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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 the powder form, 

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 of research, granulates manufacture is still based on 

empirical approach. Moreover, phenomena involved in powders aggregation 

are not well understood, and thus it is difficult to successfully obtain a 

product with tailored features without extensive experimental tests.  

In the scientific literature the approach to the granulation study is based 

on experimental tests, to investigate the impact of formulation and process 

variables on granules properties, or on modeling activities, to mathematically 

describe the involved phenomena. The two approaches, experimental and 

theoretical, are rarely applied together. In this study a novel integrate 

strategy of investigation was applied to elucidate the role of the 

phenomenological aspects, and their connection with the main operating 

parameters in granulation process, on the granules final properties, in order 

to develop physical-mathematical 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 surface of powder bed. Four are the main sections 

composing the realized apparatus: feeding section, production section, 

stabilization section and separation section. For the preparation of granules, 

hydroxypropyl methylcellulose (HPMC) was used as powder model material 

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 hydrogel-based matrices in form of tablets or 

granules, in order to provide controlled release of oral solid dosage systems. 

Distilled water was used as binder phase. In the built configuration, the 

powder was placed in a low-shear granulator and agglomerated by spraying 

the binder phase. The produced wet granules were stabilized 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: 

2 mm, 0.45 mm and a collection pan. Three granules fractions were obtained 

by the separation step: a fraction of ñbig scrapò, i.e. particles with size larger 

than 2 mm, one of ñsmall scrapò, i.e. particles with size smaller than 0.45 

mm, and one of ñusefulò, i.e. particles with size between 0.45-2 mm. The 

range size 0.45-2 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 subjected to characterization methods 

carried out adopting both the ASTM (American Society for Testing and 

Materials) standards and ad hoc innovative protocols. In particular, a new 

procedure for analysing the mechanical properties of granules, and an ad hoc 

built Dynamic Image Analysis (DIA) device, based on the free falling 

particle scheme, for monitoring the evolution of the PSD during the wet 

granulation process, were developed. 

The experimental campaigns were planned by Design of Experiments 

(DoEs) approaches. A system with three process parameters (factors), i.e. 

impeller rotation speed (rpm), binder to powder ratio, and binder phase flow 

rate, each at three intensities (levels) was considered. Their impact on 

granules properties were assayed to 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 mm), low 

residual moisture content, and good flowability and compressibility 

properties. Under phenomenological point of view, it was observed that not 

all the combinations of parameter levels ensure good granulation. There are 

operating conditions, like low rpm with high binder phase flow rate and low 

binder to powder ratio, or, high rpm with lower binder phase flow rate and 

binder to powder ratio, which combined together can produce a high amount 

of granules with size lower than requested one (0.45-2 mm), i.e. failure of 

the aggregation phenomena. Others, like low rpm with high binder phase 

flow rate and high added binder phase amount, instead, can achieve clusters 

of powder and binder, i.e. over wetting phenomena, which is a condition to 

avoid. The best conditions of granulation were obtained with high rpm, high 

binder to powder ratio and low binder phase flow rate. 

To fully understanding the behaviour of HPMC 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 particular, 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 speculated. A hydrophilic compound, vitamin B12, and a 

lipophilic one, vitamin D2, were employed as model molecules. First of all, 

the best loading method in HPMC granules for the hydrophilic molecule, 

vitamin B12 (payload 1 % w/w), was investigated. Vitamin B12 was 
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incorporated in 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 was pre-mixed 

with HPMC powders (here the powder was a mixture of HPMC 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 the HPMC 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 % w/w) 

were assayed. 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 loaded HPMC granules. Results showed that the use of ethanol 

in the binder phase reduces the product yield 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 only water. The 

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 (at 3 hours the vitamin B12 was fully released, 

regardless of the payload and of the HPMC erosion rate) and erosion for the 

lipophilic one (at 3 hours the amount of vitamin D2 released was similar to 

the amount of eroded HPMC). 

Due to the relevance of size distributions in practical uses of granulates 

(the process yield is based on this parameter), hardware and software of a 

DIA-device for PSD analysis were designed, developed, tested and then used 

to perform studies on the growing of the powder agglomerates during 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 optimization was carried out by Response Surface Methodology 

(RSM) and using the granulation yield (% w/w of wet granules within the 

size range 2-10 mm) as the main variable of interest. It was observed that the 

agglomeration, breakage and nucleation phenomena occur simultaneously 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 studies indicated that the interaction between the impeller 

rotation speed and the binder flow rate influences the granulation yield (and 

in general the granules PSDs), especially at high rpm. 
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Agglomeration, breakage and nucleation phenomena experimentally 

observed by PSDs analysis were mathematically described by using the 

Population Balance Equations (PBEs) approach. PBEs were discretized in 60 

classes, ranging from 60 to 20000 ɛm with a geometrical progression of 2
1/6

, 

therefore, the resulting model was a system of 60 Ordinary Differential 

Equations (ODEs), one for each class, which was implemented and solved 

numerically by MATLAB
®
 2014b software. Suitable mathematical functions 

to describe phenomena and parameters were selected from literature or 

purposely developed in this work. In particular, three models with increasing 

complexity were considered: a pure agglomeration model that disregards all 

the other phenomena; an agglomeration and breakage model; a complete 

model with agglomeration, breakage and nucleation. The 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 improves the 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 observed phenomena. 
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Chapter I 

Introduction 

 

 

 

 
I.1 Why granular? 

Granulation, also known as agglomeration, pelletization, or balling, is a 

ñsize-enlargement processò of small particles (powders in crystalline or 

amorphous status) into larger coherent and stable masses, called granules, in 

which the original particles are still identifiable. The aim of the granulation 

process is to improve the properties of the final product compared to the 

powder form and/or to realize suitable delivery system for drug/functional 

molecules for oral administrations/food preparations and/or to produce 

intermediate processing products. Under technological point of view, due to 

more regular shape and larger size, the granules give better flow properties 

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 dispersion in the environment, linked to a 

reduced inhalation, handling and explosion risks hazard (Perry and Green, 

1999, Iveson et al., 2001a). 

In spite of its widespread use, economic importance and almost 50 years 

of research, granulation in practice was more of an art than a science, i.e., 

there were a qualitative understanding of both the granule growth 

mechanisms and the effects of different variables on agglomeration 

phenomena (Iveson et al., 2001a). Over the past decade, design, scale-up, 

and operation of granulation processes have been considered as quantitative 

engineering and significant advances have been made to quantify the 

granulation processes (Hapgood et al., 2003).  

Basically, the granulation methods are divided into dry and wet ones 

(Shanmugam, 2015). Dry granulation is based on the mechanical 

compression (slugs) or compaction (roller compaction) of a dry powder, 

while the wet granulation exploits a granulation liquid called ñbinder phaseò 

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 or low shear 

mixer granulator, fluidized bed granulator, or similar devices, allowing the 

particles agglomeration. The bonds between particles depend on a 

combination of capillary pressure, surface tension and viscous forces. This 

second process involves a final step of granules stabilization by removal of 

the wetting phase to make the relevant bonds permanent (Shanmugam, 2015, 

Iveson et al., 2001a, Iveson and Litster, 1998b).  

Among these two techniques, wet granulation is the most widely used, as 

can be seen from data on scientific relevance of granulation process, 

reported in the paragraph I.2. Nowadays, wet granulation is recognized as an 

example of ñpowder particle designò. The granule final features are 

controlled by a perfect combination of formulation variables (feed-materials 

properties, i.e.: binder phase viscosity, liquid-solid surface tension, Particle 

Size Distribution (PSD) and binder phase adhesive properties) and operating 

variables (i.e.: binder phase volume, binder phase flow rate, method of 

binder phase addition, impeller rotation speed and process time) (Mahdi et 

al., 2018, Luo et al., 2017). In addition, final granules 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 variables (Hapgood et al., 2003, Perry and 

Green, 1999). Therefore, 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 the feed-material 

properties and a deep understanding of operating parameters and phenomena 

involved during granule formation are needed (Hapgood et al., 2003, Suresh 

et al., 2017, Litster, 2003b). This can also lead to optimized processes in 

terms of production costs and other types of resources involved. 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, quantitative aspects of the phenomena are still not well 

understood. 

I.2 Scientific relevance of the granulation process 

The granulation is a topic strongly treated in literature for almost 50 

years. Some of the earliest pioneering work were performed 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 well-known Thomson Reuterôs 

database indexing the scientific journals), carried out in mid-September 2018 
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searching for papers with the ñtopicò containing the words ñwet granulationò 

(using the option ñAll Databases), gave a list of 1647 papers published since 

2007 to the date of the request, i.e. roughly in last ten years. These 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 citations (grey bars, visible on the 

right axes) is show in Figure I.1 (a.) (data for 2018 were not reported since 

they are not yet complete). 

a. 

 

b. 

 

Figure I.1 a. Published papers (patterned bars, axis y to the left) and citations (grey 

bars, axis y to the right) on the topic containing the words ñwet granulationò. b. 

Published papers (patterned bars, axis y to the left) and citations (grey bars, axis y 

to the right) on the topic containing the words ñdry granulationò. The data were 

obtained using the option ñall data basesò 

a. 

 

b. 

 

Figure I.2 Wet and dry granulation are prevalently applied in pharmacology 

pharmacy and engineering chemical fields. The other fields are: chemistry medical, 

chemistry multidisciplinary, materials science multidisciplinary, engineering 

environmental, food science technological, metallurgy metallurgical engineering, 

chemistry physical, and chemistry applied 
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As can see, the publishing rate has a constant trend until to 2014, and it is 

increased in time until today, signifying a mature subject of investigation. 

On the other hand, the number of citations 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 

ñpharmacology and pharmacyò seen that the granules can constitute a good 

delivery system for drug/functional molecules for oral administrations/food 

preparations or intermediate products for the preparation of tablets. 

However, several journals in the area ñengineering chemicalò have treated 

this topic. In particular, of 1647 papers 742 (i.e. 45.05 %) fall within the area 

ñpharmacology and pharmacyò and 423 (i.e. 25.68 %) in the area 

ñengineering chemicalò, suggesting the strong interest of the wet granulation 

process from an engineering point of view (see Figure I.2 (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 2017). The time evolution of 

the published papers (patterned bars, visible on the left axes) and of the 

citations (grey bars, visible on the right axes) is illustrated in Figure I.1 (b.). 

Also the dry granulation is predominantly used in the area ñpharmacology 

and pharmacyò. Of 1037 papers 381 (i.e. 36.74 %) regard the area 

ñpharmacology and pharmacyò and 253 (i.e. 24.40 %) the area ñengineering 

chemicalò (see Figure I.2 (b.)).  

All these data showed the continuous appeal of granulation for the 

scientific community and clearly underlined that among the two methods of 

granulation the wet one is the most studied and applied despite the fact that it 

involves multiple unit processes (such as wet massing, drying and sieving). 

Therefore, the wet granulation is the technique used for the granules 

production in this Ph.D. thesis. 

I.3 Industrial relevance of the granulation process 

Granulation finds application in a wide range of industries including 

mineral processing, agricultural products, detergents, pharmaceuticals, 

foodstuffs, nutraceuticals, cosmetics, zootechnical and specialty chemicals. 

For marketing reason and technological aspects, granules are used for 

processing both intermediate materials and final products of many industrial 

transformations. In the chemical industry alone it has been estimated that 60 

% of products are manufactured as particulates solid and a further 20 % use 

powders as ingredients. The annual value of these products is estimated at 

US$1 trillion in the US alone (Iveson et al., 2001a). In 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 $870 million at the end of 2018 (Wright, 2016). In particular, among 
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novel drugs approved by FDA (Food and Drug Administration), 46 % in 

2014 and 32 % in 2016 were solid dosage products (Langhauser, 2017), 

most of them made of granules. The 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 granulation processing methods (Van Arnum, 

2015). Granulated products are also highly used in the fertilizers field: about 

90 % of fertilizers are applied as solids, less as powder, more in granular 

form. The global demand for fertilizer nutrients was estimated to be 184.02 

million tons in 2015, and it is forecast to reach 201.66 million tons 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, industries aim to 

develop new technologies (Research, 2017), very often based on granulation 

principles, to provide stabilization and effective protection of the active 

components in the finished products. 

I.4 Main aims of this thesis 

Aim of this research project is to investigate the role of the 

phenomenological aspects, and their connection with the main operating 

parameters in granulation process, on granules final properties, in order to 

develop physical-mathematical descriptions of this enlargement unit 

operation, which will constitute the starting point for the scale up studies. To 

this scope granular structures with tailored 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 and ad hoc innovative protocols.  

The comprehensive approach of experimental and modeling studies 

constitutes the main novelty of this Ph.D. research activity. 

I.5 Outline of the thesis 

An introduction on the scientific and industrial importance of granulation 

process is followed, 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 the involved 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 experiment 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 demonstrations (Chapter five).  

Physical-mathematical 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. research 

project (Chapter seven).  

The symbols and abbreviations list is reported. 

Abstracts relative to the main publications inherent the Ph.D. researches 

are showed in the Appendix section.  

Table I.1 Thesis map 

Chapter two Wet granulation: state of the art 

Chapter three Methodologies and experimental apparatus set up 

Chapter four Granulation process applications 

Chapter five 
Phenomenological analysis and process parameters 

optimization in wet granulation 

Chapter six Mathematical modeling of the low-shear wet granulation 

Chapter seven 
Conclusive remarks about the main findings of this 

Ph.D. research project 

Symbols Symbols list 

Abbreviations Abbreviations list 

Appendix 
Abstracts relative the main publications inherent the 

Ph.D. researches 
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Chapter II 

Wet granulation: state of the art 

 

 

 

 
I I .1 Wet granulation process 

Wet granulation is a size enlargement process of powder particles used in 

many fields, such as pharmaceutical, nutraceutical, and zootecnichal, to 

improve technological properties of powders such as flowability, 

compressibility, dosage and so on (Agrawal et al., 2003, Asgharnejad et al., 

2000, Jona et al., 2007, Katdare and Kramer, 2004, Lintz and Keller, 2006, 

Pathare and Byrne, 2011, Phinney, 2000, Phinney, 2001). During wet 

granulation, a liquid phase called ñbinderò is added to the powder in a 

tumbling granulator, high or low shear mixer granulator, fluidized bed 

granulator, or similar devices, allowing the particles agglomeration (Iveson 

and Litster, 1998b). It is usually performed in four steps: 1) homogenization 

of dry powders; 2) wetting by binder addition; 3) wet massing with binder 

feeding system switched off; 4) drying of the wet granules (Nalesso et al., 

2015). Newitt (1958) has described five states of liquid saturation for the 

granules during the wet granulation process (see Figure II.1), 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 forces. 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, where the voids 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 pseudo-droplet state occur respectively. The droplet stage 

corresponds to what is generally called over-wetting 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 injected continuously, 

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 by the 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 obtained (Iveson et al., 2001a). 

 

 

Figure II. 1 Saturation stages of granules (Newitt, 1958, Iveson et al., 

2001a) 

The behaviour of the powder particles during the wet granulation process 

has been deeply investigated and rationally described by consecutive cyclic 

mechanisms such as wetting and nucleation, consolidation and growth, and 

attrition and breakage (Ennis and Litster, 1997, Iveson et al., 2001a), as 

reported in Figure II.2. 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 aggregates (Abberger, 2007, Chitu et al., 2011, 

Iveson et al., 2001a, Iveson et al., 2001b). Agglomeration (consolidation and 

growth) is the stages where the granules collide one on each other: collisions 

lead to an increase of compaction and size of granules (Abberger, 2007, 

Chitu et al., 2011, Iveson et al., 2001a, Iveson et al., 2001b). 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 that re-enter the cycle 

(Abberger, 2007, Chitu et al., 2011, Iveson et al., 2001a, Iveson et al., 

2001b). These phenomena are also 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 parameters (Abberger, 2007, Hounslow et al., 

1988, Sanders et al., 2009). They coexist in all the wet granulation processes, 

even if their importance is related to the process type. For example, in the 
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fluid-bed granulation the wetting phase prevails while in the high-shear 

granulation the consolidation step is predominant.  

 

Figure II. 2 Formation mechanisms of the granules: (a) traditional 

description (Sastry and Fuerstenau, 1973); (b) modern approach (Ennis and 

Litster, 1997) 

These mechanisms control final granule properties, as the density and the 

size distribution, and depend on the chosen formulation as well as imposed 

operating conditions (Rajniak et al., 2007, Chitu et al., 2011, Iveson et al., 

2001a, Litster, 2003b, Litster et al., 2001, Perry and Green, 1999). In 

particular, physicochemical properties of primary particles and binder phase 

determine surface wetting, spreading, adsorption and solid bridge strength. 

II.2 Physical phenomena in wet granulation 

II.2 .1 Wetting and nucleation 

Wetting and nucleation are the initial stages and more important in wet 

granulation process. Dry powder bed and liquid binder first come into 

contact through the wetting stage in a zone called ñwetting zoneò: the binder 

is sprayed onto the powder mass, attempting to distribute it evenly (Iveson et 

al., 2001a). 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 stage refers to the formation of initial aggregates 

that are the result of interaction between the binder spray droplets and the 

powder in the granulator (Cameron et al., 2005, Iveson et al., 2001a). These 

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 thermodynamics have highlighted that 

two are main parameters to be controlled: the angle of contact (—) between 

solid particles and binder phase, and the spreading coefficients (‗) of the 

binder phase on the powder surface. These aspects are important to 

understand if the wetting stage is energetically favorable or not (Iveson et 

al., 2001a). The solidïliquid 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 solidïliquid contact angle value, a material can be 

easily wettable πЈ— ωπЈ, perfectly wettable — πЈ or borders on 

those value), and hardly wettable ωπЈ— ρψπЈ. The solid ï liquid 

contact angle can be calculated as a function of surface free energies ( , 

 ,  : subscripts ñlò, ñsò and ñvò denote liquid, solid and vapour phase 

respectively) in according to YoungïDupre equation (see eq. (II.1)), valid 

for ɗ > 0Á. 

     zὧέί— (II.1) 

According to Krycer et al. (1983) and Zajic and Buckton (1990) the final 

granule properties are also correlated with the spreading coefficient (‗). The 

spreading coefficient is a measure of the tendency of a liquid and solid 

combination to spread over each other and is given by the difference 

between the works of adhesion and cohesion. It indicates whether spreading 

is thermodynamically favorable. There are three possibilities in spreading 

between a solid and a liquid: the liquid may spread over the solid (‗ ) and 

create a surface film; the solid may spread or adhere to the liquid (‗ ) but no 

film formation occurs; both the liquid and solid have high works of 

cohesion, and the solidïliquid interfacial area will be minimized. In 

particular, the spreading coefficient ‗  is calculated as difference between 

work of adhesion for an interface (ὡ ) and work of cohesion for a liquid 

(ὡ ), using the eq. (II.2), while, the spreading coefficient ‗  is calculated 

as difference between work of adhesion for an interface (ὡ ) and work of 

cohesion for a solid (ὡ ), using the eq. (II.3). 

‗ ὡ ὡ   ÃÏÓ— ρ ς  (II.2) 

 

‗ ὡ ὡ   ÃÏÓ— ρ ς  (II.3) 

If ‗  is positive stronger and denser granules are formed and the particles 

are maintained together by means of liquid bridges because the binder will 

spread and form a film over the powder surface. Instead if ‗  is 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 
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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 II.3 (Litster et al., 2001, Hapgood et al., 2002): (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 drops are slow to 

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 binder and powder by mechanical dispersion. 

 

Figure II. 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 binder and powder by mechanical 

dispersion (Litster et al., 2001, Hapgood 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 nucleation) (Iveson et al., 2001a, 

Hapgood et al., 2002).  

a. 

 

b. 

 

Figure II. 4 Nucleation mechanism by (Schæfer and Mathiesen, 1996): a. 

immersion mechanism; b. distribution mechanism 

The nucleation mechanism depends on the drop size relative to the 

primary powder particles. According to Schæfer and Mathiesen (1996) two 
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different nucleation mechanisms can occur, as illustrated in Figure II.4, 

which firstly were proposed for melt agglomeration and later extended to 

wet granulation by Scott et al. (2000). If 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 produced (see Figure II.4 (a.)). If the droplets are smaller compared to the 

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 with air trapped inside will be developed. Therefore, a better 

distribution of the binder within the agglomerates can be obtained by the 

distribution mechanism (see Figure II.4 (b.)).  

With regard to the wetting and nucleation phenomena, Litster et al. 

(2001) postulated that three nucleation regimes exist: drop controlled 

regime, mechanical dispersion regime and intermediate regime. Based on 

this idea, Hapgood (2000), Hapgood et al. (2002) and Hapgood et al. (2003) 

proposed a nucleation regime map (MRN), reported in Figure II.5.  

 

Figure II. 5 Nucleation Regime Map (MRN) (Hapgood et al., 2003) 

The Nucleation Regime Map is based on two key parameters: the drop 

penetration time (ὸ ), in comparison to circulation time of the process (ὸ), 

and the dimensionless spray flux ( ). In particular, in MRN the 

dimensionless spray flux is shown on the horizontal axis (axis y) and a 

magnitude (†) attributable to ratio between drop penetration time and 

circulation time is reported on the vertical axis (axis x). 

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 in the eq. (II.4). In 

particular, it depends on both wetting thermodynamics, represented by the 

adhesion tension  ὧέί—, and the wetting kinetics, strongly affected by 
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the liquid viscosity (ɛ) and effective pore size (Ὑ ) of the powder bed. 

Moreover, it a function of the total volume of the droplets that are sprayed in 

the granulation section (ὠ) and of the surface porosity (‐ ), which may 

differ from the bed porosity (Parikh, 2016). 

ὸ ρȢσυ
ὠ

‐

ʈ

Ὑ  ÃÏÓʃ
 (II.4) 

The dimensionless spray flux is a measure of binder coverage on the 

powder surface and is defined by actual spray rate, or spray flux, in 

comparison to solids flux, or mixing rates. Litster et al. (2001) have 

quantified spray conditions as a function of process parameters, as shown in 

the eq. (II.5). In particular, in the spray zone, the drops sprayed by the nozzle 

at a given volumetric flow rate (ὠ) with an average drop size (Ὠ ) cover a 

certain projected area of powder per unit time.  

This area of droplets is distributed over some spray area on the powder 

bed surface. Moreover, if is used a flat spray perpendicular to the direction 

of powder flow, the powder flux through the spray zone (ὃ) is simply by eq. 

(II.6), where v is the speed of the powder after spray and ὡ  is the powder 

size after it has been wetted by the binder. 


σὠ

ςὨ ὃ
 (II.5) 

 

ὃ ὺz ὡ (II.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. Instead, a low   value indicates that 

the ratio of powder flux to solution and the nuclei are swept out of the spray 

zone before being re-wet by another drop. Low values  ρ result in a 

well-dispersed binder where one a droplet tends to form one granule. 

However, low   is a necessary but not sufficient a condition for drop 

controlled nucleation because the drop must also wet the powder and have a 

small penetration time (Parikh, 2016, Iveson et al., 2001a, Litster et al., 

2001). 

In drop controlled regime of the MRN, 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 bed (Guigon et al., 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 near the spray 

zone without complete caking or pooling. This is a difficult regime to control 

(Guigon et al., 2007). 

II.2 .2 Consolidation and growth 

The last decade has seen a rapid advancement in the understanding of 

growth and consolidation of the granules, mechanisms that occur 

simultaneously to the process of wetting and nucleation in agitated wet 

granulation processes. These phenomena may begin with the injection of the 

liquid binder on the powder bed and terminate or when all the solution has 

been injected or when the granulation process is completed.  

Granule growth occurs when material in the granulator collides and sticks 

together by coalescence or layering (see Figure II.6).  

a. 

 

b. 

 

Figure II. 6 Granule growth: a. growth by coalescence; b. growth 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 surface area 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 forces exercised by the 

impeller. Instead, it is termed layering when the sticking of fine material 

onto the surface of large pre-existing granules occurs: the layers increase the 

size of solid particles compared to the initial. Both the mixing of powder and 

binder and 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. However, if the 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 the cut-off size 

used to demarcate fine from granular material (Iveson et al., 2001a). 
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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 consolidate. The consolidation has a pronounced effect on granule 

properties. It reduces the granules 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 surface. Therefore, the 

granules become harder, less deformable and more elastic with the 

consolidation. 

Iveson and Litster (1998b) have proposed a granule growth regime map 

to seek describe the different growth behaviours exhibited by the granule on 

a their formulation properties basis (see Figure II.7).  

 

Figure II. 7 Growth Regime Map (GRM) (Iveson et al., 2001b) 

The granules growth behaviour depends on two parameters: the 

maximum pore saturation and the granule deformation during impact. In 

particular, in growth regime map the maximum pore saturation is shown on 

the horizontal axis (axis y) and the Stokes deformation number, parameter 

attributable to granule deformation during impact is reported on the vertical 

axis (axis x). 

The maximum pore saturation (ί ) is a measure of the amount of 

liquid present in the pores inside the granules and it is determined by eq. 

(II.7), in which (w) is the liquid to solid mass ratio, ”  is the solid particles 

density, ”  is the liquid density and ‐  is the minimum porosity the 

formulation reaches for the operating conditions set.  

ί
ύ ” ρ ‐

” ‐
 (II.7) 

The amount of deformation during impact was characterised by the 

Stokes deformation number (Ὓὸ ). The Stokes deformation number is a 

measure of the ratio of impact kinetic energy to the plastic energy absorbed 

per unit strain and it is calculated by eq. (II.8). It takes into account both the 
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process agitation intensity (see Ὗ in eq. (II.8) that is a representative 

collision velocity in the granulator) and the granule properties (see ” and ὣ 

in eq. (II.8) that are the granule density and the granules dynamic yield 

stress, respectively). 

Ὓὸ
” Ὗ

ςὣ
 (II.8) 

Iveson and Litster (1998b) postulated that two were the main granules 

growth behaviour: steady 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 region (Kapur, 

1978) or compaction stage (Hoornaert et al., 1998), is when there 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: nucleation only (Butensky and Hyman, 

1971) when after the initial 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 over-wetting when the binder content is in 

excess to that required and oversaturated slush or slurry are produced 

(Iveson et al., 2001b). 

II.2 .3 Attrition and breakage 

Capes (1965) and Sastry et al. (1977) have carried out some of the early 

studies of attrition and breakage phenomena in the wet granulation process, 

stating that crushing and layering are the mechanisms by which granules 

grow in tumbling drum granulators (Reynolds et al., 2005). Nowadays, these 

mechanisms are generally considered as attrition and breakage by Ennis and 

Litster (1997) (see Figure II.8 (a. and b.), respectively). 

a. 

 

b. 

 

 

Figure II. 8 Mechanisms of granules size reduction: a. attrition; b. breakage 

(Ennis et al., 2007) 

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 or granules that re-enter the 

cycle (Abberger, 2007, Chitu et al., 2011, Iveson et al., 2001a, Iveson 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 size and the reformation of powder fines situation to be 

avoided because the aim of most granulation processes is to remove fines 

(Iveson et al., 2001a). On the other hand, breakage of wet granules is a 

function of the hardness of the granules and of the shear force to which they 

are subjected. If the impact force is greater than the resistance of the granule, 

this will break into smaller granules. Breakage influences and controls the 

final granule size distribution and, in some circumstances, can be used to 

limit the maximum granule size or to help distribute a viscous binder (Iveson 

et al., 2001a). 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 breakage (Tan et al., 2004, Fu et al., 2005, 

Reynolds et al., 2005). Discrete element simulations have also been 

extensively used to predict the granule breakage behaviour (Moreno-

Atanasio and Ghadiri, 2006, Ning and Ghadiri, 2006). Tardos et al. (1997) 

and Keningley et al. (1997) have presented the only two serious attempts to 

predict conditions for breakage of wet agglomerate. Tardos et al. (1997) used 

the Stokes deformation number as a criterion for granule breakage, 

according to which granules will deform and break in shear fields if there is 

sufficient externally applied kinetic energy (Iveson et al., 2001a, Tardos et 

al., 1997). Keningley et al. (1997) developed 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 granules (Iveson et al., 2001a, Keningley et al., 1997). 

I I .3 Apparatuses and technologies in wet granulation 

On the basis of the shear strength it generates on the powder bed during 

the wet granulation process, the most common apparatuses used for granules 

production are classified into the following three major categories: 1) 

tumbling granulator; 2) both batch and continuous low and high-shear mixer 

granulator; 3) medium-shear granulator, for example, fluid-bed granulator 

(Parikh, 2016). In tumbling granulators (including discs, drums, pans and 

similar equipment) the particles 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 of nozzles distributed 

across the face of the bed. Discs and drums generally operate continuously 

and have large throughputs, thus they are extensively used in mineral 

processing and fertilizer granulation (Litster and Ennis, 2013). Low and high 

shear mixers are mechanically agitated 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 

consolidation of the product (Nalesso et al., 2015). 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 bed. For example of low-shear granulators include 

ribbon and paddle blenders, planetary mixer granulators, orbiting screw 

granulators, sigma blade mixer and rotating-shape mixer/granulators (Parikh, 

2016). The high-shear granulators consist of a mixing bowl with shape 

cylindrical or conical, a three-bladed 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 spread 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 horizontal (Parikh, 2016). In fluid bed 

granulators, the powder bed is first fluidized by a flow of air injected upward 

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 fluidizing airstream, avoiding the use of a following drying step 

(Morin and Briens, 2014). This type of granulator is flexible, relatively easy 

to scale, difficult for cohesive powders, and good for coating applications 

(Parikh, 2016).  

Traditional wet granulation method involves spraying of liquid binder 

onto a moving powder bed to granulate the powder particles in the 

granulator. New alternative methods were developed in over years, such as 

steam granulation, moisture-activated dry granulation, thermal adhesion 

granulation, melt granulation, freeze granulation, foam granulation, and 

reverse wet granulation (Shanmugam, 2015, Agrawal and Naveen, 2011, 

Solanki et al., 2010, Saikh, 2013). The steam granulation exploits water 

steam as binder, providing a more rapid diffusion into the powder and a 

more favourable thermal balance during the drying step. Equipment 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, 2015, Hammer, 1984, Albertini et al., 2003). The 

moisture-activated dry granulation adds 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 agglomeration. This technique could not be used for 

the preparation of granules that require high drug load and for moisture 

sensitive drugs and hygroscopic drugs. A high-shear mixer coupled with a 

sprayer would be suitable equipment for the moisture-activated dry 

granulation process (Takasaki et al., 2013, Shanmugam, 2015). The 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 thermolabile drugs 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 process (Lin et al., 2008, Shanmugam, 2015). Melt granulation, also 

defined as thermoplastic granulation is a good alternative to wet granulation 

for water-sensitive materials. Here is used a molten binder as granulation 

fluid to establish liquid bridges between particles 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 drugs. High-shear mixer and 

fluidized bed granulator are the equipment that could be used for melt 

granulation. (Guigon et al., 2007, Shanmugam, 2015, US et al., 2013, Parikh, 

2016, Chen et al., 2014). Freeze granulation technology involves the 

spraying a powder suspension into liquid nitrogen: the sprayed drops are 

instantly frozen 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., 2012, Shanmugam, 2015). The foam granulation technique 

involves the addition of liquid/aqueous binder as foam instead of spraying 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 technology (Tan and Hapgood, 

2011a, Tan and Hapgood, 2012, Tan and Hapgood, 2011b, Shanmugam, 

2015, Cantor et al., 2009). The reverse wet granulation technique 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 granules (Shanmugam, 2015).  

I I .4 Parameters in wet granulation process 

Several parameters can play a fundamental role on the basic mechanisms 

of wet granulation and therefore on the product final properties (Guigon et 

al., 2007). In particular, granule features depend on formulation ingredient 

(binder and powder properties and their interaction and proportion), and 

operating variables. These latter depend on the used apparatus and have an 

impact on mixing, agglomerating, and drying operations. For example, 

process variables 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 and number of spray 

heads; product and exhaust air temperature (Bareschino et al., 2017). Inlet 

process air temperature depends on both the binder type and the heat 

sensitivity of powder bed: higher temperatures will cause binder faster 

evaporation with the relevant production of smaller and friable granules 

(Srivastava and Mishra, 2010). Process variables in high/low-shear mixers 



Chapter II 

20 

are essentially related to the impeller and chopper relative speed, amount of 

added granulating solution, both global granulation and wet-massing time 

(Badawy et al., 2000). Thus, both material and operating variables together 

define the kinetic mechanisms and rate constants of wetting, growth, 

consolidation, and attrition (Parikh, 2016). Therefore, optimization of these 

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 effects of formulation and operating 

variables in high/low-shear mixers. 

II. 4.1 Feed material properties 

II.4.1.1 Powder properties 

Powder particles size influences the amount of binder to be used, the 

dynamic yield stress, porosity, size and growth rate of granules. 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 area (Schaefer et al., 

1990, Bellocq et al., 2018). However, a larger solubility of the 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 formed (Sakr et al., 2012). 

According to Van den Dries and Vromans (2002), the dynamic yield stress 

of a granule is directly proportional to the particle surface area and is 

inversely proportional to the particle size and to the intragranular 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 structure (Iveson and Litster, 

1998b, Iveson et al., 1996, Iveson and Litster, 1998a). Perhaps the larger 

surface area allows also a higher growth tendency of the smaller particle 

fraction probably due to a more efficient nucleation and coalescence 

(Badawy and Hussain, 2004). According to Mackaplow et al. (2000) primary 

particle size had a strong effect 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. 

II.4.1.2 Binder 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 them (Sakr et al., 2012, Bertín et al., 

2018). Binder viscosity is important in understanding both granulation 

mechanisms involved and strength of the resulting granules(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 binder in order to 

achieve an agglomerate strength that is sufficient to prevent the breakage of 

agglomerates (Johansen and Schæfer, 2001). According to Johansen and 

Schæfer (2001) the growth mechanisms as nucleation and coalescence 

predominate in the agglomeration of small powder particles with 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 the agglomerates. According 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 liquid. Moreover, 

several authors have shown that an increase in viscosity has a benefit effect 

on granulation up to a certain critical value (Mills et al., 2000, Johansen and 

Schæfer, 2001). A higher binder solution viscosity could lead to larger 

granule size and less needed binder amount to start the granule growth in 

both high-shear (Hoornaert et al., 1998, Schæfer et al., 2004) and fluid-bed 

(Ennis and Litster, 1997) granulation processes. This is due to the fact that a 

high liquid viscosity requires more energy to break up the liquid droplets 

(less binder spread ability), hence larger droplets are formed, which 

consequently give larger granules. However, at too high viscosity, droplets 

will be unable to spread throughout the bed causing the reduction in 

collisions and relevant growth (Seo et al., 2002).  

Surface tension and capillary forces always act to pull particles together, 

and their magnitudes depend on the liquid bridge formed between the 

particles (Fan et al., 2009). Ritala et al. (1986) found that the power 

consumption of the granulator increases with increasing binder surface 

tension. According to Ennis et al. (1991) granulation mechanisms depend 

essentially on the competition between the capillary and viscous forces. 

According to Iveson and Litster (1998b) the reducing binder surface tension 

causes the decrease in the capillary suction pressure and friction resistance, 

leading therefore to an improved wettability and 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 ability (Sakr et al., 2012). 

II.4 .2 Operating variables 

II.4.2.1 Liquid to solid ratio and binder addition rate 

It is well known that the 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 to think that an 
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increase of liquid during the granulation could help and improve the results 

of the process. This is not completely true! It is important define the ratio 

between the liquid and solid phases to achieve granules with tailored features 

(Verstraeten et al., 2017). If the liquid/solid ratio increases (due to a high 

amount of used liquid) nucleation is favored, but at the same time it is 

possible that over-wetting phenomena may occur, with consequent formation 

of a mixture and not granules, a situation which must be avoided. Moreover, 

as the quantity of the 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 same way a low 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 decreases (Guigon et al., 2007, 

Sarkar and Chaudhuri, 2018, Walker et al., 2006). Others have recognized 

that increasing the binder addition rate increases the granule size and the 

granule bulk density due to increased penetration and wetting by the binder 

solution (Oulahna et al., 2003). In contrast, Benali et al. (2009) shown that 

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

II.4.2.2 Binder phase delivery method 

Binder addition method can have an impact on the growth and properties 

of granules (in terms of shape, density, drug content, particle size, porosity, 

flowability, segregation and friability) and is therefore of vital importance to 

the understanding of wet granulation process (Morkhade, 2017, Osborne et 

al., 2011). The addition of the binder phase can take place in three different 

ways, i.e. by pouring, by spraying, or by making it melt, and it is closely 

linked to the nucleation regime, which has in turn a substantial effect on the 

product final features (Knight et al., 1998, Morkhade, 2017). Both when 

pouring and when spraying the PSD is initially bimodal and it tends to be 

unimodal for high granulation times (Oka et al., 2017, Knight et al., 1998). 

In melting technique, however, the obtained granules will be less coarse 

compared with the pour-on technique and only for high granulation times a 

bimodal distribution will develop (Guigon et al., 2007, Osborne et al., 2011). 

A uniform liquid spray with small droplets size will have the greatest 

coverage throughout the powder bed and will prevent localized over wetting 

of the granules, which can result in oversized particles (Parikh, 2016). 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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II.4.2.3 Impeller rotation 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 bed (Salman et al., 2006a). 

For a high-shear mixer, the amount of energy input into the system can be 

increase through the impeller and the chopper, which blades rotate at low 

and high speed, respectively. According to Schæfer et al. (1993) the impeller 

speed produces no significant difference on the intra-granular porosity, in 

contrast, the use of chopper produces granules with a size slightly smaller 

but no create significant effect on the intra-granular porosity or the granule 

size distribution. According to Knight et al. (2000) the granule growth 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 phase. According 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 and localized over-wetting are obtained to 

low shear granulation (40 and 100 rpm), instead, for impeller speed higher 

than 200 rpm the mechanism of the granule breakage occurs. According to 

Oulahna et al. (2003) the higher the impeller speed, the 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 and of the chopper speed on the final granule properties depends on 

how the granules respond to the energy input of the process. Several 

researchers (Knight, 1993, Knight et al., 2000) shown that the granule size 

and growth rate increase if the increase in impact energy causes in more 

deformation of the granules. In contrast, at high-energy inputs, where 

granule deformation leads to granule breakage, a decrease in granule size is 

observed when the impeller speed is increased (Schaefer et al., 1990, Knight 

et al., 2000, Ramaker et al., 1998). 

II.4.2.4 Process time 

At first glance, it would be expected that higher process time causes an 

increase in granule size and a narrower granule particle size (Knight et al., 

1998, Knight et al., 2000, Schæfer and Mathiesen, 1996). However, some 

studies have evidenced that not always an increase in the process 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 

phenomena (Salman et al., 2006a). According to Hoornaert et al. (1998) the 

granules formation is characterized by an initial period of no 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 growth. This period could last until the 

saturation is sufficient to promote granule coalescence and sometimes is 

followed by a rapid granule growth phase. Due to the densification the 

interstitial granule volume is reduced because the constituent particles within 

the granule becoming more closely packed. That is also the reason that 

usually a pronounced decrease in porosity is observed during the initial 

process time, whereas almost no change is observed at prolonged process 

times (Knight et al., 1998, Schæfer and Mathiesen, 1996, Scott et al., 2000). 

Generally, the process time is defined by a ñaddition binder timeò and a 

ñwet massing timeò. Addition binder time is a term used to describe the 

period of binder addition and it is given by the ratio between binder addition 

amount and binder addition rate. Wet massing time is the term used to 

describe mixing that takes place in the granulator after granulating liquid 

addition is complete. Some researchers have shown that these times have 

impact on the granules, in terms of growth, morphology, porosity and 

granule particle size. Badawy et al. (2012) have investigated that increasing 

wet massing times can increase coalescence and growth of the granules with 

a significant effect on granule densification, but at the same time can lead to 

enhanced breakage. Moreover, the increase in binder addition time has 

minimal impact on granule porosity. According to Oka et al. (2015) the wet 

massing time exhibits an inverse correlation to granule porosity. 

I I .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 above, wet granulation is a process described by three 

principal mechanisms occurring simultaneously in a granulator (Iveson et al., 

2001a): 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 (feed-materials 

properties) and process design (operating conditions). Therefore, an 

integrated model that accounts for these major sub-processes, 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 avoiding inefficient operation (Poon et al., 2008). There are several 

approaches to modeling the wet granulation process. At one extreme we 

have mechanistic modeling, called ñwhite boxò approach. At the other end of 

we have the empirical modeling, called ñblack boxò. In between we have the 

so-called ñgrey boxò models, which represent that is really developed.  

The empirical models are obtained from the regression of large set of 

experimental data at fixed time intervals, which derive from the design of 
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experiments statistic technique (see Chapter IV, paragraph IV.1.4.3), 

(Aleksiĺ et al., 2014, Mangwandi et al., 2013a). The model is built by 

selecting a model structure and then fitting the model parameters to get the 

best fit of the model to the experimental data. Various information criterion 

like that of Akaike (1970) can be used to understand if the increase in the 

number of parameters (regression coefficients) really improves the 

prediction of a model. Empirical models have the advantages of being very 

simple (often polynomial equations), easy to obtain (regression of data), 

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 underlying mechanisms. Therefore, this approach can be 

very useful if is needed a model quick to be used for a control application 

without no significant insight of the process physic (Cameron et al., 2005). 

The mechanistic models are more complex and required more time 

respect to empirical models because they seek to incorporate the physics and 

chemistry into the models. The mechanistic model, as above reported, is the 

so-called ñwhite boxò approach that applies both the thermodynamic 

conservation principles for mass, energy and momentum, and the population 

balances to track particle size distributions as various particulate phenomena 

take place, and develops appropriate constitutive relations that define the 

particle growth and breakage mechanisms, i.e. intensive properties, mass and 

heat transfer mechanisms. Inevitably, even the best mechanistic models 

require some data fitting, as well as must be must be available adequate data 

to carry out the validation studies. This leads to the concept of ñgrey boxò 

models (Cameron et al., 2005). 

Table II.1 gives a comprehensive overview of models used mainly for 

wet granulation but also for dry powder mixing, with their respective 

characteristics, advantages and disadvantages.  

Apart from the empirical models, the Discrete Element Method (DEM) 

models and the Population Balances Equations (PBEs) are the modeling 

approaches more used. 

DEM models are the most detailed type of mathematical model for 

particulate systems (Sen et al., 2014). Thanks to mass and momentum 

balances on each particle of the powder bulk, DEM models aim to describe 

the evolution of the analysed system. There are four main classes of discrete 

element models: cellular automata, Monte Carlo methods, hard-particle 

methods, and soft-particle methods (Ketterhagen et al., 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 used to obtain parameters useful for higher scale models (Lee et al., 

2017). 
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Table II.1 An overview of different granulation models ranging from pure 

empirical to more or less mechanistic ones (Björn et al., 2005) 

 Method Characteristics +/- 

Empirical  
Multivariate 

process modelling 
Statistical models 

+Good results within 

experimental space 

-Totally empirical 

 

Relative swept 

volume 

Relative swept volume 

held constant during 

scale-up 

+Simple to use 

-Weak physical relevance 

Tip speed 
Tip speed held constant 

during scale-up 

+Simple to use 

-Weak physical relevance 

Dimensionless 

impeller work 

Different 

dimensionless numbers 

held constant during 

scale-up 

+Simple to use 

-Weak physical relevance 

Normalized 

impeller work 
Energy/mass=const 

+Theoretical relevance 

-Calibration required 

Powder 

consumption 

and/or 

temperature 

Power consumption as 

end point 

+New, promising 

-Macroscopic 

Integrated powder 

over time 

Mixer work as 

endpoint 

+New, promising 

-Macroscopic 

Solid mechanics 

models 
Friction models 

+Mechanistically derived 

-Dry powders only 

Population 

balances 

Coalescence 

probability 

Coalescence factors 

functions of process 

variables 

+Mechanistically derived 

-Some empirical fitting 

required 

Mechanistic DEM models Flow patters 
+Mechanistically derived 

-Few particles in models 

The PBEs based models are widely used for granulation (Ennis and 

Litster, 1997, Adetayo and Ennis, 2000, Adetayo et al., 1995, Iveson, 2002, 

Darelius et al., 2005, Sanders et al., 2003) and in other particle formation 

and growth processes, such as aggregation (Smit et al., 1995), crystallization 

(Ranodolph, 2012), pelletization (Sastry and Fuerstenau, 1970) and aerosol 

production (Landgrebe & Pratsinis, 1989) (Landgrebe and Pratsinis, 1989). 

In them the powder bulk is described as a population with a distribution of 
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certain characteristics (internal coordinates i.e. size, binder content) that can 

vary in space (external coordinates) and time (Ramkrishna, 2000). 

Therefore, the PBEs based models describe the evolution of the number of 

particles of a given characteristic in time and space (Abberger, 2007) and 

require a less computational power respect to the DEM models, despite the 

complexity of the involved equations (integro-differential). Less 

computational demanding methods, like the method of moment (which focus 

only on the moments of distributions), are preferred when the PBE has to be 

combined with Computational Fluid Dynamic (CFD) models to describe the 

multiphase flow (i.e. the movements inside the granulator) (Marchisio and 

Fox, 2013). 
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II.6 Chapter II remarks  

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

- phenomena involved in wet granulation; 

- devices and techniques used for wet granulation 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 possible to better address the research 

developed in the activities described in the following chapters. 
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Chapter III  

Methodologies and experimental 

apparatus set up 

 

 

 

 
I II .1 Generalities 

In this chapter, the discussion 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, is reported. Therefore, in the following chapters the experimental 

procedures and set-ups used will only be recalled and briefly described.  

III.2 Granulation experimental set up layout 

In this Ph.D. thesis, a bench scale granulation apparatus was designed and 

realized in order to obtain product granular and study the wet granulation 

process. In Figure III.1 shows a schematization of the designed and realized 

experimental apparatus. Four are the main sections composing the realized 

experimental set-up: a feeding section, a production section, a stabilization 

section and a separation section. 

The feeding section consists in two independent lines: the first includes a 

tank, filled with binder phase, and a peristaltic pump, indicated as elements 

T-1 and P-1 in Figure III.1 respectively; the second line regards the powder 

to feed to granulator. The binder phase is conveyed in a silicon tube, through 

the single head peristaltic pump (SP 311 Peristaltic Pump, VELP 

Scientifica). The silicon tube has an internal diameter of (1.6 mm), a 

thickness of (1.6 mm), a length of (35 cm), it is able to withstand an 

operating temperature range from -50 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 polyamide, acetal and 

stainless pump head and a permanent magnet gear-motor. 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: it can pump different 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 is suitable for large-scale 

processes (Dalmoro et al., 2014). The used peristaltic pump is able to 

modulate ten fluid flow rates, ranging from 4 ml/min to 62 ml/min if the 

pumped fluid is distilled water. 

 

Figure III. 1 Process schematization of 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 the low-shear granulator 

(GR-1), where the wet granules (3) are formed. Then, the wet granules are 

subjected to the dynamic drying process (D-1), using hot air (5). After this 

step, the obtained dry granules (6) are separated by sieves (S-1) in three 

fractions (7-8-9). Finally, only the fraction of interest (7) is recovered and 

characterized 
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In the production section the granules are formed. It includes a granulator 

(GR-1 in Figure III.1) and an atomizer assisted by ultrasonic energy (Z-1 in 

Figure III.1). The granulator is a vertical low-shear mixer with two impellers 

and a bowl. In this latter the powder is placed to be granulated. It has five 

mixing speeds, i.e. 72-78-93-102 and 112 rpm. The atomization device 

(VCX 130 PB Ultrasonic Processors 130 W, 20 kHz, mean droplet size of 90 

ɛm ï @ 20 kHz, Sonics &Materials Inc., CT, USA), is connected to an 

ultrasonic generator (broadband ultrasonic generator mod. 06-05108-25k 

Sono-Tek corporation) that converts energy into vibratory mechanical 

motion. The atomizing nozzle is connected to the feed line of binder phase 

(line 1 of Figure III.1) through the end part of silicone tube. It allows to 

improve the degree of binder phase dispersion on the surface of powder bed 

and to operate under controlled conditions of size distribution of liquid 

droplets (mean droplet size: 90 ɛm ï @ 20 kHz).  

The stabilization section is made by a dynamic drying device (D-1 of 

Figure III.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 home-made dynamic dryer that had the disadvantage to 

dry low amount of granules (about 10 g) in large times (about 1 hour at 65 

°C). Therefore, the stabilization section was improved and a fluid bed dryer 

was selected and purchased (Fluid Bed Dryer TG 200, Verder Scientific, 

Italy). By this device, temperature (40-130 °C, depending on air throughput 

rate), drying time (5-20 min, depending on product type, amount, and 

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 batch, obtaining 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 to 10 minutes, to avoid excessive 

drag and friction between the granules. 

In the separation section (S-1 in Figure III.1) is assessed a first one 

particle size distribution of the dry granular material. It consists in a manual 

sieving with two standard sieves (cut-off sizes of 0.45 and 2 mm) and a 

collection pan. Approximately 10 g of dry granules are put on the sieve with 

cut-off size of 2 mm and shaken for 5 min. Three granules fractions were 

obtained by this separation method: a ñbig scrap (ὄ)ò (line 8 in Figure 

III. 1), i.e. % w/w of dry granules with size greater than 2 mm; a ñuseful 

fraction or product yield (ώ)ò (line 7 in Figure III.1), i.e. % w/w of dry 

granules within the size range 0.45-2 mm; a ñsmall scrap (Ὓ)ò (line 9 in 

Figure III.1), i.e. % w/w of dry granules with size lower than 0.45 mm. The 

range size 0.45-2 mm was considered as the fraction of interest being a size 

typical range of commercial granulated food, pharmaceutical and 
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zootechnical products. A similar range size was taken into account in other 

several literature works (Albertini et al., 2004, Chevalier et al., 2010, 

Hussein et al., 2008).  

I II .3 Granules manufacture 

III.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 

described in the paragraph III.2. Briefly, the powder was placed in a 

laboratory scale low-shear granulator and agglomerated by spraying the 

binder phase, under controlled conditions of flow rate, exploiting an 

ultrasonic atomization device. Based on the preliminary studies, granulation 

time for all experiments was of about 20 minutes. The powder amount (each 

batch: 50 g), the frequency (20 kHz) and the ultrasonic energy amplitude (45 

%) of the atomization device were kept constant. The spray time was defined 

by the ration between binder phase volume and binder phase flow rate. The 

impeller rotation speed, the binder to powder ratio and the binder phase flow 

rate were varied to assess their impact on the resulting granulated product.  

The produced wet granules were underwent stabilization by dynamic drying, 

collected and then separated by sieving. Finally, only the useful fraction 

(size 0.45-2 mm) was subjected to characterization protocols carried out 

adopting both the ASTM (American Society for Testing and Materials) 

standards and ad hoc developed methods. 

II I.3.2 Preparation of loaded granules 

The loaded granules were achieved by using the same production 

procedure of unloaded granules (see paragraph III.3.1). However, the 

feeding section was 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 stirrer (Arex Heating Magnetic Stirres, VELP 

Scientifica) (M-1 in Figure III.2). In this case, the binder phase was a 

solution containing active molecule (line 1 in Figure III.2), which was 

sprayed on the powder bed. 

According to the method 2, the active molecule was conveyed together 

with the powder in the granulator (line 2ô and 2 in Figure III.3, respectively). 

Molecule and powder was pre-mixed at an impeller rotation rate of 78 rpm 

for 10 min. In this case, the powder bed was made of a powder-active 

molecule mixture. 

The payload percentages were defined in agreement with eq. (III.1). 
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ὴὥώὰέὥὨ
άὥίί έὪ ὥὧὸὭὺὩ άέὰὩὧόὰὩ Ὣ

άὥίί έὪ ὥὧὸὭὺὩ άέὰὩὧόὰὩ Ὣ  άὥίί έὪ Ὄὖὓὅ ὴέύὨὩὶ Ὣ
ρππ (III.1) 

For each batch the mass of powder was 50 g. The mass of active 

molecule was the initial amount of molecule included in the formulation, 

which depend on the investigated payload. 

 

Figure III. 2 Process schematization of loaded granules production 

according to the method 1 (dissolution of active molecule in binder phase) 
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Figure III. 3 Process schematization of loaded granules production 

according to the method 2 (pre-mixing of active molecule with the powder at 

78 rpm for 10 min) 

I II .4 Techniques of Design of Experiments 

The techniques of Design of Experiment (DoEs) are engineering typically 

approaches which combine equipment, people and other resources to achieve 

better and cheaper products (Tamhane, 2009). In recent years, DoEs 

techniques have been increasingly recognised as key tools to build an 

important link between the experimental and 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, machine time, energy, 




































































































































































































































































