors), i.e.
impeller rotation speed@m), binder to powder raticand binder phase flow
rate, each at three intensities (levels) was considered. Thpact on
granules properties were assayta find the best process operating
conditions able to produce granules with tailored features, i.e. high product
yield (% w/w of dry granules with size between 0.45 mm and 2),now
residual moisture content, and good flowability and compressibility
propertiesUnde phenomenological point of view, it was obsertkdt not
all the combinations of parameter levels ensure good granulation. There are
operating conditiondike low rpm with high binder phase flow rate and low
binder to powder ratio, or, high rpm with lewbinder phase flow rate and
binder to powder ratiavhich combined togetheran produce a high amount
of granules with size lower than requested one (Q.4%m), i.e. failure of
the aggregation phenomena. Othdilee low rpm with high binder phase
flow rate and high added binder phase amomstead, can achieve clusters
of powder and binder, i.e. over wetting phenomena, which is a condition to
avoid. The best conditions of granulation were obtaingtth high rpm, high
binder to powder ratio and low ldar phase flow rate.

To fully understanding the behaviour &fPMC granules as active
ingredient delivery systems, the intensities of process parameters, which are
found to give the better product yield, were used in the production of loaded
granules. In pdicular, the effect of three formulation variables, i.e. molecule
payload, molecule solubility and binder type, on physical and mechanical
properties of granules were investigated and, moreover, analysis of release
mechanisms were speculatédhydrophilic compound, vitamin B12, and a
lipophilic one, vitamin D2, were employed as model molecwHest of all,
the best loading method IHPMC granules for the hydrophilic molecule,
vitamin B12 (payload 1 % w/w), was investigated. Vitamin B12 was
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incorporatedin the HPMC granules by two different loading methods:
according to the method 1, the vitamin B12 was dissolved in the liquid
binder phase (here the binder phase was a solution of distilled water and
vitamin B12); according to the method 2, the vitamin B12 wasnpred

with HPMC powders (here the powder was a mixturéd8MC and vitamin

B12). It was observed that the loading method type does not influence the
granules flowability properties and the product yield, however, a better
dispersion of vitamin B12 inside th#PMC polymer matrix was achieved by
using the method 1, perhaps for the uniform spraying of B12 together with
the binder phase. Thus, by exploiting the most successful method 1, two
different payloads of vitamin B12 and vitamin D2 (1 % and 2.3 % wi/w)
wereassayed. Due to lipophilic properties of the D2, a binder phase made by
a solution of ethanol and water with a 75/25 v/v ratio was used to produce
vitamin D2 loadedHPMC granules. Results showed that the use of ethanol
in the binder phase reduces the preidyield and leads to the formation of
granules with less defined shape, smaller mean size, less hard structure and
worse flowability. Moreover, the presence of ethanol induces a slightly
faster polymer erosion respect to granules obtained by using atdy.Whe
increase of payload both for the hydrophilic and lipophilic molecule leads to
the formation of granules with a harder and more compact structure. The
vitamins solubility influences their release mechanism: diffusion for the
hydrophilic molecule gt 3 hours the vitamin B12 was fully released,
regardless of the payload and of teMC erosion rate) and erosion for the
lipophilic one (at 3 hours the amount of vitamin D2 released was similar to
the amount of erodedPMC).

Due to the relevance of sizhstributions in practical uses of granulates
(the process vyield is based on this parameter), hardware and software of a
DIA-device forPSDanalysis were designed, developed, tested and then used
to perform studies on the growing of the powder agglomeduesng the
process PSD measurements were used to obtain a basic understand of the
phenomenological aspects for optimize the key process parameters, i.e.:
process time, impeller rotation speed and binder phase flow rate. The process
parameters optimizatiowas carried out by Response Surface Methodology
(RSM and using the granulation yield (% w/w of wet granules within the
size range A0 mm) as the main variable of interest. It was observed that the
agglomeration, breakage and nucleation phenomena sicaultaneously in
the granulator, with the predominance of the agglomeration during the
binder addition phase, later balanced by the breakage phenomenon. Thanks
to this initial phenomenological analysis, process time was optimized.
Response surface studieslicated that the interaction between the impeller
rotation speed and the binder flow rate influences the granulation yield (and
in general the granuld3SD3, especially at high rpm.
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Agglomeration, breakage and nucleation phenomengerimentally
obsened by PSDs analysiswere mathematically described by using the
Population Balance Equation3BE9 approachPBEswere discretized in 60

cl asses, ranging from 60 to 20600 em wi

therefore, the resulting model was a systef 60 Ordinary Differential
Equations QDES9, one for each class, which was implemented and solved
numerically by MATLAB® 2014b software. Suitableathematical functions

to describe phenomena and parameters were selected from literature or
purposely deveped in this workln particular, three models with increasing
complexity were considered: pure agglomeration model that disregards all
the other phenomena; an agglomeration and breakage model; a complete
model with agglomeration, breakage and nucleafithe different modeling
structures were then validated by comparison with experimental data. As
overall result, it was observed that a pure agglomeration model
overestimates the granules formation and, despite the presence of the
breakage factor improvethe model capabilities, the best matching with
experimental evidences was obtained using the complete model, which takes
into account also the nucleation phenomena. Achieved results prove that the
developed modeling structures respond to physical obsphetbmena.

XVI
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|l ntroducti on

[.1 Why granular?

Granulation, also known as agglomeration, pelletization, or balling, is a
isiemnd ar gement pr oc e gpsvidersoiri crystatimel dr parti cl es
amorphous statuéto larger coherent and stable masses, called granules, in
which the original particles are still identifiabl€he aim of the granulation
process is to improve the properties of the final product compared to the
powder form and/or to realize suitablelidery system for drug/functional
molecules for oral administrations/food preparatiarsd/or to produce
intermediate processing producténder technological point of view, due to
more regular shape and larger size, the granules give better flow popertie
for safer and cheaper transport and storage, lower the caking and lump
formation (especially for hygroscopic materials), improve heat transfer
features, allow to obtain a more uniform distribution of the incorporated
active molecule, lower the powder piggsion in the environment, linked to a
reduced inhalation, handling and explosion risks hagaedry and Green,

1999 Iveson et al., 200}a

In spite of its widespread use, econotiniportance and almost 50 years
of research, granulation in practice was more of an art than a science, i.e.,
there wee a qualitative understanding dioth the granule growth
mechanisms and the effects of different variables on agglomeration
phenomenglveson et al., 200)aOver the past decade, design, scgie
ard operation of granulation processes have been considered as quantitative
engineering and significant advances have been made to quantify the
granulation processéblapgood et al., 2003

Basically, the granulation methods are divided into dry and wet ones
(Shanmugam, 20}5 Dry granulation is based on the mechanical
compression (slugs) or compactigroller compaction) of a dry powder,
while the wet granulation exploits a granul ati
to agglomerate the powder particles. During wet granulation, the binder
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phase is added to the powder in a tumbling granulator, high orHeer s
mixer granulator, fluidized bed granulator, or similar deviediewing the
particles agglomeration. The bonds between particles depend on a
combination of capillary pressure, surface tension and viscous .faroiss
second process involves a fingés of granules stabilization by removal of
the wetting phase to make the relevant bonds perméaeahmugam, 2015
Iveson et al., 2001&vesonand Litster, 1998b

Among thesdwo techniques, wet granulation is the most widedgd) as
can be seen frondata on scientific relevance of granulation process,
reported in the paragraph [i2owadayswet granulation is recognized as an
exampl e of Apowder particle designo.
controlled by a perfeatombination of formulation variables (feedhaterials
properties, i.e.: binder phase viscosltguid-solid surface tension, Particle
Size Dstribution (PSD) and binder phase adhesive properties) and operating
variables (i.e.: binder phase volume, bind&iage flow rate, method of
binder phase addition, impeller rotation speed and process (fitad)di et
al., 2018 Luo et al., 201Y. In addition, final grands properties depend on
phenomena taking place in granulators, i.e. physical transformations of the
powder particles, with kinetic mechanisms and aggregation rate controlled
by formulation and process variabl@dapgood et al., 20Q03Perry and
Green, 199%9 Therebre, to produce granular structures with tailored
features (in terms of size and size distribution, flowability, mechanical and
release properties, etc.), both a careful characterization of thenftedial
properties and a deep understanding of operatingmeters and phenomena
involved during granule formation are needeldpgood et al., 200Furesh
et al., 2017 Litster, 2003h. This can also lead to optimized processes in
terms of production costs and other types of resourcasvied. However,
the majority of literature is concerned experimentally with the role of
material properties and process conditions on the properties of the product
granules, while, gquantitative aspects of the phenomena are still not well
understood.

I.2 Scientific relevance of thegranulation process

The granulationis a topic strongly treated iliterature for almost 50
years Some ofthe earliest pioneering work wergerformed by Newitt
(1958) and Capes (1965) using sand in drum granulators. Since then, a large
volume of work has been published that studying several materials, ranging
from minerals to pharmaceuticals, and using several equipment, ranging
from fluidised beds to high shear mixers. Over the years, a number of books
and comprehensive review papers have been written to summarise the state
of knowledge in this discipline (Iveson et al., 2001).

A query of the Web of Science (the wklln own Thomson Reut
database indexing the scientific journals), carried out in®agdtember 2018
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searching for papers witfhwgthan it ®atpii@@o cont ai ni |
(using the opti on 0 AbBA/paies publisledssense) , gave a | i st
2007 to the date of theequest, i.e. roughly in last ten yeaffiese papers

produced more than 10 thousand of citations during the time span of the

investigation. The evolution with time of the published papers (patterned

bars, visible on the left axes) and of the citationgy(drars, visible on the

right axes) is show ifrigure I1 (a.) (data for 2018 were not reported since

they are not yet complete)
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As can see, the publishing rate has a constant trend until to 201i#tjsand
increased in time until today, signifying a mature subject of investigation.
On the other hand, the numberaittions have an increasing trend in time if
the data of 2014 are not considered, showing an increasing interest for this
topic from all over the world. The prevalent research area for this subject is
Aiphar macol ogy and phar maonpstiiutesaggeod t hat |
delivery system for drug/functional molecules for oral administrations/food
preparations or intermediate producksr the preparation of tablets
However, sever al journals in the area
this topic. In @rticular,of 1647 papers 742 (i.e. 45.05 %) fall within the area
fiphar macol ogy and phar macyo and 423 (
Afengi neer i ng c hteemstrooganteest of theivgeggeasutatiom g
process from an engineering point of view (Bagure 12 (a.)).

The same search (since 2007), done using "dry granulation" as topic,
gave 993 published papers with about 8 thousand citations during the time
span of the investigation (always from 2007 to 20IHe time evolution of
the published papers (patterned batisible on the left axes) and of the
citations (grey bars, visible on the right axes) is illustrateféigare 11 (b.).
Also the dry granulation igoredominantly used im he ar ea FfAphar mac
and p h a OfmiD&7ypapers 381l(i.e. 3674 %) regard the area
fiphar macol ogy and(.e@p Ma0%ataltcey 0araea REMBgi n e ¢
¢ h e mi(seakigude 12 (b.)).

All these data showed the continuous appeal of granulation for the
scientific community andlearly underlined thaamongthe two methods of
granulation the wet one is the most studied and apgésgite the fact that it
involves multiple unit processes (such as wet massing, dryingiewidg}.
Therefore, the wet granulation is the technique used for the granules
production in this Ph.D. thesis.

1.3 Industrial relevance of thegranulation process

Granulation finds application in a wide range of industries including
mineral processing, agricultural products, detergents, pharmaceuticals,
foodstuffs, nutraceuticals, cosmetiegotechnical and specialty chemicals.
For marketing reason and technological aspects, granules are used for
processing both intermediate materials and final products of many industrial
transformationsin the chemical industry alone it has bexstimatedhat 60
% of products are manufactured as particulatésl and a further 206 use
powders as ingredients. Tlamnual value of these products is estimated at
US$1 trillionin the US alon€lveson et al., 200)aln pharmaceutical field,
solid dosage forms remain an important part of the overall drug market,
despite the success and the development of new pharmaceutical forms. The
oral solid dosage forms market was of $571 million in 2011 and projected to
reach $870million at the endbf 2018(Wright, 201§. In particular, among
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novel drugs approved blyDA (Food and Drug Administration6 % in

2014 and 326 in 2016were solid dosage producfsanghauser, 2037
most of them made of granule¥he most important pharmaceutical
industries, such as Patheon, Aesica, Rottendorf Pharma GmbH, Catalent
Pharma, continually do investments in oral solid manufacturing solutions,
including the development of gnulation processing methofléan Arnum,
2015. Granulated products are also highly used in ¢ngélizers field: about

90 % of fertilizers are applied as solids, less as powder, more in granular
form. The global demand for fertilizer nutrients was estimated tb84e02
million tons in 2015, and it is forecast to reach 201.66ianiltons by the

end of 2020 (FAO, 2017. The animal feed additives global market was
estimated at 256.8 kilo tons in 2015, and in particular, Stitks aim to
develop new technologi€Research, 2037 very often based on granulation
principles, to provide stabilitmn and effective protection of the active
components in the finigld products

.4 Main aims of this thesis

Aim of this research project is to investigate the role of the
phenomenological aspegctand their connection with the main operating
parameters in granulation process, granules final propertiesn order to
develop physicamathematical descriptions of this enlargement unit
operation, which will constitute the starting point for the scale up studies. To
this scope granular structuregttwtailored features (in terms of size and size
distribution, flowability, mechanical and release properties, etc.), through the
design and realization of a bench scale experimental set up, were produced
and characterized by standard acidhocinnovativeprotocols.

The comprehensive approach of experimental and modeling studies
constitutes the main novelty of this Ph.D. research activity.

1.5 Outline of the thesis

An introduction on the scientific and industrial importance of granulation
process is follewed, in particular, by the review of the literature on wet
granulation process, concerning relevant physical phenomena, apparatuses,
role of formulation and process parameters on the final granules properties,
and mathematical approaches to describe thehiad phenomena (Chapter
two).

Development of dedicated protocols for granulated materials
stabilization, separation and characterization and of experimental set up for
granules manufacturing with tailored features (in terms of size and size
distribution flowability, mechanical and release properties, etc.) were
described (Chapter three).
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Several applications concerning bench scale production of granules
unloaded and loaded with hydrophilic and lipophilic active molecules, by
using the design of experant statistical protocols are shown (Chapter four).

Studies of phenomenological aspects involved in the formation of the
granules, correlated to the main process parameters, and operating conditions
optimization are presented by experimental demonstsa{©hapter five).

Physicalmathematical models describing the observed phenomena are
developed and approaches towards the scale up of wet granulation process
are discussed (Chapter six).

The conclusive part endorses the main findings of this Ph.D. chsear
project (Chapter seven).

The symbols and abbreviations list is reported.

Abstracts relative to the main publications inherent the Ph.D. researches
areshowedn the Appendix section.

Table 1.1 Thesis map

Chapter two Wetgranulation: tate of the art
Chapter three Methodologies and experimental apparatus set up

Chapter four Granulation process applications

Phenomenological analysis and process parameters

Chapter five optimization in wet granulation
Chapter six Mathematical modeling of the leshear wet granulatior

Conclusive remarks abotkte main findings of this

Chapter seven Ph.D. research project

Symbols Symbols list

Abbreviations Abbreviations list

Abstracts relative the main publicatiankerent the

Appendix Ph.D. researches




Chapten|
Wet grantuhateti oh:

1.1 Wet granulation process

Wet granulation is a size enlargement process of powder particles used in
many fields, such as pharmaceutical, nutraceutical, and zoote¢niohal
improve technological properties of powders such as flowability,
compressibility, dosage and so @xgrawal et al., 2003Asgharnejad et al.,
200Q Jona et al., 20QKatdare and Kramer, 2004intz and Keller, 2006
Pathare and Byrne, 201Phinney, 2000 Phinney, 200L During we
granul ati on, a |liqguid phase <call ed
tumbling granulator, high or low shear mixer granulator, fluidized bed
granulator, or similar devices, allovg the particles agglomeratighveson
and Litster, 1998p It is usually performed in four steps: 1) homogenization
of dry powders; 2) wetting by binder addition; 8t massing with binder
feeding system switched offt) drying of thewet granulegNalesso et al.,
2015. Newitt (1958)has described five states of liquid saturation for the
granules during the wet granulation process Egare I11), which depend
on the amount of binder used to mixer the powder. Before the addition of
binder to the dry powder the agglomerates only exist due to attractive forces
like the Van der Waals foes. The pendular stage is the first saturation
stage: here particles are held together by liquid bridges. With the addition of
further binder, the funicular state is formed. It is an intermediary stage
between the capillary and the pendular stage, wiherevoids are not fully
saturated with liquid because the amount of added liquid is not sufficient.
When these voids inside the agglomerate are saturated with liquid and the
surface liquid is drawn back into the pores under capillary action, the
capillary stage occurs. If the particles are held within or at the surface of a
liquid drop, or if unfilled voids remain trapped inside the droplet, the droplet
state and pseudtiroplet state occur respectively. The droplet stage
corresponds to what is generally ledl overwetting in granulation: the
wetted mass loses most of its strength and turns into a paste until to give a
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suspension with further liquid addition. It is possible to switch from the
pendulum state to that of drops if the liquid binder is injectadicuously,

or if it occurs the consolidation phase which tends to reduce the granule
pores. However, the capillary stage is the optimum state and supposed to
give the highest granule strength. In fact, with an amount of liquid less than
that required bythe capillary state, little adherent granules will be formed.
While, with a greater amount of liquid than that required by the capillary
state, granules not properly adherent will be obtafheson et al., 200)a

s 4

Pendular Funicular Capillary

Droplet Pseudo-Droplet

Figure Il. 1 Saturation stages of granul@dewitt, 1958Iveson et al.,
20019

The behaviour of the powder particles during the wet granulation process
has been deeply investigd and rationally described by consecutive cyclic
mechanisms such as wetting and nucleation, consolidation and growth, and
attrition and breakag€Ennis and Litster, 1997veson et al., 200)a as
reported inFigure 112. Wetting and nucleation are the initial stages in all wet
granulation processes, here the dry powder bed is brought into contact with
liquid, and a number of particles adhere to give a distribution of nuclei
granules that are small aggregat@bberger, 2007 Chitu et al.,, 2011
Iveson et al., 2001dveson et al., 200)bAgglomeration (consolidation and
growth) is the stages where the granules collide one on each other: collisions
lead to an increasef @ompaction and size of granuléabberger, 2007
Chitu et al., 2011lveson et al., 2001dveson et al., 2003b Attrition and
breakage are the stages where the wet or dry granules, too large or weak and
brittle, deform or break due to shear and impact forces: small particles are
produced, generating new nuclei or granules thaenter the cycle
(Abberger, 2007 Chitu et al., 201lIveson et al., 200laveson et al.,
20018. These phenomena arls@mathematically described by mechanistic
models but the direct application of these models, despite their level of
completeness, is still hindered by the impossibility to obtain an ab initio
estimation of most of their parametdibberger, 2007Hounslow etal.,

1988 Sanders et al., 20D9rhey coexist in all the wet granulation processes,
even iftheir importance is related to the process type. For example, in the



Wet granulation: state of the art

fluid-bed granulation the wetting phase prevails while in the -Sigfar
granulation the consolidation step is predominant.

(a) Traditional Description (b) Modern Approach

Nucleation _

S;DD, ) Wetting & Nucleation
o0

Coating/Layering/Snow-Balling/Onion-Skinning ®
. — —»
0% + :'_-‘_-2'.". :.'_o_. S _.-.'o_' .:&-:.
RENEAY o s .
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s @ »
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Transfer
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S +O-’@+§=‘Fi'-"’ = _b@_b#""
Figure Il. 2 Formation mechanisms of the granules: (a) traditional

description(Sastry and Fuerstenau, 1978) modern approacfEnnis and
Litster, 1997

Thesemechanismgontrol final granule properties, as the density and the
size distribution, and depend on theosbn formulation as well as imposed
operating conditiongRajniak et al., 2007Chitu et al., 201llveson et al.,
2001a Litster, 2003b Litster et al.,, 2001 Perry and Green, 1989In
particular, physicochemical properties of primary particles and binder phase
determine surface wetting, spreading, adsorption and solid bridge strength.

Attrition & Breakage

I1.2 Physical phemomena in wet granulation

[1.2.1 Wetting and nucleation

Wetting and nucleation are the initislages and more importaint wet
granulation process Dry powder bed and liquid binddirst come into
contact through the wettirgjagein a zone calledi we t t i ntige bindem e 0
is sprayed onto the powder mass, attempting to distribatenly(lveson et
al.,, 2001y After being wetted by the liquid binder, particles start to
agglomerate forming initial nuclei of two or more particles, that are small
granules the nucleation stageefers to the formation of initisaggregates
that are the result of interaction between the binder spray droplets and the
powder in the granulatdCameron et al., 200%veson et al., 200)aThese
initial stages are very important for the outcome of the wet granulation
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process: low yields can be obtained if the powder has a poor wetting with the
chosen binder, or if incorrect operating conditions are set.

Over the years, studies of wetting ime@dynamics have highlighted that
two are main parameters to be controlled: the angle of cortpbiefween
solid particles and binder phase, and the spreading coefficionts ¢he
binder phase on the powder surface. These aspects are important to
understand if the wetting stage is energetically favorable oi(lmeson et
al., 20013 The solid liquid contact angle is the angle between the liquid
drop on the solid surface and the same surface. It depends on the interaction
between liquid and solid and affects the characteristics of the granulated
product. Based on the sdlidquid contat angle value, a material can be
easily wettabletJ — w 1t Jperfectly wettable— 711 J or borders on
those value), andhardly wettable wmmJ— p Y 1t Jrhe solidi liquid
contact angle can be calculated as a function of surface free engrgjes (
[ [ :subscloipthawd dienote | iquid, solid a
respectively in according to YourigDupre equatior(see eq. (ll.1))yvalid
for d > O0A.

I N RS (I1.1)

According toKrycer et al. (1983andZajic and Buckton (199Che final
granule properties are also correlated with the spreading coefficlerithe
spreading coefficient is a measure of the &y of a liquid and solid
combination to spread over each other and is given by the difference
between the works of adhesion and cohesiomditates whether spreading
is thermodynamically favorabl& here are three possibilities in spreading
between aolid and a liquid: the liquid may spread over the sqlid) @and
create a surface film; the solid may spread or adhere to the liguidt no
film formation occurs; both the liquid and solid have high works of
cohesion, and the solitiquid interfacial area will be minimized. In
particular, the spreading coefficient is calculated as difference between
work of adhesion for an intiace (o ) and work of cohesion foa liquid
(w ), usingthe eq. (11.2)while, the spreading coefficient is calculated
as difference between work of adhesfon an interface ¢ ) and work of
cohesiorfor a solid (0 ), using theeq. (11.3).

W W i Al-© p cr (11.2)

_ 0 o r Al-©p ¢ (I.3)

If _ is positive stronger and denser granules are formed and the particles
are maintained together by means of liquid bridgesause the binder will
spread and form a film over the powder surface. Instead ifs positive
weaker and more porous granules are obtained and the bonds between the
particles are few and they will create only where the liquid and powder

10
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initially touch, considering that in this case the liquid will not spread or form
a film.

As the wetting process proceeds, the drop penetrates into the pores of the
powder surface and forms a nucleus that migrates outwards as the nucleus
grows. The nucleation stage is composed by five steps, as shown in the
Figure 113 (Litster et al., 2001Hapgood et al., 2@&): (1) drops formation at
the spray nozzle, from which they fall and impact the surface of the powder
bed; (2) impact of the drops on powder bed and their possible breakage; (3)
coalescence of the drops on the surface of the powder if the dropsvate slo
penetrate the surface or if the flux of drops on the surface is high, leading to
a broad nuclei size distribution; (4) penetration of the drops into the pores of
the powder bed by capillary action to form a nucleus granule; (5) mixing of
the liquid bhder and powder by mechanical dispersion.

1. Droplet 2. Droplet 3. Droplet 4. Drop 5. Shear
formation impact& coalescence penetration mixing &
breakage dispersion

Figure Il. 3 The five steps of nucleation: (1) drops formation; (2) impact of
the drops on powder bed and possible breakage; (3) coalescence of the
drops on the surface of the powder; (4) drops penetration into the pores of
the powder bed; (5) mixing of the liquid bardand powder by mechanical
dispersion(Litster et al., 2001Hapgood et al., 2002

The ideal nucleation conditions occur when for each drop, which is
sprayed from the nozzle and penetrates into the powder bed, one nucleus
granule is produced (drop controlled nucleatigiyeson et al.,, 2001a
Hapgood et al., 2002

O
(@]
. 5 @—

Solid Binder Immersion
@ (o]
OO s Og e ° o—p @
b. ©o
Solid Blnder Dlstrlbutlon Coalescence

Figure Il. 4 Nucleation mechanism l§§chaefer and Mathiesen, 1998.
immersion mechanism; istribution mechanism

The nucleaton mechanism dependm the drop size relative to the
primary powder particlesAccording toSchaefer and Mathiesen (1996)o
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different nucleation mechanisms can occur, as illustrate#figare I14,

which firstly were proposed for melt agglomeration daigr extended to

wet granulation byscott et al. (2000)f the droplets are larger compared to
the size of the powder particles, the binder phase has a high viscosity and the
impeller speed of granulator are low, nucleation will occur by immersion of
the smaller particles into the larger drop and nuclei with saturated pores will
be producedseeFigure 114 (a.)). If the droplets are smaller compatedhe

size of the powder particles, the binder phase has a low viscosity and the
impeller speed of granulator are high, nucleation will occur by distribution
of the drops on the surface of the particles, which will then start to coalesce,
and nuclei withair trapped inside will be develope@herefore, a better
distribution of the binder within the agglomerates can be obtained by the
distribution mechanisrtseeFigure 114 (b.)).

With regard to the wetting and nucleation phenomaduitster et al.
(2001) postulated that three nucleation regimes ex@ébp controlled
regime, mechanical dispersion regirard intermediateregime. Based on
this idea,Hapgood (200Q)Hapgood et al. (20023ndHapgood et al. (2003)
proposed a nucleatioegime magMRN), reported irFigure 115.
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Figure Il. 5 Nucleation Regime &b (MRN)(Hapgood et al., 2003

The Nucleation Regime &p isbased ortwo key parameters: the ajy
penetration timed ), in comparison to circulation time of the procéss,
and the dimensionless spray fluxf ). In particular, in MRN the
dimensionless spraffux is shown on thenhorizontal axis (axisy) and a
magnitude { ) attributable toratio betweendrop penetrationtime and
circulation timeis reported on theerticalaxis @xisx).

The drop penetration time is the time taken for a drop of liquid to
penetrate fully in the porous powder bed after its initial impact on surface
and it is controlled by the formulation properties, as show ire¢héll.4).In
particular, itdepends on bhtwetting thermodynamics, represented by the
adhesio tension! G £ i, -and the wetting kinetics, strongly affected by
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the liquid viscosity §) and effective pore sizeY( ) of the powder bed.
Moreover, it a function ofhe total volume of thdroplets that are sprayed in
the granulation sectiofw ) and of the surface porosity ( ), which may
differ from the bed porosit{Parikh, 2015

W~ {
- Y 1 ATlJO

O p&U (11.4)

The dimensionless spray flugs a measure of binder coverage on the
powder surfaceand is defined by actual spray rateor spray flux in
comparison to solids flyxor mixing rates.Litster et al. (2001)have
quantifed spray conditions as a function of process parameters, as shown in
theeq. (11.9. In particular, inthe spray zone, the dropprayedy the nozzle
at a given volumetric flow ratedf with an average drop siz€ () cover a
certain projected area of powder per unit time.

This area of droplets is distributed over some spray area on the powder
bed surfaceMoreover, if is used a flat spray perpendicular to the direction
of powder flow, the powder flux through the aprzone(0) is simply by eq.

(11.6), wherev is the speed of the powder after spray aid is the powder
size after it has been wetted by the binder

0w
[ CQ—O (1.5)
0 LZw (1.6)

A high [ value indicates that the binder was added too fast compared
to the speed of the powder flow. In this case, the sprayed droplets will tend
to overlap on the surface of the powder bed, causing coalescence and a wider
nuclei size distribution is obtained. tead, a low[  value indicates that
the ratio of powder flux to salion and the nuclei are swept out of the spray
zone before being reet by another drop. Low values p resultina
well-dispersed binder where one droplet tends to form one granule.
However, low [ is a necessary but not sufficientcandition for drop
controlled nucleation because the drop must also wet the powder and have a
small penetration timgParikh, 2016 Iveson et al 2001a Litster et al.,
200D).

In drop controlled regime of th®RN, the nuclei size distribution is
essentially controlled by the drop size distribution: each individual drop wets
completely and quickly into the powder bed to form a single nuclei granule
(Guigon et al.,2007. In mechanical dispersion regime the nuclei size
distribution is independent of the drop size distribution: binder distribution
occurs only by breakage of lumps or granules due to mechanical forces
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within the powder bedGuigon etal., 2007. In intermediate regime the
nuclei size distribution is sensitive to formulation properties and operating
parameters. This regime is intermediate between drop controlled and
mechanical dispersion: some agglomeration does occur in or nesgpriye
zone without complete caking or pooling. This is a difficult regime to control
(Guigon et al., 2007

[1.2.2 Consolidation and growth

The last decade has seen a rapid advancement in the understanding of
growth and consolidation ofthe granules, mechanisms that occur
simultaneously to the process of wetting and nucleation in agitated wet
granulation processes. Thes®nomenanay begin with the injection of the
liquid binder on the powder bed and terminate or when all the solui®n h
been injected or when the granulation process is completed.

Granule growth occurs when material in the granulator collides and sticks
together by coalescence or layer{sgeFigure I16).

a b.

@ coalescence \Q\\\% layering
- h >

Figure Il. 6 Granule growth: a. growth by coalescenceglowth by
layering (Ennis et al., 2007

The granule growth is traditionally referred to as coalescence when two
large granules come together to form an entity with a largest size: the entity
obtained has a volume equal to the sum of the volumes of the individual
starting entities and its surfaeeea is less to the sum of the surface areas of
the individual entities. In particular, the coalescence occurs following the
collision and consolidation of nuclei/granules deformable, provided that
these then remain cohesive despite the cutting forcexisz@ by the
impeller. Instead, it is termed layering when the sticking of fine material
onto the surface of large pexisting granules occurs: the layers increase the
size of solid particles compared to the initial. Both the mixing of powder and
binderand binder quantity contribute to the growth of the granule and to its
consolidation. The mixing increases the probability of impact between the
solid particulate and an increase in energy of mixing involves a greater
consolidation of the granule. Howevdrihe binder liquid is not introduced
in sufficient quantity the growth is not promoted and the granule size is
determined solely by the nucleation conditions. The distinction between
these two mechanisms is arbitrary because it depends on tb& side
used to demarcate fine from granular matéhadson et al., @013.
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As granules collide with other granules and are subjected to the action of
mechanical moving parts of the equipment (blades or impellers), they
gradually consolidatélhe consolidation has a pronounced effect on granule
properties It reduces theranules size and porosity, increases their yield
stress and also increases the pore saturation, which in turn increases granule
plasticity and the availability of liquid at the granule surfadeerefore the
granules become harder, less deformable aratenelastic with the
consolidation.

Iveson and Litster (1998l)aveproposed a granule growth regime map
to seek describe the different growth behaviours exhibited by the granule on
a their formulation properties baggeeFigure 117).

“Dry” | “Crumb” :
Freg- i i Slurry/
L I [ : Over-Wet|
Powder Steady i Mass
g Growth Rapid:
. B Growth:
Increas“:‘g ":Increesing Growth Rate *
Deformation | -°  Nucleation :
Number, ' Only
St =p,U 12y, i Induction .
"-‘.Decveasing Induction Time
i ‘
0 90% 100%

Maximum Pore Saturation,
S ax = WP1-E,: )P

Figure Il. 7 Growth Regime MafGRM)(lveson et al., 2003b

The granules growth behaviour depends on two parameters: the
maximum pore saturation and the granule deformation duringdmgn
particular, in growth regime map the maximum pore saturagigmown on
the horizontal axis (axig) and theStokes deformation numbeparameter
attributable togranule deformation during impaist reported on the vertical
axis (axisx).

The maximum pore saturatiofi ) is a measure ofhe amount of
liquid present in the pores inside the granwded it is determined bgqg.

(I1.7), in which (w) is the liquid to solidnass ratip ” is thesolid particles

density " is the liquid density and- is the minimum porosity the
formulation reaches for the operating conditions set.

, vb" P -

l . (1.7)

The amount of deformation during impact wabaracterised by the
Stokes deformation numbetY@ ). The Stokes deformation number is a
measure of the ratio of impact kinetic energy to the plastic energy absorbed
per unit strairand it is calculatetdy eq. (11.8) It takes into account both the
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process agitation tansity (seeY in eq (I1.8) that is arepresentative
collision velocity in the granulatpand the granule propertiésee” and®
in eq. (11.8) that are the granule density and ¢inenules dynamic yield
stress, respectively)

v L 4
o 5 (11.8)

Iveson and Litster (1998hjostulated that two were the majnanules
growth behavioursteady growth and induction growth. When the granules
are weak and deform easily occurs the steady growth, i.e. the average
granule size increases steadily with time, forming large areas of contact
during collision. Induction growth, also called the nuclei regi@Rapur,

1978 or compaction stagéHoornaert et al., 1998is whenthere is a long
period of little or no growth, followed by a period of rapid growth.
Generally, the induction period can be reduced increasing the binder content.
Other types of behaviour include: nucleationly (Butensky and Hyman,
1971 when after thdnitial nuclei formation, the binder is not enough to
obtain the next phase of growth; crumb behaviour occurs when the
formulation is too weak to form stable granules, in fact, products in the form
of "crumbs" are obtained; and oweetting when the binder content is in
excess to that required and oversatutastush or slurry are produced
(lveson et al., 200)b

[1.2.3 Attrition and lreakage

Capes (1965and Sastry et al. (197 Mave carried out some of the early
studies of attrition and breakage phenomena in the wet grimmufabcess,
stating that crushing and layering are the mechanisms by which granules
grow in tumbling drum granulato(®eynolds et al., 2005Nowadays, these
mechanisms are generally considered as attrition and break&geisyand
Litster (1997)seeFigure 118 (a. andb.), respectively).

b.
a.

) breakage
attrition

Figure II. 8 Mechanisms of granules size reductianattrition; b. breakage
(Ennis et al., 200y

Breakage and attrition occur when the wet or dry granules, too large or
weak and brittle, deform or break due to shear and impact forces: small
particles are produced, generating new nuclei orujeanthat reenter the
cycle (Abberger, 200/Chitu et al., 2011lveson et al., 2001dveson et al.,
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2001B. In particular, the dry granules by attrition between themselves and
with the granulator walls undergo superficial erosion, which leads to
reduction of granules siznd the reformation of powder fines situation to be
avoided because the aim of most granulation processes is to remove fines
(Iveson et al.,, 200)aOn the other hand,résakage of wet granules a
function of the hardness of the granules and of the shear force to which they
are subjected. If the impact force is gegdahan the resistance of the granule,
this will break into smaller granules. Breakag#@uences and controls the
final granule size distributiomnd, n some circumstances, can be used to
limit the maximum granule size or to help distribute a viscouddrifiveson

et al., 2001p Breakage for wet granulation processes have not been widely
studied in the past. There is very little quantitative theory or modelling
available to predict conditions for breakage, or the effect of formulation
properties on wet granule breakaffean et al., 2004Fu et al., 2005
Reynolds et al., 2005 Discrete element simulations have also been
extensively used to predict the granule breakage behaylorenc
Atanasio and Ghadiri, 2008ling and Ghadiri, 2006 Tardos et al. (1997)
andKeningley et al. (1997have presented the only two serious attempts to
predict conditions for breakage of wet agglomerasedos et al. (19970)sed

the Stokes deformation number as a criterion for granule breakage,
according to which granules will deform and break in shear fields if there is
suficient externally applied kinetic energfiveson et al., 2001& ardos et

al., 1997. Keningley et al. (1997)eveloped a relationship for breakage
crumb, paste or survival of granules in high shear mixer granulation by
equating the kinetic energy of impact to energy absorbed by plastic
deformation of granule@veson et al., 2001&eningley et al., 1997

I1.3 Apparatusesand technologiesn wet granulation

On the basis of the shestrength it generates on the powder bed during
the wet granulation process, tim@st common agpatuses used for granules
production areclassified into the following three major categories: 1)
tumbling granulatgr2) both batch and continuolswy and highsheamixer
granulator; 3 mediumshear granulator, for example, fldigd granulator
(Parikh, 201 In tumbling granulators (including discs, drums, pans and
similar equipment) the partie$ motion is assured by the tumbling action
caused by the balance between gravity and centrifugal forces. In particular,
the powder feed is fed to the disc, typically at the edge of the rotating
granular bed, and the binder is added through a series desdtistributed
across the face of the bed. Discs and drums generally operate continuously
and have large throughputs, thus they are extensively used in mineral
processin@nd fertilizer granulatiofLitster and Ennis, 2033Low and high
shear mixers are mechanicallgitated containers that promote an efficient
mixing, especially of cohesive materials. Such mixers exert intense local
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shear force actions on the powder which break the small cohesive
aggregates, promoting good dispersion of the liquid and effective
consoldation of the product(Nalesso et al.,, 20)5 The low-shear
granulators generate lesser shear than medium or high shear granulator,
because of agitator speed (lower than 100 rpm), sweep volume, or bed
pressures on the powder b&ar example of lowshear granulators include
ribbon and paddle blenders,apktary mixer granulators, orbiting screw
granulators, sigma blade mixer and rotatshgpe mixer/granulato(®arikh,

2016. The highshear granulators consist of a mixing bowl with shape
cylindrical or conical, a threbladed impeller, and an auxiliary chopper. The
impeller is employed to mix the dry powder at a speed ranging from 100 to
500 rpm and to spad the granulating fluid. The chopper is used to break
down the wet lumps into granules with a rotation speed ranges from 1000 to
3000 rpm. On the basis of the orientation and the position of the impeller, his
granulator can be both vertical and horizériRarikh, 201%. In fluid bed
granulators, the powder bed is first fluidized by a flow of air injeajadard
through a distributor plate at the base of the granulator, and then the liquid
binder is sprayed through a nozzle onto the fluidized bed to agglomerate
powder in granules. When binder spraying is stopped, the granules continue
to dry in the fluidizhg airstream, avoiding the uséa following drying step
(Morin and Briens, 2014 This type of granulator is flexible, relatively easy

to scale, difficult for cohesive powders, andoddfor coating applications
(Parikh, 201%.

Traditional wet granulation method involves spraying of liquid binder
onto a moving powder bed to grdate the powder particles in the
granulator. New alternative methods were develdpeaver yearssuch as
steam granulationmoistureactivated dry granulationthermal adhesion
granulation, melt granulation, freeze granulatidmam granulation and
revese wet granulatior{Shanmugam2015 Agrawal and Naveen, 2011
Solanki et al., 201,0Saikh, 2013 The steam granulation exploits water
steam as binder, providing a more rapid diffusion into the powder and a
more favourable thermal balee during the gting step. [§uipment such as
high speed mixer with steam generator/regulator would be enough for this
technique, even if this method requires high energy inputs for steam
generation(Shanmugam, 201%lammer, 1984Albertini et al., 2003 The
moistureactivated dry ganulationadds a very little water, usually less than
5 % (1-4 % preferably), to the mixture of drug, binder and other excipients
in order to facilitate the agglomeratiorhis technique could not be used for
the preparation of granules that require hdyng load and for moisture
sensitive drugs and hygroscopic drugs. A ksglear mixer coupled with a
sprayer would be suitable equipment for theoistureactivated dry
granulationprocesgTakasaki et al., 201Fhanmugam, 20}5The thermal
adhesion granulation uses both water and solvent as granulation liquid and
the heat to facilitate the process. This technique is not suitable for all
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binders, is sensitive to thermolabiteugs and requires considerably high
energy inputs and special equipment for heat generation and regulation. A
tumble blender or similar equipment coupled with heating system is suitable
for this procesgLin et al., 2008 Shanmugam, 20)}5Melt granulation, also
defined as thermoplastic granulation is a good alternative to wet granulation
for watersensitive materials. Here is used a molten binder as granulation
fluid to establish liquid bridges between patrticles in a heated powder bed.
The major drawback of this process is the need of high temperature during
the process, which can cause degradation and/or oxidative instability of the
ingredients, especially of the thermolabile drugigh-shear mixer and
fluidized bed granulator are the wgment that could be used for melt
granulation(Guigon et al., 2007%Shanmugam, 201%JS et al., 2013Parikh,

2016 Chen et al.,2014. Freeze granulation technology involves the
spraying a powder suspension into liquid nitrogen: the sprayed drops are
instantly fozen into granules, and in the subsequent freeze drying process,
the granules are dried by sublimation of ice without any segregation effects.
The spray freezer coupled with freeze dryer is the equipment more used
(Stuer et al., 201,2Shanmugam, 20}5 The foam granulation technique
involves the addition of liquid/aqueous binder as foam insteagraf/ing or
pouring liquid onto the powder particles. Standard equipment such as
high/low shear mixer or fluidized bed granulator coupled with foam
generator/regulator could be used for this technol@@n and Hapgood,
2011a Tan and Hapgood, 201dan and Hapgood, 2011i$hanmugam,
2015 Cantor et al.,, 2009 The reverse wet granulation technigue is
generally performed in a high speed mixer and involves the immersion of the
dry powder formulation into the binder liquid followed by controlled
breakage to form granuléShanmugam, 2015

I1.4 Parameters in wet granulationprocess

Several parameters can play a fundamental role on the basic mechanisms
of wet granulation and therefore on the product final propefGesgon et
al., 2007. In particular, granule features depend on formulaithgnedient
(binder and powder properties and theiteraction and proportion), and
operatingvariables These lattedepend on the used apparatus and have an
impact on mixing, agglomeratin and drying operationg=or example,
processvariables in fluid bed granulators agglomeration is highly dependent
on: process inlet air temperature; atomization air pressure; fluidization air
velocity and volume; liquid spray rate; nozzle position anchlver of spray
heads; product and exhaust air temperafBageschino et al., 20).7Inlet
process air temperature depends on both the binder type and the heat
sensitvity of powder bed:higher temperatures will cause binder faster
evaporation with the relevant production of smaller and friable granules
(Srivastava and Mishra, 20L(Process variables in high/leshear mixers
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are essentially related to the impeller and chopper relative speed, amount of
added granulating solution, both gédbgranulation and wenhassing time
(Badawy et al., 2000 Thus, both material and operating variables together
define the kinetic mechanisms and rate constants of wetting, growth,
consolidation, and attritio(Parikh, 201%. Therefore,optimization ofthese
variables can improve the performance of the system in order to obtain the
maximum benefit from it, for example in terms of yield, size or granules
flowability properties, without increasing the process costs.

This section is concerned with the exffs offormulation andoperating
variables irhigh/low-shear mixers.

Il. 4.1 Feed materialproperties

I1.4.1.1Powderproperties

Powder particles size influences the amount of binder to be used, the
dynamic yield stress, porosity, size and growth raterafiges. There is an
inverse relationship between the minimum amount of binder and powder
size: a larger liquid amount is required to establish liquid bridges between
the powders of lower size, thus with a high surface &tehaefer et al.,
1990 Bellocqg et al.,, 2018 However, a larger solubility othe solid
excipient in the granulating solvent is able to decrease the solvent amount
needed for granule formation, and granules with uniform particle size
distribution and a reduced friability will be formg&akr et al., 2012
According toVan den Dries and Vromans (2008)e dynamic yield stress
of a granule is directly proportional to the particle surface area and is
inversely proportional to the particle size and to ititeagranular porosity.

This means that the high surface area allows the availability of more contact
points between colliding particles bringing as final result to stronger
granules, which however have a less porous stru¢tueson and Litster,
1998h Iveson et al., 1996lveson and Litster, 1998aPerhaps the larger
surface area allows also a higher growth tendency of the smaller particle
fraction probably due ot a more efficient nucleation and coalescence
(Badawy and Hussain, 2004 ccording toMackaplow et al. (200Qrimary
particle size had a stronffect on granule growth rate, granule porosity, and
wet granule size distribution: larger primary particles produce weaker, more
deformable wet granules, favoring growth by coalescence and/or crushing
and layering.

[1.4.1.2Binder phase properties

Binder viscosity and surface tension are the properties which more
influence the granulation process because the collision energy necessary to
agglomerate particles depends on th€akr et al., 201,2Bertin et al.,

2018. Binder viscosity is important in understandingpoth granulation
mechanisms involved and strength of the resulingnule¢Chitu et al.,
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2011)). In particular, the mechanisms of agglomerate formation and growth
depend on the interaction between powder particle size and binder viscosity:
powder with a large particle size need a high viscosity binderder to
achieve an agglomerate strength that is sufficient to prevent the breakage of
agglomerateqJohansen and Scheaefer, 2D0According to Johansen and
Schaefer (2001the growth mechanisms as nucleation and coalescence
predominate in the agglomeration of small powder partielith low
viscosity binder. When the binder viscosity becomes very high, immersion
of particles in the binder droplets will be the agglomerate formation
mechanism dominating, and growth will proceed by continued layering of
particles on the surface of thgggomeratesAccording to van den Dries and
Vromans (2002), the tensile strength of a granule under dynamic conditions
is directly proportional to the viscosity of the binder liquMoreover,
severalauthors have shown that an increase in viscosity tenefit effect
on granulation up to a certain critical valiMills et al., 2000 Johansen and
Schaefer, 2001 A higher binder solution viscosity could lead to krg
granule size and less needed binder amount to start the granule growth in
both highshear(Hoornaert et al., 199&cheefer et al., 2004nd fluidbed
(Ennis and Litster1997 granulation processes. This is due to the fact that a
high liquid viscosity requires more energy to break up the liquid droplets
(less binder spreadbility), hence larger droplets are formed, which
consequently give larger granules. Howevertoat high viscosity, droplets
will be unable to spread throughout the bed causing the reduction in
collisions and relevant growi{l$eo et al., 2002

Surface tension and capillary forces always act to pull particles together,
and their magnitudes depend on the liquid bridge formeddsst the
particles (Fan et al., 2009 Ritala et al. (1986)ound that the power
consumption of the granulator increases with increasing binder surface
tension. According tdEnnis et al. (1991yranulation mechanisms depend
essentially on the competition between the capillary and viscous forces.
According tolveson and Litster (1998lhe reducing binder surface tension
causes the decrease in the capillary suction pressure and friction resistance,
leading therefore to an improved wettépiland spreading efficiency.
However, also the solvent used for the formulation of the binder solution
(only water, alcoholic or hydroalcoholic solutions are usually used) could
significantly change granule properties for its impact on binder wettability
and spread abilitgSakr et al., 2012

I1.4 .2 Operatingvariables

[1.4.2.1Liquid to solid ratioandbinder addition rate

It is well known thatthe wet granulation is induced by a liquid phase
necessary for binding the powder particles and making the wet mass more
deformable(Bouwman et al., 2005 Therefore, it is natural toitik that an
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increase of liquid during the granulatioould help and improve the results

of the process. This is not completely true! It is impor@define the ratio
between the liquid and solid phases to achieve granules with tailored features
(Verstraeten et al., 201.7If the liquid/solid ratio increase@ue to a high
amount of used liquid) nucleation is favored, but at the same time it is
possible that ovewetting phenomena may occur, with consequent formation
of a mixture and not granules, a situation which must be avoided. Moreover,
as the quantity othe added liquid increases, the granule saturation, i.e. the
ratio between the liquid volume and the interstitial granule volume, changes.
However, the addition of too much liquid implies a larger granules size
because of a high saturation, in the samg avlow saturation does not allow

the granules to growth. Some of the literature work also shows that the
amount of liquid to be added is inversely proportional to the size of the
powder particles to be granulated: the needed amount of liquid must be
increased as the size of the powder particles decré@sggon et al., 20Q7
Sarkar and Chaudhuri, 2019/alker et al., 2006 Others have recognized

that increasing the binder addition rate increases the granule size and the
granule bulk density due to increased giestion and wetting by the binder
solution (Oulahna et al., 2003In contrast,Benali et al. (2009%hown that

the increase in the binder addition rate does not affect the granule mean size.

11.4.2.2Binder phase delivery method

Binder addition methodan have an impact dhe growth and properties
of granulegqin terms of shape, density, drug contgdrticle size, porosity,
flowability, segregation and friabilityand is therefore of vital importance to
the understanding of wet granulation proc@dsrkhade, 20170sborne et
al., 201). The addition of thdinderphase can take place in three different
ways, i.e. by pouring, by spraying, or by making it melt, and it isetjos
linked to the nucleation regime, which has in turn a substantial effect on the
product final featuregKnight et al., 1998 Morkhade, 201y Both when
pouring and when spraying tlESDis initially bimodal and it tends to be
unimodal for high granulation timg®ka et al., 201,7Knight et al., 1998
In melting technique, however, the obtained granules will be less coarse
compared with the poton techniqueand only for high granulation times a
bimodal distribution will develogGuigon et al., 20070sborne et al., 20}1
A uniform liquid spray with small droplets size will have the greatest
coverage throughout the powder bed and will prevent localizedwsiéing
of the granules, which can result in oversized partighasikh, 201§ Holm
(1987) found that liquid addition without atomisation gave rise to
inhomogeneous liquid distribution (especially at low impeller and chopper
speeds) and that the atomisation of the binder led to better liquid distribution.
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[1.4.2.3 Impeller rotdion speed

The speed with which the powder is mixed in the granulation section
effects the final granules properties: a good mixing allows a better
distribution of the binder phase on the powder fealman et al., 200%a
For a highshear mixer, the amount of energy input into the system can be
increase through the impeller and the chopper, which bladate at low
and high speed, respectivePccordingto Schaefer et al. (1998)e impeller
speed produces rgignificant difference on the intgranular porosity, in
contrast the use of chopper produces granules with a size slightly smaller
but no create significant effect on the iatr@nular porosity or the granule
size distribution. Accordingo Knight et al. (2000the granule growt is
limited by breakage phenomena if the powder is mixed at high impeller
speeds, while, the chopper narrows the granule size distribution if used after
the nucleation phaseAccording to Benali et al. (2009)the impeller
rotational speed has a great importance on granule growth. An optimal
interval of impeller speed operation exists ranging from 150 to 200 rpm:
uncontrollable agglomerate size alodalized overwetting areobtainedto
low shear granulation (40 and 100 rpm), instead, for impeller speed higher
than 200 rpm the mechanism of the granulekage occursiccording to
Oulahna et al. (2003he higher the impeller spedtie lower is the porosity
and friability of the granules, and the narrower is the size distribution.

In addition to mixing the impeller and chopper are also responsible for
the energy input in the process. Therefore, the influence of the impeller
speed ad of the chopper speed on the final granule properties depends on
how the granules respond to the energy input of the process. Several
researchergKnight, 1993 Knight et al., 200pshown that the granule size
and growth rate increase if the increase in impact energy causes in more
deformation of the granules. Inomirast, at highenergy inputs, where
granule deformation leads to granule breakage, a decrease in granule size is
obsered when the impeller speed is increafechaefer et al., 1998night
et al., 2000Ramaker et al., 1998

11.4.2.4 Process time

At first glance, it would be expected that higher process tiauses an
increase in granule size and a narrowemngte particle size (Knight et al.,
1998 Knight et al., 2000Scheefer and Mathiesen, 1996lowever, some
studies have evidenced that not always an increa$e iprocess time results
in an increase in granule size because a granulation carried out for long times
can lead to a reduction in the size of the solid particulate due to breaking
phenomengSalman et al., 200aAccording to Hoornaert et al. (1998he
granules formation is characterized by an initial pedbdo granule growth
in which the granules become more densified (consolidation) due to the
repeated impacts of the mixer arms on the granules, while the saturation is
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still too low to cause granule growtfhis period could last until the
saturation is dticient to promote granule coalescence and sometimes is
followed by a rapid granule growth phadeue to the densificatiorthe
interstitial granule volume is reduckdcausé¢he constituent particles within
the granule becoming more closely packed. Thaalso the reason that
usually a pronounced decase in porosity is observetliring the initial
process time, whereas almost no change is observed at prolonged process
times(Knight et al., 1998Schaefer and Mathiesen, 19%&ott et al., 2000
Generally, the pross time is defined by @addition bindertmé and a
iwet oais mAddition binder time is a term used to describe the
periodof binder addition and it igivenby the ratio between binder addition
amount and binder addition raté/et massing time ighe term used to
describe mixing that takes place in the granulator after granulating liquid
addition is completeSome researchers have shown ti@setimes have
impact on the granules, in terms of growth, morphology, porosity and
granule particle sizeBadawy et al. (2012yaveinvestigated that increasing
wet massing times can increase coalescence and growth of the greittules
a significant effect on granule densificatitnut at the sameme can lead to
enhanced breakagéloreover, the increase irbinder addition time has
minimal impact on granule porositgccording toOka et al. (2015)he wet
massing time exhibits an inverse correlation to granule porosity.

I1.5 Mathematical approach to describe the phenomena involved
in wet granulation

Mathematical models, in particular, one based on the physics of process,
are essential tools to design, optimization and control of product and process.
The success of mathematical models relies on their predictive capabilities.

As been seen abovejet granulation is a process described by three
principal mechanisms occurring simultaneously in a granu{bteson et al.,
20013: wetting and nucleation; consolidation and growth; attrition and
breakage. These mechanisms control the final granule properties and are
influenced by a combination of formulation design (feeaterials
properties) and process design (operating conditiod$jerefore, an
integrated model that accounts for these majormuabesses, as well as the
effects of the formulation and process variables, can enable an analysis of
the system dynamics and the formulation of a suitable control strategy,
thereby avoidig inefficient operatior{Poon et al., 2008 There are several
approaches to modeling the wet granulation process. At one extreme we

have mechanistic modeling, called fAwhit
we have the empiricalmodelig, cal |l ed fAbl ack boxo. I n
socal |l ed figrey boxd model s, which repres

The empirical models are obtained from the regression of large set of
experimental data at fixed time intervals, which derive from thegdeof
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experiments statistic techniqueseé Chapter 1V, paragraph1V.1.4.3),
(Al eksi | e Mangvandi,et a2, ®018aThe model is built by
selecting a model structure and then fitting thedel parameters to get the
best fit of the model to the experimental datarious information criterion
like that of Akaike (1970)canbe used to understand if the increase in the
number of parameters (regression coefficients) really improves the
prediction of a modelEmpirical models have the advantages of being very
simple (often polynomial equations), easy to obtain (regression taj, da
quite reliable within the investigated range. The drawback of this approach is
that it is a black box approach: the application range of such a model is
limited to the range of data and thus it provides very little (or none)
information on the underigg mechanisms. Therefore, this approach can be
very useful ifis neededca model quick to be used for a control application
without no significant insight of the process phy&ameron et al., 2005
Theecthani st acmomoeded eampl ex and required mor e

respect to empirical model s because they seek
chemistry into the mqgdaelss.ablohhes mehogeloaniedt,i ¢ mod
s@wall ed Awhit e boxo approach t hat applies b o
conservation principles for mass, energy and m
bal ances to track particle size distributions
take place, aopr ideetvee |l o@rrss taiptput i ve rel ations tF
particle growth and breakage mechani sms, i.oe.
heat transf er mechani sms. Il nevitably, even t h
require some data fittingl e asdevpddt eeasdanuat be
to carry out the validation studies. This | ead
mo d ddasmer on 6t al , 2005

Tabllegilvlees a comprehensive overview of model s
we t granul ation but also for dry powder mi X i
characteristics, advantages and disadvantages.

Apart from t he eDnpdctre ckRll e tmoDiEM € , t he
model s Romultahtei onqukdliPaBnicse a(r € t he model i ng
approaches more used.

DEM models are the most detailed type of mathematical model for
particulate systemgSen et al., 2004 Thanks to mass and momentum
balances on each particle of the powder bDIEM models aim to describe
the evolution of the analysed system. There are four main classes of discrete
element models: cellular automata, Monte Carlo methods,-gaatitle
methals, and sofparticle method¢Ketterhagen edl., 2009. The advantage
is that the description is very detailed (as each particle is tracked
individually) but it is so computational power demanding that rarely it is
applied to systems of more than hundreds of thousand particles. They are
often use to obtain parameters useful for higher scale modeds et al.,

2017).
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Table 11.1 An overview of different granulation models ranging from pure
empirical to more or less mechanistic oiiBgrn et al., 200p

Method Characteristics +/-

+Good results within

Empirical g/lrgggssni’t\?) dellinc Statistical models experimental space
-Totally empirical
Relative swept Eellatlve swept volume  +Simple to use
lume eld constant during _
B vo scaleup -Weak physicatelevance
Tip speed Tip speed held constar +Simple to use
during scaleup -Weak physical relevance
Different )
Dimensionless  dimensionlessumbers +Simple to use
impeller work hel? constantduring  _\weak physical relevance
scaleup
Normalized +Theoretical relevance
. I K Energy/mass=const o )
Impelierwor -Calibration required
Powder o
consumption Power consumption as tNew, promising
?enr% (:errature end point -Macroscopic
Integrated powder Mixer work as +New, promising
over time endpoint -Macroscopic
Solid mechanics o +Mechanistically derived
del Friction models
models -Dry powders only
Coalescence
) probability +Mechanistically derived
Population - N
balances Coalescence factors  -Some empirical fitting
functions of process required
variables
+Mechanistically derived
Mechanistic DEM models Flow patters

-Few patrticles in models

The PBEs based modelsire widely used for granulatio(Ennis and
Litster, 1997 Adetayo and Ennis, 200@detayo et al., 1999veson, 2002
Darelius et al., 20Q55anders et al., 20p&nd in other particle formation
and growth processes, such as aggreg#8arit et al., 199) crystallization
(Ranodolph, 2012 pelletization(Sastry and Fuerstenai’970 and aerosol
production (Landgrebe & Pratsinis, 198@pandgrebe and Pratsinis, 1989
In them the powder bulk is described as a population with a distribution of

26



Wet granulation: state of the art

certain characteristics (internal coordinates i.e. size, binder content) that can
vary in space (external coordinates) and tirfRamkrishna, 2000
Therefore, thePBEsbased models describe the evolution of the number of
particles of a given characteristic in time and sp@dsberger, 200y and
require a less computational power respect totB® models, despite the
complexity of the involved e@itions (integredifferential). Less
computational demanding methods, like the method of moment (which focus
only on the moments of distributions), are preferred whe®Biehas to be
combined with Computational Fluid DynamiCKD) models to describe the
multiphase flow (i.e. the movements inside the granulgtdgrchisio and

Fox, 2013.
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[1.6 Chapter Il remarks

In this chapter, a literature overview was reported on topics related to

- phenomena involved in wet granulation;

- devices and techniques used for vgeanulation with the relative
discussion of the process parameters that have a primary role in
granule formation;

- modeling approaches able to describe/predict the granules
formation/their characteristics.

In the light of these analyzes, it was possiblédter address the research
developed in the activities described in the following chapters.
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Met hodol exipes ianedht al
apparatups set

1l .1 Generalities

In this chapter, the discsisn of the methodologies and experimental
apparatus used for all the granulation campaigns, carried out in order to
observe the phenomenological aspects involved in the wet granulation
process, igeported. Therefore, in the following chapters the experimental
procedures and saps used will only be recalled and briefly described.

[11.2 Granulation experimental set up layout

In this Ph.D. thesisa bench scale granulation apparatus was desaymid
realized in order to obtain product granular and study the wet granulation
processin Figure 1ll.1 shows a schematization thfe designed and rézgd
experimentalapparatusFour are the main sections composing the realized
experimental setip: a feeding section, a production section, a stabilization
section and aeparatiorsection.

The feeding section consists in two independent lines: therfaisides a
tank, filled with binder phase, and a peristaltic pumgicated as elements
T-1 and P1 in Figure IIl.1 respectively; the second line eeds the powder
to feed to granulator. The binder peas conveyed in a silicon tupgarough
the single head peristaltic pump (SP 311 Peristaltic Pump, VELP
Scientificg. The silicon tube has an internal diameter df6(mm), a
thickness of 1.6 mn), a length of B85 cn), it is able to withstand an
operating temperature range frod0 to 200° C (it is suitable for
pharmaceutical and food applications) and it ends by a stretch of plastic, not
flexible, tubing. The peristaltic pump is made by a polyamidetah and
stainless pump head and a permanent magnengsar. Among the several
pumping systems (gear pumps, piston pumps, syringe pumps, gravity
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systems, pressurized canisters), peristaltic pump was chosen because it offers
many advantages:can pumpdifferent fluid kinds in large amount and with

a flow rate that can be modulated accurately and kept constant; the pump
components does not interact with the treated fluid and thus the cleaning and
the changing of tube are easy and quick; lastly it isisie for largescale
processeqDalmoro et al., 2014 The used peristaltic pumjs able to
modulateten fluid flow rates ranging from4 ml/min to 62 mi/min if the
pumped fluid is distilled water

‘ Binder phase feed }—. Ultrésoﬂlc
atomization

hd

[ rovaarisa || Wt L[ e
> B ?1/\1}5
- 8
T-1 o S | ;@
® - O e P e
GR-1 e &1
4I:I 1 9 @
Equipment Line
D-1 Fluid-bed dryer 1 | Binder phase
GR-1 | Low-shear granulator 2 | Powder
P-1 Pump for binder phase 3 | Wet granules
S-1 Sieve 4 | Hot air
T-1 Binder phase tank 5 | Cold air
V-1 Valve 6 | Dry granules
Z1 Ultrasonic atomizer 7 | Dry granules (size between 0.45-2 mm)
Key to abbreviation 8 | Dry granules (size greater than 2 mm)
Us | Ultrasound source 9 | Dry granules (size lower than 0.45 mm)

Figure Ill. 1 Process schematizatiar granules production through the wet
granulation technique; the main sections are reported: the liquid binder
phase (1) is pushed through peristaltic pump to the ultrasonic atomizer (Z
1), which sprays it on the powders (2) placed in thedbear granuhtor
(GR-1), where the wet granules (3) are formed. Then, the wet granules are
subjected to the dynamic drying processl{pusing hot air (5). After this
step, the obtained dry granules (6) are separated by sievBsiiShree
fractions (#8-9). Finally, only the fraction of interest (§ recovered and
characterized
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In the production section the granules are formed. It includes a granulator
(GR-1 in Figure 111.1) andan atomizerassisted by ultrasonic energy-1Zin
Figure Il1.1). The granulator is a vertical leshear mixer with two impellers
and a bowl. In this latter the powder is placed to be granullitéds five
mixing speeds, i.e. 728-93-102 and 112 rpmThe atomization device
(VCX 130 PB Ultrasonic Processors 130 W, M¥kmean droplet size of 90
e mi @ 20 kHz, Sonics &Materials Inc., CT, URAs connected to an
ultrasonic generator (broadband ultrasonic generator mo@50@8325k
SoneTek corporation) that converts energy into vibratory mechanical
motion. The atomizig nozzle is connected to the feed line of binder phase
(line 1 of Figure 111.1) throughthe end part of silicone tubéd. allows to
improve the degreef binder phase dispersion on the surface of powder bed
and to operate under controlled conditions of size distribution of liquid
droplets (meani @R2bkpid)et si ze: 90 em

The stabilization section is ma by a dynamic drying device {D of
Figure 111.1) which uses a hot air flow to evaporate the residual moisture
from the granules, slowing down their degradation and the development of
mould and bacteria. In particular, at first, the granules stabilization process
was carried out in a horrmeade dynamic dryer that had the disadvantage to
dry low amount of granules (about 10 g) in large tim@®(t 1 houat 65
°C). Therefore, the stabilizimn section was improved and a fluid bed dryer
was selected and purchased (Fluid Bed Dryer TG 200, Verder Scientific,
Italy). By this device, temperature (430 °C, depending on air throughput
rate), drying time (20 min, depending on product type, ambuand
moisture content) and air flow can be set digitally and adjusted continuously.
The air flow depends on the fan power levels (minimum level is 10,
maximum level is 99). This device allows stabilizing about 25 g of granules
for each granulation batclobtaining low moisture in short times (about 10
minutes at 65 °C). In particular, the hot air stream is supplied to the bed with
the maximum level of the fan power for the first three minutes, after, it is
reduced (level 35) and kept constant until tonfi@utes, to avoid excessive
drag and friction between the granules.

In the separation sectiofs-1 in Figure Ill1) is assessed a first one
particle size distribution of théry granular materiallt consists in a manual
sieving with two standard sieves (eaff sizes of 0.45 and 2 mm) and a
collection pa. Approximately10 g of dry granules afgut on the sieve with
cut-off size of 2 mm and shaken for 5 mifibree granules fractions were
obtained by this separation methafbig scrap(6 )o (line 8 in Figure
l.1), i.e. % w/w of dry granules with size greater than 2 mmfuaeful
fraction or product yield(w )0 (line 7 in Figure I11.1), i.e. % w/w of dry
granules within the size range 0-25mm a fismall scrap("Y)o (line 9 in
Figure 111.1), i.e. % w/w of dry granules wittsize lower than 0.45 mnThe
range size 0.42 mm was considered as the fraction of interest being a size
typical range of commercial granulated food, pharmaceutical and
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zootechnical product®\ similar range size was taken into account in other
several literature workgAlbertini et al., 2004 Chevalier et al., 2010
Hussein et al., 2008

[l .3 Granules manufacture

[11.3 .1 Preparation of unloaded granules

The unloaded granules were prepared by using the wet granulation
process and applying dedicated protocols of stabilization and separation, as
describedin the paragraph IIl.2 Briefly, the powder was placed in a
laboratory scale lovghear granulatoand agglomerated by spraying the
binder phase under controlled conditions of flow rateexploiting an
ultrasonic atomization devic&ased on the preliminary studies, granulation
time for all experiments was of about 20 minuté@fie powder amount (each
batch: 50 g)thefrequency (20 kHz) and the ultrasonic energy amplitude (45
%) of the atomization device were kept constdhe spray time was defined
by the ration between binder phase volumé bimder phase flow rat&he
impeller rotation speed, the binderpowder raticand the bindephaseflow
rate were varied to assess their impact on the resulting granulated product.
The produced wet granules wanederwent stabilizatioby dynamic dryng,
collected and then separated by sieviRmpally, only the useful fraction
(size 0.452 mm) was subjected to characterization protocols carried out
adopting both theASTM (American Society for Testing and Materials)
standards and ad hoc developed methods.

II'1.3.2 Preparation of loaded granules

The loaded granules were achieved by using the same production
procedure of unloaded granules (sparagraph I111.31). However, the
feedng sectionwas modified.The active molecule was incorporated in the
granules by two different loading methods: method 1 and method 2.

According to the method 1, the active molecule was fully dissolved in the
binder phase using a magnetic stirrergfdHeating Magnetic Stirres, VELP
Scientifica) (M1 in Figure 1112). In this case, the binder phase was a
solution containing active molecule (line 1 Fkigure IIl.2), which was
sprayed on the powder bed.

According to the method 2, the active molecule wasveyedtogether
with the powder i n t IFgureglt3arespettigety)or (| i ne
Molecule and powder was preixed at an impeller rotation rate of 78 rpm
for 10 min. In this case, the powder bed was made of a peactiee
molecule mixture.

The payload percentages were defined in ages¢with eq. (111.1).
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GO DOO R RQGA & Q
EBOo R RQOBA B OIA @ bGgev @ P (.1)

Nowa ¢ &
a0

For each batchthe mass of powder was 50 gheél mass of active
molecule was the initial amount of molecule included in the formulation,
which depend on the investigated payload.

Binder phase
Ultrasonic
and active Mixing
molecule feed atomization
h 4
Powder feed Mixing/Wet Dynamlc Soving
granulation drying

Equipment Line
D-1 | Fluid-bed dryer 1 Binder phase with active molecule
GR-1 | Low-shear granulator 2 Powder
M-1 | Magnetic stirer 3 Wet granules
P-1 | Pump for binder phase 4 Hot air
81 | Sieve 5 Cold air
V-1 | Valve 1] Dry gramiles
Z-1 | Ultrasonic atomizer 7 Dry granules (size between 0.45-2 mm)
Key to abbreviation 3 Dry granules (size greater than 2 mm)
US | Uttrasound source 9 | Dry granules (size lower than 0.45 mm)

Figure lll. 2 Process schematization of loaded granules production
according to the method 1 (dissolution ofige molecule in binder phase)
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Figure Ill. 3 Process schematization of loaded granules production
according to the method 2 (pmixing of active molecule with the powder at
78 rpm for 10 min)

[11.4 Technigues of Design oExperiments

The techniques of Design of ExperimeDbEs) areengineering typically
approaches whicbombine equipment, people and other resoucashieve
better and cheaper produc{¥amhane, 2009 In recent yearsDoEs
techniqueshave been increasingly recognised as key tools to build an
important link betveen the experimentaand the modelling world; to
identify the influence of a factor or their interactions on the response of
interest; to plan the experimental campaign, minimising the number of
experiments i.e. the resources (personnel time, machinee timnergy,
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