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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 “big scrap”, i.e. particles with size larger 

than 2 mm, one of “small scrap”, i.e. particles with size smaller than 0.45 

mm, and one of “useful”, 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 μm 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 

“size-enlargement process” 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 “binder phase” 

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 “powder particle design”. 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 Reuter’s 

database indexing the scientific journals), carried out in mid-September 2018 
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searching for papers with the “topic” containing the words “wet granulation” 

(using the option “All 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 “wet granulation”. 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 “dry granulation”. The data were 

obtained using the option “all data bases” 

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 

“pharmacology and pharmacy” 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 “engineering chemical” have treated 

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

“pharmacology and pharmacy” and 423 (i.e. 25.68 %) in the area 

“engineering chemical”, 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 “pharmacology 

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

“pharmacology and pharmacy” and 253 (i.e. 24.40 %) the area “engineering 

chemical” (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 

 

 

 

 
II.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 “binder” 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 “wetting zone”: 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 (𝜃) between 

solid particles and binder phase, and the spreading coefficients (𝜆) 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 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 solid–liquid contact angle value, a material can be 

easily wettable (0° < 𝜃 < 90°), perfectly wettable (𝜃 = 0°) or borders on 

those value), and hardly wettable (90° < 𝜃 < 180°). The solid – liquid 

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

𝛾𝑠𝑙, 𝛾𝑙𝑣: subscripts “l”, “s” and “v” denote liquid, solid and vapour phase 

respectively) in according to Young–Dupre equation (see eq. (II.1)), valid 

for θ > 0°. 

𝛾𝑠𝑣 − 𝛾𝑠𝑙 =  𝛾𝑙𝑣 ∗ 𝑐𝑜𝑠 𝜃 (II.1) 

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

granule properties are also correlated with the spreading coefficient (𝜆). 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 (𝜆𝑙𝑠) and 

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

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

cohesion, and the solid–liquid interfacial area will be minimized. In 

particular, the spreading coefficient 𝜆𝑙𝑠 is calculated as difference between 

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

(𝑊𝑐𝑙), using the eq. (II.2), while, the spreading coefficient 𝜆𝑠𝑙 is calculated 

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

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

𝜆𝑙𝑠 = 𝑊𝑎 − 𝑊𝑐𝑙 = ( 𝛾𝑙𝑣 · (cos 𝜃 + 1)) − (2 · 𝛾𝑙𝑣) (II.2) 

 

𝜆𝑠𝑙 = 𝑊𝑎 − 𝑊𝑐𝑠 = ( 𝛾𝑙𝑣 · (cos 𝜃 + 1)) − (2 · 𝛾𝑠𝑣) (II.3) 

If 𝜆𝑙𝑠 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 𝜆𝑠𝑙 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 (𝑡𝑑𝑝), in comparison to circulation time of the process (𝑡𝑐), 

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

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

magnitude (𝜏𝑝) 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 (𝛾𝑙𝑣 · 𝑐𝑜𝑠𝜃), and the wetting kinetics, strongly affected by 
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the liquid viscosity (μ) and effective pore size (𝑅𝑒𝑓𝑓) of the powder bed. 

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

the granulation section (𝑉𝑑) and of the surface porosity (휀𝑒𝑓𝑓), which may 

differ from the bed porosity (Parikh, 2016). 

𝑡𝑑𝑝 = 1.35 ·
𝑉𝑑

2
3

휀𝑒𝑓𝑓
2

·
µ

𝑅𝑒𝑓𝑓 · 𝛾𝑙𝑣 · cos θ
 (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 (�̇�) with an average drop size (𝑑𝑑) 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 (�̇�) is simply by eq. 

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

size after it has been wetted by the binder. 

𝜓𝑎 =
3 · �̇�

2 · 𝑑𝑑 · �̇�
 (II.5) 

 

�̇� = 𝑣 ∗ 𝑊 (II.6) 

A high (𝜓𝑎) 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 (𝜓𝑎) 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 (𝜓𝑎 << 1) result in a 

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

However, low (𝜓𝑎) 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 (𝑠𝑚𝑎𝑥) 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, (𝜌𝑠) is the solid particles 

density, (𝜌𝑙) is the liquid density and (휀𝑚𝑖𝑛) is the minimum porosity the 

formulation reaches for the operating conditions set.  

𝑠𝑚𝑎𝑥 =
𝑤 · 𝜌𝑠 · (1 − 휀𝑚𝑖𝑛)

𝜌𝑙 · 휀𝑚𝑖𝑛
 (II.7) 

The amount of deformation during impact was characterised by the 

Stokes deformation number (𝑆𝑡𝑑𝑒𝑓). 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 𝑈𝑐 in eq. (II.8) that is a representative 

collision velocity in the granulator) and the granule properties (see 𝜌𝑔 and 𝑌𝑔 

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

stress, respectively). 

𝑆𝑡𝑑𝑒𝑙 =
𝜌𝑔 · 𝑈𝑐

2

2 · 𝑌𝑔
 (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). 

II.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).  

II.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 
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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 “addition binder time” and a 

“wet massing time”. 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. 

II.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 “white box” approach. At the other end of 

we have the empirical modeling, called “black box”. In between we have the 

so-called “grey box” 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), 

(Aleksić 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 “white box” 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 “grey box” 

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 

 

 

 

 
III.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 

μm – @ 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 μm – @ 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 “big scrap (𝐵𝑝)” (line 8 in Figure 

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

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

granules within the size range 0.45-2 mm; a “small scrap (𝑆𝑝)” (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).  

III.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. 

III.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 2’ 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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𝑝𝑎𝑦𝑙𝑜𝑎𝑑 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 (𝑔)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 (𝑔)  +  𝑚𝑎𝑠𝑠 𝑜𝑓 𝐻𝑃𝑀𝐶 𝑝𝑜𝑤𝑑𝑒𝑟 (𝑔)
· 100 (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) 

III.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, 
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materials, work, etc.), and maximizing the information on the system 

behaviour and operating variables (Tamhane, 2009, Franceschini and 

Macchietto, 2008). Due to its versatility, the DoEs approaches can be 

applied across a broad range of fields in manufacturing or research, such as 

marketing, accounting, chemistry, management, engineering, biology, 

agriculture, medicine, education, psychology, procurement, and reliability 

(Condra, 2001). According to DoE principles, the experiment (run) is a 

system composed of independent input variables (or factors) and dependent 

output variables (or responses of interest). The levels are the different 

intensities of a treatment factor, which can be set by experimenter. Blocking 

(grouping of experiments carried out with similar external factors), 

randomization (realization in random order the experiments) and replication 

(repetition of the experiment on the same set of input data) are the strategies 

that improve the precision of experiment (Tamhane, 2009). Therefore, 

defined the aim, the problem should will be analysed with the help of the 

following questions:  

- what is known?  

- What is unknown? 

- What do we need to investigate? 

- Which experimental variables can be investigated? 

- Which responses can be measured? 

This will allow to plan the experiments in a rational way (Lundstedt et al., 

1998). In recent years, many researchers (Aslan, 2008, Ghafari et al., 2009, 

Tsapatsaris and Kotzekidou, 2004, Rajmohan and Palanikumar, 2013, 

Acharya et al., 2014, Sun et al., 2010, Vicente et al., 1998, Mangwandi et al., 

2013b, Mahours et al., 2017) have used a design of experiments (DoEs) 

method to plan the experimental campaign, minimizing the experiments 

number to be performed. Several are the techniques available for the DoE, 

but the better approach depends on the problem nature, the factors number to 

be studied, the levels number for each factor, the resources and budget 

available for the experiment, and the aims to be achieved. The commonly 

used experimental design techniques are the Full Factorial Design (FFD) 

(Pani and Nath, 2014, Acharya et al., 2014) and the Central Composite 

Design (CCD) (Tsapatsaris and Kotzekidou, 2004, Rajmohan and 

Palanikumar, 2013). Each technique allows the construction of an 

experimental work plan in matrix form, that shows the runs number (matrix 

rows) and the operating conditions (matrix columns) for each run 

experimental.  

Often the DoE is followed by the Response Surface Methodology (RSM), 

a statistical and mathematical technique, useful for the improvement and 

optimization of processes, in which a response (or a set of responses) of 

interest is related to several variables (process parameters) (Baş and Boyacı, 

2007, Bezerra et al., 2008). The RSM was introduced by Sir George Box in 

the 1940s and 1950s (Bruns et al., 2006) and it is based on the fit of a 
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polynomial equation to the experimental data, obtained in relation to 

experimental design (Bezerra et al., 2008). The RSM allows to 

simultaneously optimizing the levels of the independent variables to obtain 

the best performance of the system, performing a small number of 

experiments (Baş and Boyacı, 2007, Bezerra et al., 2008). 

III.4.1 Full Factorial Design 

The Full Factorial Design (FFD) allows the investigator to study the 

effect of each factor on the response variable, as well as the effects of all 

interactions between factors on the response variable. In a FFD are needed 

𝐿𝑘experiments numbers to investigate the effects of k variables on response. 

For example, with two factors, each taking two levels, the factorial 

experiment is planned by four combinations in total, with two factors, each 

at three levels, the FFD will give 32 experiments, etc. (Lundstedt et al., 

1998). In Table III.1 and Table III.2 are reported the FFD matrices for two 

variables, each at two and three level respectively.  

The FFD is the only means to completely and systematically study all 

interactions between factors, but it becomes expensive as the number of 

experiments increases. If the number of combinations in a FFD is too high to 

be logistically feasible, a fractional factorial design or a CCD may be done, 

in which some of the possible combinations are omitted. Therefore, for the 

vast majority of full factorial design, each factor has only two levels.  

Table III.1 2
2 
Full Factorial Design matrix for a combination of two factors 

(𝑥1 and 𝑥2), each taking two levels. The levels are conventionally given by 

minus one (-1), for low level, and plus one (+1), for high level 

Two variables   

Runs Variables 

 𝑥1 𝑥2 

1 -1 -1 

2 +1 -1 

3 -1 +1 

4 +1 +1 
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Table III.2 32 Full Factorial Design matrix for a combination of three 

factors (x1 and x2), each taking three levels. The levels are conventionally 

given by minus one (-1), for low level, plus one (+1), for high level, and zero 

(0), for the medium level) 

Three variables 

Runs Variables 

 𝑥1 𝑥2 

1 -1 -1 

2 -1 0 

3 -1 -1 

4 0 +1 

5 0 0 

6 0 +1 

7 +1 -1 

8 +1 0 

9 +1 +1 

III.4.2 Central Composite Design 

Central Composite Design (CCD) is an experimental design technique 

used in alternative to the 3𝑘 FFD, with (𝑘 ≥ 2), to reduce the experiment 

number, i.e. cost of running of experiments. A Central Composite Design 

consists of the following parts (Khuri and Cornell, 1996, Lundstedt et al., 

1998): 

- a 2𝑘 Full Factorial Design, where the factors levels are coded as −1 

and +1 (low and high level of variable); 

- a set of 2𝑘 axial points where, for each run, only one level of the 

factor is coded as -1 or +1, the other are coded as 0 (medium level of 

variable); 

- a center point (𝑛0) where all levels of factors are coded as 0. The 

center point is often replicated in order to improve the precision of the 

experiment. 

The total number of design points is thus (𝑁𝑡 =  2𝑘 + 2 · 𝑘 + 𝑛0), with 𝑛0 

the integer closest of [𝛼 · (2𝑘 2⁄ + 2)2 − 2𝑘 − 2 · 𝑘)]. The 𝛼 value depends 

on the factors number: 𝛼 is 0.7844 for two factors, 𝛼 is 0.8385 for three 

factors, etc. (Khuri and Cornell, 1996).  

In Table III.3, the CCD matrix for three factors (𝑥1, 𝑥2 and 𝑥3), each at 

three levels, is presented. 
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Table III.3 Central Composite Design matrix for three factors (𝑥1, 𝑥2and 

𝑥3) and three levels (conventionally encoded as -1, 0 and +1). The center 

point is replicated six once 

Three variables 

Runs Variables 

 𝑥1 𝑥2 𝑥3 

1 -1 -1 -1 

2 +1 -1 -1 

3 -1 +1 -1 

4 +1 +1 -1 

5 -1 -1 +1 

6 +1 -1 +1 

7 -1 +1 +1 

8 +1 +1 +1 

9 -1 0 0 

10 +1 0 0 

11 0 -1 0 

12 0 +1 0 

13 0 0 -1 

14 0 0 +1 

15 0 0 0 

16 0 0 0 

17 0 0 0 

18 0 0 0 

19 0 0 0 

20 0 0 0 

III.5 Granules characterization by standard protocols 

Anyone who handles powders or granules on a regular basis will know 

that their physical properties influence the speed of a production line, 

packaging and storage capabilities, flowability and thus transport of the 

material. Therefore, residual moisture content, bulk density (𝜌𝑏), tapped 
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density (𝜌𝑡), Carr Index (CI), Hausner Ratio (HR), Angle of Repose (AR), 

morphological and thermal features, particle size distribution, mechanical 

and release properties, for each batch of produced granules, were 

investigated because they are the main parameter that control the behaviour 

of granules. 

All characterizations were performed adopting the appropriate ASTM 

(American Society for Testing and Material) standard protocols. To ensure 

reproducibility of the experimental data, every measurement has been 

performed in triplicate. 

III.5.1 Residual moisture content 

Residual moisture content of granules was determined immediately after 

the drying step by using a moisture analyser (Ohaus mod MB4). The 

measurement was based on the thermogravimetric principles and it was 

performed following the standard ASTM D 2216–98: Standard Test Method 

for Laboratory Determination of Water (Moisture) Content of Soil and Rock 

by Mass. Briefly, approximately 0.5 g of dry sample were placed in an 

aluminium pan. During the test, the sample was weighted by an internal 

balance, the moisture losses for evaporation were recorded and automatically 

reported as percent residual moisture content. 

III.5.2 Compressibility and flowability 

The compressibility and flow characteristics of granules were 

investigated by determining bulk density, 𝜌𝑏, tapped density, 𝜌𝑡, Hausner 

Ratio, HR, Carr Index, CI, and Angle of Repose, AR, for each formulation. 

The knowledge of these properties gives some information about the 

handling features of granules, useful for many industrial sectors. 

The bulk density of a solid depends on both the density of powder 

particles and the spatial arrangement of particles in the powder bed. The 

tapped density is an increase of the bulk density attained after mechanically 

tapping a container containing the powder sample. The measurement of bulk 

density and tapped density were determined by using the method proposed 

by the standard ASTM D7481–09: Standard Test Methods for Determining 

Loose and Tapped Bulk Densities of Powders using a Graduated Cylinder. 

In particular, an amount of granules (in range size 0.45-2 mm) was poured in 

a graduated cylinder of 10 ml. The mass of the untapped sample (m), the 

bulk volume (𝑉𝑏), that includes the interparticulate void volume, the tapped 

volume (𝑉𝑡), obtained by subjecting the bulk volume to 80 taps from a 

height of few millimeters, were determined and used to calculate the bulk 

density (see eq. III.2) and the tapped density (see eq. III.3). Although the 

international unit of the bulk and tapped densities is kilogram per cubic 

metre, these densities are expressed in grams per millilitre (g/ml) because the 

measurements are made using a graduated cylinder. 
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𝜌𝑏 =
𝑚

𝑉𝑏
 (III.2) 

 

𝜌𝑡 =
𝑚

𝑉𝑡
 (III.3) 

The Hausner Ratio, Carr Index, and Angle of Repose are the main 

physical variables used to characterize the flow properties of particulate 

solids. The HR (dimensionless) and CI (in percentage) were calculated by 

using the bulk and tapped densities values (see eqs. (III.4) and (III.5) 

respectively), according to the standard ASTM D6393-99: Standard Test 

Method for Bulk Solids Characterization by Carr Indices (Test F-Calculation 

of Carr Compressibility). The HR and the CI permit an assessment of 

interparticulate interactions by comparison of the bulk and tapped densities: 

if the bulk and tapped densities will be closer in value, the material will be 

free-flowing and the interactions are less significant; if there are a greater 

difference between the bulk and tapped densities, the material is poorly 

flowing and greater interactions will be observed. 

𝐻𝑅 =
𝜌𝑡

𝜌𝑏
 (III.4) 

 

𝐶𝐼 =
𝜌𝑡 − 𝜌𝑏

𝜌𝑡
· 100 (III.5) 

The static Angle of Repose was measured using the fixed funnel and free 

standing cone method, proposed by the standard ASTM C1444-00: Standard 

Test Method for Measuring the Angle of Repose of Free-Flowing Mold 

Powders. Briefly, an amount of granules was carefully poured into funnel 

and made to flow freely on a horizontal plan until to form on it a material 

heap at cone shape. The angle of repose was then calculated, in degrees, 

using the eq. (III.6), where h and r equalled height and radius of the cone 

respectively. 

𝐴𝑅 = tan−1
ℎ

𝑟
 (III.6) 

In agreement with U.S. Pharmacopeia (see Table III.4), CI less than 10% 

and greater than 38 % indicate excellent and poor flowability properties, 

respectively. In addition, an excellent flowability can be found in a 

particulate with HR 1.00–1.11 and an AR of 25-30 °, instead, materials with 

HR and AR greater than 1.60 and 66 °, respectively, have poor flowability 

properties. Therefore, the smaller the HR, CI and AR the better the flow 

properties of granules. For example, 𝐶𝐼 ≤ 10 %, HR between 1-1.11, and 

AR between 25-30 ° indicate an excellent flowability degree of the material. 
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Table III.4 U.S. Pharmacopeia table: flowability degree respect to carr 

index, hausner ratio and angle of repose values 

Carr Index Hausner Ratio Angle of Repose Flowability 

≤10 1.00-1.11 25-30 Excellent 

11-15 1.12-1.18 31-35 Good 

16-20 1.19-1.25 36-40 Fair 

21-25 1.26-1.34 41-45 Passable 

26-37 1.35-1.45 46-55 Poor 

32-37 1.46-1.59 56-65 Very poor 

>38 >1.60 >66 Very very poor 

III.5.3 Granulometry and morphology 

Technological properties of powders or granules (bulk density, 

flowability, etc.) depend on the particle size (granulometry) and particle 

shape (morphology), which are the main characteristics of a solid particulate 

(Mikli et al., 2001). 

Size (𝑑𝑔) and Particle Size Distribution (PSD) of powders or granules 

was obtained by using the method proposed by the standard ASTM E 2651–

08: Standard Guide for Powder Particle Size Analysis. Briefly, an amount of 

particles, roughly 250 mg, was first dispersed on a plan and then captured by 

a digital camera (Canon IXUS 850 IS). The obtained images were analysed 

by using the software Image-Pro Plus 6.0 (from Media Cybernetics) and 

Excel. 

Shape of powders or granules samples was investigated both by the 

microscope (LEICA DM-LP), using 4 X magnification, and the field 

Emission-Scanning Electron Microscope (FESEM, mod. LEO 1525, Carl 

Zeiss SMT AG, Oberkochen, Germany). In this latter, samples were spread 

onto a carbon double adhesive tab previously stuck to an aluminium stub, 

sputter-coated with gold and then examined. 

Subsequently, the dispersion and representation of the particle population 

in terms of size and shape was then improved developing a hardware and 

software of a device based on Dynamic Image Analysis (DIA), which has 

been extensively described in the paragraph III.6.2. 

III.5.4 Thermal behaviour 

Thermal properties of powders or granules were investigated by using the 

method of Differential Scanning Calorimetry (DSC, Mettler Toledo DSC-

822 instrument, Mettler, Switzerland), in order to evaluate if the granulation 

process changes the solid state (amorphous or crystalline) of powders and 
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loaded active molecules. Thanks to its speed, simplicity, and availability, the 

DSC is the most used thermal analysis method. It is mostly used for 

quantitative analysis and only a few mg of sample are required to run the 

analysis (Kodre et al., 2014). Briefly, an amount of powders or granules, 

about 10 mg, was weighed and sealed in a perforated aluminium pan. DSC 

tests were carried out at a heating rate of 10 °C/min within a temperature 

range from 25 °C to 300 °C using a continuous purge of nitrogen (50 

ml/min). 

III.5.5 In vitro dissolution 

In vitro dissolution tests were performed to determine both the loaded 

active molecules dissolution rate and the polymer erosion rate of achieved 

solid dosage forms (granules). 

III.5.5.1 Release of active molecules 

In vitro release tests of produced granules (lots of dried particles with size 

0.45-2 mm) loaded with vitamins were carried out by using an apparatus that 

replicates the USP II – paddles device. In particular, the used setup has been 

composed by a magnetic stirrer (Arex Heating Magnetic Stirres) with 

hotplate and a glass vessel positioned up it. The granules were accurately 

weighted (1 g for each test, experiments made in triplicate) and then put in 

the vessel containing a given volume (1000 ml) of dissolution medium 

(distilled water) at pH 6.5 and under magnetic stirring (50 rpm). The 

temperature (25 °C) of the dissolution medium inside the vessel was 

controlled by the Vertex VTF digital thermoregulatory. It is important to 

note that this approach (dissolution in distilled water) is a simplified release 

study not close to the real physiological conditions; it was applied just to 

achieve fast information about both polymer erosion and active molecule 

release from granular matrix. Moreover, these conditions (temperature 

/distilled water) were used also to study the erosion phenomena of HMPC 

pure granules (see Figure IV.18, paragraph IV.3.4.3), thus it was possible to 

evaluate the vitamin loads effect. 

The cumulative release of the active molecule was observed at different 

time intervals by withdrawing samples of the dissolution medium. The 

samples were first filtered through a membrane of polyvinylidene difluoride 

(CHROMAFIL® Xtra CA-45/25, pore size 0.45 μm) and then analysed 

spectrophotometrically (Perkin-Elmer Lambda 35, Monza, Italy) at 

wavelength of signal acquisition, which depend on the analysed active 

molecule. The percentage of active molecule released from granules (𝑅) in 

the dissolution medium was calculated in agreement with eq. (III.7). In this 

latter the 𝑚𝑡 is the active molecule mass released at predetermined time 

intervals, determined by the Lambert Beer law, whose constant was obtained 

by calibration curves ad hoc built for the treated molecules; 𝑚𝑖 is the mass 
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of active molecule loaded in the granules (for example, in an 1 g of loaded 

granules, the molecule amount is 10 mg for a payload of the 1 %). 

𝑅 =
𝑚𝑡

𝑚𝑖
 · 100 (III.7) 

Moreover, in order to evaluate the stability of granules structure, 

dissolution tests were performed on aged granules, with method and 

operating conditions described above, after 1 month of storage at room 

conditions. 

III.5.5.2 Erosion of polymer 

The time erosion profile of the granules were obtained in the same 

operating conditions used for the active molecules release tests, i.e. 1 g of 

granules was dissolved in 1000 ml of distilled water at room conditions and 

50 rpm. The granules were produced using the powders of hydroxypropyl 

methylcellulose (HPMC) as polymer. Therefore, it was necessary to use the 

phenol/acid sulfuric colorimetric method for determination of the erosion 

degree of polymer (Dubois et al., 1956). Briefly, during the test, 2 ml of the 

dissolution medium were withdrawn and placed in a glass vial. In this latter 

first 500 µl of 80 % w/w of phenol in water solution and then 5 ml of 

sulfuric acid were added. The sulfuric acid was added rapidly and directly 

inside the liquid. After 10 min, the test tubes were shaken and placed in a 

water bath at 25 °C for other 10 min. This method produces a yellow/orange 

solution: its colour intensity is proportional to the concentration of sugar 

(HPMC) and it is stable for several hours. The samples in the test tubes were 

assayed by UV spectroscopy (Perkin-Elmer Lambda 35, Monza, Italy) at 

wavelength of 492 nm. The percentage of HPMC eroded from granules (𝐸) 

was calculated in according to eq. (III.8). 

𝐸 =
𝑀𝑡

𝑀𝑖
 · 100 (III.8) 

In this latter the 𝑀𝑡 is the mass of eroded HPMC at predetermined time 

intervals, determined by the Lambert Beer law, whose constant was obtained 

by referring to a standard curve, previously constructed; 𝑀𝑖  is the mass of 

HPMC introduced in the dissolution medium, i.e. 1 g. 

III.5.6 Statistical analysis 

All the characterization measurements were carried out in triplicate to 

obtain results with a greater statistical reliability. The response values were 

expressed as mean values ± standard deviation. Experimental data were 

compared using Student T-test. The (𝑝) stands for probability and its value 

measures how likely it is that any observed difference between groups is due 

to chance. Being a probability (𝑝) can take any value between 0 and 1. In 
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particular, (𝑝 < 0.05) suggest that the observed difference is unlikely to be 

due to chance, i.e., there is a difference statistically significant between the 

two compared samples, on the contrary, (𝑝 > 0.05) indicate no difference 

between the groups other than due to chance, i.e. the two samples are similar 

(Dahiru, 2008). 

III.6 Granules characterization by ad hoc methods 

III.6.1 Mechanical properties 

The mechanical properties of granules (hardness and elastic module) 

were investigated performing compression tests by a texture analyser 

(Texture Analyser XT Plus instrument, EN·CO, Venice, Italy), technique 

often used to characterize the behaviour of hydrogels in wet conditions 

(Cascone et al., 2014). The principle of a texture measurement system is to 

physically deform with a probe a test sample in a controlled manner and 

measure its response. Preliminary studies have highlighted that useful of this 

technique on more granules together involved significant errors in the 

measurements: the heterogeneity of granules in shape and size made it 

difficult to establish a compression force homogeneous over the whole 

sample. For this reason, the compression tests were performed on one 

granule at a time. In particular, to have more homogeneous size granules, 

particles fraction 0.45–2 mm were furthermore sieved in three sub-fractions 

(0.45–0.71 mm; 0.71–1 mm; 1–2 mm) and, for each of them, about 10 

samples were analysed. To perform the tests, a stainless steel probe with 

diameter of 5 mm and a 5 kg loading cell were used (Chitu et al., 2011). The 

compression speed was kept constant at 0.1 mm/s for all test time, and the 

instrument recorded the force (𝐹) necessary to compress matrix and the 

granule size (𝑑𝑔). In particular, data acquisition started when the probe 

touches the sample and it ended when the probe reached 90 % of the total 

sample size (which is previously evaluated by a proper instrument 

calibration). A recording rate of 100 point/s was set. Force-deformation 

curve was obtained for each granule. The maximum value of the force 

represents an index of the granules hardness. In particular, the granule 

strength (i.e. the granule hardness) was defined as the maximum force value 

on the granule surface: for granules with similar size, the lower the granule 

strength, the lower the hardness and vice versa. Single granule mechanical 

strength (𝜎) was calculated according to eq. (III.9), assuming circular the 

granule cross-section (Bika et al., 2005). 

𝜎 = 4 ·
𝐹

𝜋 · 𝑑𝑔
 (III.9) 
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𝐹 =
1

3
· √𝑑𝑔 ·

𝐸𝑙

1 − 𝜈𝑙
2 · √𝛥3  (III.10) 

Granule deformation can be elastic or plastic. Elasticity describes the 

ability of a (solid) material to resist a distorting influence and to return to its 

original size and shape when that influence or force is removed. The 

plasticity describes the deformation of a (solid) material undergoing non-

reversible changes of shape in response to applied forces. In engineering, the 

transition from elastic behaviour to plastic behaviour is called yield.  

Therefore, granule behaviour was investigated applying the methodology 

described by Mangwandi et al. (2007). According to it the compression tests 

data were analysed by using the Hertz equation (eq. (III.10)). This latter 

describes the relation between the force (𝐹) and the total displacement of the 

moving platen (𝛥) when a sphere is under compression between two platen. 

In this equation 𝐸𝑙 is the young modulus and 𝜈𝑙 is the poisson ratio, which is 

typically 0.23 for porous material (Mangwandi et al., 2007, Lade and 

Nelson, 1987). 

III.6.2 Dynamic Image Analysis device 

Studies on granules size distribution can offer a good initial 

understanding of both process phenomena and effects of variables on 

granules size and shape (Rajniak et al., 2007, Ramachandran et al., 2008, Hu 

et al., 2008). Many techniques for measuring the particle size distribution 

(PSD), such as sieving (Washington, 2005), static image analysis (Laitinen 

et al., 2003), laser diffraction (Beuselinck et al., 1998), are able to analyse 

only a small number of particles (100-500 particles/photos for the static 

image analysis) and do not allow to have a continuous and statistically 

significant control of their size. Recently, thanks to the continuous 

increasing of the computational power, particular interest has been given to 

the Dynamic Image Analysis (DIA) technique for monitoring the evolution 

of the PSD during the solids processing. This technique has the advantage of 

analysing many particles (millions) in a relatively short time (depending on 

the computational power), ensuring a good statistical result and allowing 

obtain information on the size and also on the shape of the particles. Despite 

such a potentiality, in literature, very few works that use this technique to 

monitor a granulation process are reported. Watano and Miyanami (1995) 

and Watano et al. (2000) were the first to report the use of this technique 

(despite limited to 256 low resolution pictures) to monitor a granulation 

process. 

In light of that, the hardware and software of a DIA-based device were 

developed in collaboration with researchers of the TPP group. The designed 

and built device was a tool able to analyze dynamically the PSD and the 

morphology of each particle during granulation process, in agreement with 

https://en.wikipedia.org/wiki/Elasticity_(physics)
https://en.wikipedia.org/wiki/Yield_(engineering)
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the standard ISO (ISO 9276-6:2008 and 13322-2:2006). It exploited the 

natural dispersion achieved during the free falling of the particles to obtain 

pictures/frames/video analyzable with the aid of a PC.  

Briefly, in the DIA-based device (a scheme is given in Figure III.4) the 

wet granules, loaded in the hopper, were discharged and distributed on an 

inclined plane thanks to the vibration of an eccentric rotating mass (ERM) 

motor (voltage: DC 3V; speed: 1200 rpm; size: 25x30 mm; weight: 47 g). 

 

Figure III.4 DIA device based on the free falling particles scheme, in 

agreement with the standard ISO 13322-2:2006 

 

Figure III.5 Proper calibration sheet made of 38 disks of known 

dimensions: one of 2 cm, two of 1 cm, five of 5 mm, ten of 500 µm and ten of 

200 μm 

At the end of the inclined plane, the granules falling tidily and a camera 

(Chameleon3 1.3 MP Mono USB3 Vision with the lens Fujinon HF25HA-

1B) recorded their passage. The camera had a CCD sensor (charge-coupled 

device) and a global shutter mechanism that captured all pixel of a frame in 

the same instant, avoiding distortion of the moving objects. The exposure 

time was set at 0.1 ms, ensuring a good compromise between brightness and 

sharpness. In the “free falling particles configuration” for the dynamic image 

analysis the use of a telecentric lens for the camera is not mandatory since 

the falling particles lay always in the same volume that, having a negligible 

thickness, is with a good approximation a plane. Therefore, it was used a 

non-telecentric lens (HF25HA-1B Fijifilm) and the instrument calibration it 
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was performed with a proper calibration sheet (see Figure III.5) placed in the 

same “plane” of the falling particles, to avoid any distortion related to the 

use of non-telecentric lenses. 

The calibration sheet was made of 38 disks of known dimensions: one of 

2 cm, two of 1 cm, five of 5 mm, ten of 1000 µm, ten of 500 µm and ten of 

200 μm. The conversion factor was calculated on the 2 cm disk and the 

threshold level was optimized minimizing the sum of the squared error 

between the measurements of all the other disks and their true dimensions. 

The calibration procedure of camera (essential to relate pixel to μm and vice 

versa) ensured a proper conversion factor (μm/px) as well as a reliable 

threshold level for the binarization. 

To ensure proper lighting (and according to the ISO 13322-2:2006 Annex 

C.6) a monochrome panel light source (power 12 W, 20x20 cm, weigh 300 

g) was diametrically placed at the camera, so that the free falling plane was 

between the light source and the camera. This last communicated through a 

USB3 port with a PC that caught grayscale video at 30 frames per second, 

which were split in a series of frames that were binarized and analyzed in 

MATLAB® 2014b thanks to a customized script. The binarization converts 

a grayscale image in a binary image depending on a threshold level, 

optimized with the calibration procedure of camera. The binarized image of 

the falling particles were analyzed, using the “regionprops” MATLAB 

function, measuring the projected area, the major axis length, the minor axis 

length and the extrema of each particles. The particles falling on the 

boundaries of the region of interest, equivalent to the entire image, were 

excluded from the measurements. The particles falling into region of interest 

were highlighted with a red bounding box on the original grayscale frame 

and used to reconstruct the video. Only for latter, the projected area was used 

to calculate the area-equivalent diameter whereas the major axis length, the 

minor axis length the ellipse ratio, used to quantify the particles morphology. 

Through the binning procedure the particles were categorized, depending on 

their area-equivalent diameter, in size classes from about 60 μm to about 

20000 μm, with a geometric progression of 21/6. Therefore, by the use of the 

particles area-equivalent diameter and the number of particles in each class, 

corrected with the Miles-Lantuejoul method (ISO 13322-2:2006), was 

possible to obtain the distribution density (𝑞) and undersize cumulative 

distribution (𝑄) by number (subscript 0) and by volume/mass (subscript 3), 

as well as the arithmetic mean size (𝑥1,0) and the volume-weighted mean 

size (𝑥1,3) of the distribution (ISO 9276-2:2014).  

The advantage of using an image analysis technique relies on the fact that 

other information rather than just dimensions can be extracted. Through a 

proper binning procedure it is possible to combine the particle size 

information to the morphological information, in accordance with the 

standard ISO 9276-6:2008.  
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From the DIA, the Ellipse Ratio (ER) was calculated for each particle. An 

image useful to individuate the impact of the ER value on the shape of the 

particle is provided in Figure III.6. 

 

 

Figure III.6 Impact of the Ellipse Ratio (ER) value on the shape of the 

particle 

The instrument were calibrated and validated against particles of known 

dimensions (between 500 µm and 800 µm). The results showed that 90 % of 

the particles had a diameter between 500 μm and 800 μm, and thus, the built 

device and its software are able to describe with reasonable accuracy a 

particle population. 

In the current configuration, the device analyse millions of particles 

within few minutes (about 2 min), in the range 60 µm to 2 cm, and allow to 

obtain a greater statistic reliability of the results. 
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III.7 Chapter III remarks 

A massive production of granules by the wet granulation process has 

been possible due to the developed apparatuses with dedicated protocols of 

stabilization, separation and characterization. The innovative points of the 

study done are:  

- ultrasonic atomizer for the wetting of the powders; 

- ad hoc procedure for the analysing the mechanical granules 

properties; 

- technique of Dynamic Image Analysis (DIA) for monitoring the 

evolution of the Particle Size Distribution (PSD) during the solids 

processing. 

The use of atomization ultrasonic device allows improving the degree of 

binder phase dispersion on the surface of powder bed and operating under 

controlled conditions of flow rate and size distribution of liquid droplets. 

Due to the heterogeneity of granules in shape and size, the compression 

tests must be performed on one granule at a time to establish a compression 

force homogeneous over the whole sample. In particular, to have more 

homogeneous size granules, if the particles fraction to be analyse has a size 

range of 0.45–2 mm, three sub-fractions (0.45–0.71 mm; 0.71–1 mm; 1–2 

mm) must be obtain by sieving and, for each of them to assay about 10 

samples. 

The built DIA- device has the advantage of analysing, in size and shape, 

many particles (millions) in a relatively short time (about 2 min). Despite the 

potentiality of the DIA technique, in literature (i.e. on Scopus and Web of 

Science databases under the headings “dynamic AND image AND analysis 

AND granulation”) there are no works that explicitly affirm to use this 

technique to monitor granulation processes. Sometimes, in the granulation 

field, it is used under the heading of “online image analysis” but, also in this 

case (i.e. searching for “(online OR on-line OR one AND line) AND image 

AND granulation”) very few works are present. 
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Chapter IV 

Granulation process applications 

 

 

 

 
IV.1 Production of HPMC granules by Design of Experiment 

approach 

IV.1.1 Generalities 

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). Due to the great industrial interest in granules, for marketing 

reason and technological aspects, studies on correlations between granule 

properties and process parameters are highly desirable to predict the final 

product quality. However, an onerous collection of experimental data is 

required to build and to validate a correlation. Therefore, the experiments 

must be planned in a systematic way to avoid loss of time and resources.  

As seen in “Methodologies-experimental set-up” section (paragraph 

III.4), the techniques of Design of Experiment (DoEs) are engineering 

statistical approaches used to organize efficient and systematic a campaigns 

of runs with the minimum experiment number and to identify the influence 

of a factor or interactions between factors on the response of interest, in 

order to achieve better and cheaper products. In the literature, there are many 

papers in which the correlations between process parameters and final 

product properties were investigated applying the DoE techniques in 

different fields (Bu et al., 2016, Tsapatsaris and Kotzekidou, 2004, 

Rajmohan and Palanikumar, 2013). Experimental designs dealing with the 

granulation process have been applied in several studies but on apparatuses 

and final products (tablet) different from those used in this Ph.D. thesis 

(Acharya et al., 2014, Badawy et al., 2000, Costa et al., 2011, Gaikwad et al., 

2016, Rambali et al., 2001, Westerhuis et al., 1997). 

The aim of the following study was produce granules of hydroxypropyl 

methylcellulose (HPMC) with a defined size (0.45-2 mm) and good 



Chapter IV 

52 

flowability together with a high product yield, to reduce manufacturing 

scrap. The runs were performed by using a bench scale granulation 

apparatus, presented and discussed in the paragraph III.2. The experimental 

campaign was planned by DoE technique. The influence of impeller rotation 

speed (rpm), binder to powder ratio and binder phase flow rate on granules 

properties (residual moisture content, flow indices, product yield) was 

investigated. The results of the experimental campaign have been used to 

develop predictive correlations with the aim of pointing out a reliable tool 

for HPMC granules production or for manufacturing of powders with similar 

behaviour of HPMC. 

IV.1.2 Materials  

As seen in “state of art” section the wet granulation is a process that 

requires the use of a binder phase to agglomerate the powder particles. 

Therefore, for the preparation of granules, hydroxypropyl methylcellulose 

HPMC 20 (supplied by Pentachem Srl, San Clemente, RN-Italy) was used as 

polymeric powder, and distilled water as binder phase. Some relevant 

properties of HPMC 20, provided by Pentachem Srl, are presented in Table 

IV.1. 

Table IV.1 Hydroxypropyl methylcellulose (HPMC 20) powder properties, 

provided by Pentachem Srl (San Clemente, RN-Italy) 

Properties  Values 

Methoxyl group percentage 28-30 % 

HydroxyPropyl group percentage 7.5-12 % 

State powder 

Colour white-beige 

Density 0.350-0.500 kg/dm
3
 

Granulometry Min. 95%<0.180 mm 

Moisture max 4.0 % 

Solubility in water totally soluble 

Water retention Min. at 60% after 8 minutes 

Purity degree 95-97% 

Storage In a protected dry place 

Aqueous solution characteristics 

Surface activity Weak 

Viscosity at 20°C 

(aqueous solution 2% w/w) 
20.000-30000 mPas 

 (Brookfield RV) 
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IV.1.2.1 Why hydroxypropyl methylcellulose? 

Hydroxypropyl methylcellulose (HPMC) powder, also known as 

hypromellose, is a water swellable hydrophilic polymer, widely used 

especially in the manufacturing of pharmaceutical (Huichao et al., 2014, 

Chouinard and Jacques, 1999) and food products (Laguna et al., 2014, Kim 

et al., 2015). It is a cellulose derivative, obtained from the substitution of the 

cellulose hydroxyl groups with methoxylic and hydroxypropoxylic moieties 

onto the glucose units (Chakraborty et al., 2009, Sannino et al., 2009, 

Viridén et al., 2009). It is a polymer easy to handle, low cost, odourless 

(Huichao et al., 2014), hypoallergenic, biocompatible (Barba et al., 2013) 

and not toxic (Sung et al., 1996). It can be dissolved slowly in cold water 

(under 40 °C (Huichao et al., 2014)) to form a viscous solution, it is 

practically insoluble in hot water, where instead gelation occurs (Huichao et 

al., 2014). It is insoluble in pure chloroform, ethanol, or ether, but it 

dissolves in most polar solvents or binary systems of chloroform and alcohol 

or methylene chloride (Williams et al., 2001). Nowadays, HPMC is the most 

employed excipient in the formulation of hydrogel-based matrices in form of 

tablets or granules in order to provide the drug release in a controlled manner 

(Jamzad and Fassihi, 2006, Pani and Nath, 2014, Barba et al., 2009b, Herder 

et al., 2006, Li et al., 2005, Siepmann and Peppas, 2012). 

IV.1.3 Methodologies 

HPMC granule production (size 0.45-2 mm), using distilled water as 

binder phase, was obtained in according to the procedure describe in the 

“Methodologies-experimental set-up” section (see paragraph III.3.1). In 

particular, on the basis of preliminary experimental runs, granulation tests 

were performed keeping several parameters constant: initial dry powder 

mass (50 g), process time (20 min), and ultrasonic energy amplitude (45 %).  

Table IV.2 The intensities (levels) values for each factor 

Factors Levels 

 -1 0 +1 

Impeller rotation speed, [rpm] 72 93 112 

Binder to powder ratio, [-] 1 1.5 2 

Binder phase flow rate, [ml/min] 17 34 58 

Three process operative parameters (factors) were changed: impeller 

rotation speed, binder to powder ratio determined as added binder phase 

mass [kg]/initial dry powder mass [kg], and binder phase flow rate. For each 

factor three intensities (levels) have been used (see Table IV.2). In 

particular, the values of the liquid to solid ratio were calculated keeping 



Chapter IV 

54 

constant the initial dry powder mass (50 g) and varying the binder phase 

volume (50 ml, 75 ml, and 100 ml). The experimental campaign was planned 

by using the CCD statistical protocol, one of the DoE technique already 

discusses in the paragraph III.4.2. In Table IV.3 the experimental work plan 

for three variables at three levels was reported.  

Table IV.3 Experimental work plan for three variables at three levels, 

according to the CCD statistical protocol 

Factors (independent variables) 

Runs Impeller rotation 

speed 

[rpm] 

Binder to powder 

ratio 

[-] 

Binder phase flow 

rate 

[ml/min] 

1 72 1 17 

2 112 1 17 

3 72 2 17 

4 112 2 17 

5 72 1 58 

6 112 1 58 

7 72 2 58 

8 112 2 58 

9 93 1.5 34 

10 72 1.5 34 

11 112 1.5 34 

12 93 1 34 

13 93 2 34 

14 93 1.5 17 

15 93 1.5 58 

It is important to note that by using the FFD approach (see paragraph 

III.4.1) 3
3
=27 experiments are needed whereas the CCD method allows us to 

reduce the number of experiments from 27 to 15, considering a single 

replication at center point (see paragraph III.4.2). 

The residual moisture content, bulk density (𝜌𝑏), tapped density (𝜌𝑡), 

Hausner Ratio (HR), Carr Index (CI), Angle of Repose (AR), product yield 

(𝑦𝑝), and manufacturing scraps (small scrap (𝑆𝑝) and big scrap (𝐵𝑝)) were 

selected as the dependent variables (results of interest), on which to 
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investigate the combined effect of the three factors. In particular, the 

dependent variables measurements were obtained characterizing the granules 

by the ASTM (American Society for Testing and Material) standard 

protocols, shown in the paragraph III.5. The product yield was defined as the 

% w/w of dry granules within the size range 0.45-2 mm that is a size range 

usually used in the commercial granulated food, pharmaceutical and 

zootechnical products, taken into account already in other several literature 

works (Albertini et al., 2004, Chevalier et al., 2010, Hussein et al., 2008). 

The small scrap was defined as the % w/w of dry granules with size lower 

than 0.45 mm, and the big scrap was defined as the % w/w of dry granules 

with size greater than 2 mm. 

𝑦𝑝 =
𝑤𝑔𝑡0.45−2𝑚𝑚 (𝑔)

𝑤𝑔𝑡0.45−2𝑚𝑚(𝑔) +  𝑤𝑔𝑡<0.45𝑚𝑚(𝑔) +  𝑤𝑔𝑡>2𝑚𝑚(𝑔)
 · 100 (IV.1) 

 

𝑆𝑝 =
𝑤𝑔𝑡<0.45𝑚𝑚 (𝑔)

𝑤𝑔𝑡0.45−2𝑚𝑚(𝑔) +  𝑤𝑔𝑡<0.45𝑚𝑚(𝑔) +  𝑤𝑔𝑡>2𝑚𝑚(𝑔)
 · 100 (IV.2) 

 

𝐵𝑝 =
𝑤𝑔𝑡>2𝑚𝑚 (𝑔)

𝑤𝑔𝑡0.45−2𝑚𝑚(𝑔) +  𝑤𝑔𝑡<0.45𝑚𝑚(𝑔) +  𝑤𝑔𝑡>2𝑚𝑚(𝑔)
 · 100 (IV.3) 

Product yield, small scrap and big scrap were calculated in according to 

eqs. ((IV.1), (IV.2) and (IV.3)) respectively, where 𝑤𝑔𝑡<0.45𝑚𝑚 was the 

fraction of dry granules obtained after sieving with size lower than 0.45 mm, 

𝑤𝑔𝑡0.45𝑚𝑚−2𝑚𝑚  was the fraction of dry granules obtained after sieving with 

size between 0.45-2 mm, and  𝑤𝑔𝑡 >2𝑚𝑚 was the fraction of dry granules 

obtained after sieving with size greater than 2 mm. 

IV.1.4 Results and discussions  

IV.1.4.1 Screening of process parameters 

Experimental design by DoE technique was performed to have a basic 

knowledge of wet granulation process of a HPMC powder in presence of the 

only distilled water as binder phase, using a low shear granulator as 

agglomeration apparatus. In particular, at the beginning of my Ph.D. work, 

the aim was focused on the choice of process conditions that produced 

granules with good flowability properties together with a high product yield, 

to reduce manufacturing scrap. 

In a wet granulation process there are several parameters that can play a 

fundamental role on the product final properties (Guigon et al., 2007). In 

light of this, firstly, a screening work on all process parameters was carried 

out in order to determine the variables having a significant influence on 

granules properties. On the basis of screening experiments, constant and 
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variable parameters were defined: impeller rotation speed, binder to powder 

ratio and binder phase flow rate are the parameters that have greater 

influence respect to initial dry powder mass, process time, and ultrasonic 

energy amplitude. In particular, the initial dry powder mass was set at 50 g 

considering the size of the granulation section, and the process time was 

fixed to 20 min because it was observed, during the preliminary tests, that 

longer times allow granule breaking phenomena. Always during the 

preliminary studies, three intensities value, were associated for each factor 

on the basis of granules qualitative aspects. It was observed that, for the 

examined system (made of HPMC and distilled water), a high binder to 

powder ratio, i.e. high added binder phase amount (greater than 100 ml), or a 

high binder flow rate (greater than 58 ml/min) cause the phenomena of over 

wetting; a low binder to powder ratio, i.e. low added binder phase amount 

(lower than 50 ml), does not form granules; a high impeller rotation speed 

(greater than 112 rpm) generates the breaking of the solid particulate. 

IV.1.4.2 Process parameters effect on granules properties 

Granules production was performed setting the operating conditions 

defined for each run in the work experimental plan (see Table IV.3). In order 

to obtain the results with a greater statistical reliability, a randomized 

execution mode of the runs was applied, and each run was replicated three 

times. The values of all measured responses were expressed as an average 

with standard deviation (SD). In Table IV.4, for each run, the product yield 

(eq. (IV.1)), the small scrap (eq. (IV.2)) and the big scrap (eq. (IV.3)) were 

reported. 

The experimental results showed that different yields and scraps were 

obtained by varying the combinations of levels and thus the operative 

parameters. The maximum product yield (75.2±5.5 %) and the slightest 

scrap, in terms of big scrap (20.5±5.1 %) and of small scrap (4.2±0.3 %), 

were produced under the operating conditions of run 4 (see Table IV.3), i.e. 

high impeller rotation speed (112 rpm), high added binder phase amount 

(100 ml) and low binder phase flow rate (17 ml/min). Considerable 

quantities of materials with sizes lower than 0.45 mm were obtained using 

the operating conditions of the run 11 (32.7±16.6 %), i.e. with high impeller 

rotation speed and medium values of binder to powder ratio and binder 

phase flow rate. Similar result was observed with the run 5 (32.5±3.7 %). A 

high amount of granules with size greater than 2 mm (58.8±2 %) were 

achieved using the operating conditions of run 7, thus spraying quickly a 

large amount of binder phase and keeping to a minimum value the impeller 

rotation speed. This latter result was in agreement with what was reported in 

some literature papers Oulahna et al. (2003), in which it was demonstrated 

that the increase of the binder phase volume can cause a rapid and 

uncontrolled increase of large granules growth, at a point close to over 

wetting. 
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Table IV.4 Average values with standard deviation of the product yield (% 

w/w of dry granules within the size range 0.45-2 mm) and of the 

manufacturing scraps (small scrap: % w/w of dry granules with size lower 

than 0.45 mm; big scrap: % w/w of dry granules with size greater 0.45 mm) 

 Responses (dependent variables) 

Runs yp ± SD 

[%] 

Bp ± SD 

[%] 

Sp ± SD 

[%] 

 𝑥1 𝑥2 𝑥3 

1 46.7±5.9 28.2±2.8 25.1±3.5 

2 56.1±6.3 26.1±5.5 17.9±0.9 

3 61.0±1.6 35.3±1.1 3.7±0.7 

4 75.2±5.5 20.5±5.1 4.2±0.3 

5 26.4±3.4 41.1±6.1 32.5±3.7 

6 32.9±4.5 47.9±1.4 19.3±4.3 

7 33.9±3.5 58.8±2 0.07±0.02 

8 48.5±4.2 48.0±3 3.5±1.3 

9 48.6±2.1 32.9±4.1 0.2±0.02 

10 29.8±10.7 48.4±4.2 21.8±+6.6 

11 37.9±17.3 29.5±1.6 32.7±16.6 

12 47.9±4.7 26.6±4.6 25.5±0.4 

13 55.7±2.7 36.4±5.6 7.9±4.9 

14 72.6±4.7 18.1±3.4 9.3±2.2 

15 46.3±3.4 38.7±4 15±3.2 

The effect of a single parameter on product yield and manufacturing 

scraps were investigated by using the results of work plan matrix (see Table 

IV.4) and keeping constant the intensities of the other key factors. Firstly, it 

was observed the effect of binder phase flow rate keeping constant the 

impeller rotation speed and binder to powder ratio (run 1 vs run 5, run 2 vs 

6, run 3 vs 7, run 4 vs 8, run 12 vs run 14 vs run 15): an increase of binder 

flow rate produced a decrease of the product yield and an increase of the 

scraps. Instead, the effect of rpm was observed keeping constant the binder 

phase flow rate and binder to powder ratio (run 1 vs run 2, run 3 vs 4, run 5 

vs 6, run 7 vs 8): an increase of rpm produced an increase of the product 

yield. These latter considerations are in agreement with the effects caused of 
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the binder to powder ratio at constant intensity of rpm and binder phase flow 

rate: an increase of added binder phase amount produced an increase of 

yield.  

Table IV.5 Average values with standard deviation of the moisture, 

bulk density, and tapped density of the granules with size 0.45-2 mm 

 Responses (dependent variables) 

Runs Moisture±SD 

[%] 

ρb±SD 

[g/ml] 

ρt±SD 

 [g/ml] 

1 5.7±9.8x10
-1

 1x10
-1

±1.7x10
-3

 1.5x10
-1

±8.2x10
-4

 

2 4.6±3.5x10
-1

 7.5 x10
-2

±2.2x10
-4

 1.8x10
-1

±2.9x10
-3

 

3 4.2±3x10
-1

 2.4 x10
-1

±4x10
-2

 2.6x10
-1

±4.1x10
-2

 

4 3.3±2.5x10
-1

 2x10
-1

±4.7x10
-3

 2.1x10
-1

±5.34x10
-3

 

5 4.6±3.9x10
-1

 1.4x10
-1

±6.6 x10
-3

 1.8x10
-1

±1.33x10
-3

 

6 6±5.6x10
-1

 1.7x10
-1

±2.1x10
-2

 1.9x10
-1

±2.35x10
-2

 

7 5.4±3.7x10
-1

 1.9x10
-1

±7.3x10
-3

 1.2x10
-1

±1.89x10
-3

 

8 5.1±4x10
-1

 2.9x10
-1

±4.2x10
-2

 3x10
-1

±4.04x10
-2

 

9 4.1±3.4x10
-1

 1.3x10
-1

±5.4x10
-3

 1.6x10
-1

±3.97x10
-3

 

10 4.3±2.3x10
-1

 1.3x10
-1

±6.8x10
-3

 1.5x10
-1

±5.67x10
-3

 

11 4.4±3x10
-1

 1.2x10
-1

±8.8x10
-3

 1.5x10
-1

±6.98x10
-3

 

12 4±4x10
-1

 1.1x10
-1

±2.9x10
-3

 1.5x10
-1

±2.17x10
-3

 

13 4.8±6.5x10
-1

 1.7x10
-1

±1.2x10
-2

 2x10
-1

±1.13x10
-2

 

14 3.2±4.1x10
-1

 1.8x10
-1

±6.1x10
-3

 2x10
-1

±3.05x10
-3

 

15 4.1±3.8x10
-1

 1.5x10
-1

±4.8x10
-3

 2x10
-1

±1.02x10
-2
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Table IV.6 Average values with standard deviation of the Hausner 

Ratio, Carr Index and Angle of Repose of the granules with size 0.45-

2 mm 

 Responses (dependent variables) 

Runs HR±SD 

[-] 

CI±SD 

[%] 

AR±SD 

 [degree] 

1 1.5±2.5x10
-2

 32.2±1.2 61.5±11.1 

2 1.6±3.8x10
-2

 36.2±1.2 59.5±9.2 

3 1.1±2x10
-2

 9±1.7 31.5±1.4 

4 1.1±8.2x10
-3

 8.3±0.7 34.6±1.6 

5 1.3±7.1x10
-2

 23.7±4.1 55±17 

6 1.1±3x10
-2

 10.7±2.4 43.9±3 

7 1.1±3.5x10
-2

 11.8±2.8 32.6±1.2 

8 1±9.6x10
-3

 3±0.9 28±0.7 

9 1.2±5.7x10
-2

 18±3.8 50.6±2.5 

10 1.2±2.8x10
-2

 18±1.9 48.6±8.7 

11 1.3±4.6x10
-2

 21.3±2.9 35.8±6.9 

12 1.4±6x10
-2

 30±2.9 53.1±7.7 

13 1.2±1.5x10
-2

 13.8±1.1 37.5±1.9 

14 1.1±3.1x10
-2

 9.1±2.5 45.9±1.4 

15 1.2±3.6x10
-2

 16.4±2.6 46±2.4 

A first property that you want to have in a solid particulate is the good 

flowability. Information on the ability of a powder to flow can be obtained 

by characterizing the granules in terms of the Hausner Ratio, Carr Index and 

Angle of Repose. The lower these parameters are the better the flowability. 

According to the U.S. Pharmacopeia, a solid material has an excellent 

flowability if HR=1–1.11, CI≤10 %, and AR=25°–30°, as described in the 

paragraph III.5.2. Moreover, the moisture is another important property to be 

monitored in the manufacture and processing of some materials, because 

high moisture in the product can promote its degradation over time. 

Therefore, dry granules fraction with size between 0.45-2 mm, produced for 

each run, was characterized in terms of residual moisture content and 

compressibility and flowability properties (Hausner Ratio, Carr Index and 

Angle of Repose) in order to experimentally correlate the desired features for 
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the granules with the process operating conditions. The responses were 

reported as average values with standard deviation in Table IV.5 and Table 

IV.6. 

The results showed that, for example, granules with good flowability and 

low moisture content (HR=1.1±8.2x10−3, CI=8.3±0.688 %, AR=34.6±1.6 °, 

moisture=3.3±2.5x10−1 %) were produced under the conditions of run 4. 

Similar moisture contents were also found for the granules achieved working 

under the conditions of run 14 (3.2±4.1x10−1 %). Instead, at the operating 

conditions of run 1, a material with a high moisture (5.7±9.8x10
-1

 %) and a 

very poor flowability (HR=1.5±2.5x10−2, CI=32.2±1.2 %, AR=61.5±11.1 °) 

was produced. 

 

Figure IV.1 Granules obtained with different combination of factors and 

levels: a. particles with size smaller than 0.45 mm, b. particles with size 

between 0.45 and 2 mm, that is the size range required, and c. particles with 

size larger than 2 mm 

Summarizing, the performed runs have underlined that not all the 

combinations of parameter levels ensure good granulation. There are 

operating conditions, like those of the run 11 or run 5, 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 (see 

Figure IV.1 (a.)). Others (see run 7), instead, can achieve clusters of powder 

and binder, i.e. over wetting phenomena that is a condition to avoid (see 

Figure IV.1 (c.)). The best conditions of granulation, able to produce 

granules with a defined size (0.45–2 mm) and good flowability together with 

a high product yield, were obtained by working with a high impeller rotation 

speed, i.e., 112 rpm, a high binder to powder ratio, i.e. with a binder phase 

volume of 100 ml, and a low binder phase flow rate, i.e., 17 ml/min (see 

Figure IV.1 (b.)). 
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IV.1.4.3 Mathematical semi-empirical correlations 

Mathematical semi-empirical correlations between granule properties and 

process parameters were developed by using the experimental data of the 

work matrix. In particular, experimental measurements of the product yield, 

Hausner Ratio, and Angle of Repose were fitted by several model equations. 

In these equations yi was the dependent variable (i.e. 𝑦𝑝 or HR or AR); 𝑥𝑖 

was the intensity of the key factors (i.e. impeller rotation speed, binder to 

powder ratio and binder phase flow rate); and 𝑎𝑖𝑗 represented the regression 

coefficients. Models linear (see eq. (IV.4)), semi-quadratic (see eq. (IV.5)) 

and quadratic (see eq. (IV.6)) were used. 

𝑦𝑖  =  𝑎 𝑖0 +  𝑎 𝑖1 𝑥1  + 𝑎 𝑖2 𝑥2 + 𝑎 𝑖3 𝑥3 (IV.4) 
 

𝑦𝑖  =  𝑎 𝑖0 +  𝑎 𝑖1 𝑥1  +  𝑎 𝑖2 𝑥2 +  𝑎 𝑖3 𝑥3 +  𝑎 𝑖4 𝑥1𝑥2  +  𝑎 𝑖5  𝑥1𝑥3

+  𝑎 𝑖6 𝑥2𝑥3 (IV.5) 
 

𝑦𝑖  =  𝑎 𝑖0 +  𝑎 𝑖1 𝑥1  +  𝑎 𝑖2 𝑥2 +  𝑎 𝑖3 𝑥3 +  𝑎 𝑖4 𝑥1𝑥2  +
 𝑎 𝑖5  𝑥1𝑥3  +  𝑎 𝑖6 𝑥2𝑥3 + 𝑎 𝑖7  𝑥1

2  +  𝑎 𝑖8  𝑥2
2  +  𝑎 𝑖9  𝑥3

2  (IV.6) 

The eq. ((IV.4), (IV.5) and (IV.6)) were fitted to experimental data and 

the regression coefficients are reported in Table IV.7, Table IV.8 and Table 

IV.9. 

Table IV.7 Regression coefficients of the tested correlations by using a 

linear model 

Regression coefficients of linear model 

 yp HR AR 

ai0 0.919382 1.004212 28.34874 

ai1 -0.00076 -0.13374 0.270736 

ai2 0.009597 1.210582 10.61904 

ai3 -0.00278 -0.1355 -0.58098 
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Table IV.8 Regression coefficients of the tested correlations by using a 

semi-quadratic model 

Regression coefficients of semi-quadratic model 

 yp HR AR 

ai0 0.694293 109.2417 2.296001 

ai1 0.012854 -0.18509 0.399152 

ai2 0.002261 -0.84799 0.399519 

ai3 0.00697 0.014923 -0.05789 

ai4 -0.00011 0.002982 -5.3x10
-5

 

ai5 -0.00015 -0.00468 -0.00281 

ai6 0.00005 0.003751 -0.00342 

Table IV.9 Regression coefficients of the tested correlations by using a 

quadratic model 

Regression coefficients of quadratic model 

 yp HR AR 

ai0 2.43505 -0.02107 -179.975 

ai1 -0.00200 2.13873 6.48339 

ai2 -0.02689 -0.64221 -0.88212 

ai3 0.00953 -0.12999 -2.63559 

ai4 0.00000 0.00230 0.00514 

ai5 -0.00011 -0.005 -0.00049 

ai6 0.00014 0.003 -0.00234 

ai7 0.00003 -0.012 -0.03580 

ai8 0.00011 -0.001 0.00501 

ai9 -0.00017 0.003 0.03004 

To assess how well a model describes (and potentially predicts) the 

experimental data, the coefficient of determination (𝑅2) was calculated (see 

Table IV.10). In statistical analysis, 𝑅2, commonly known as ‘‘R-squared’’, 

is a guideline to measure the accuracy of the model equation to describe the 

experimental values (if (𝑅2 = 0) the model does not describe well the data; 

if (𝑅2 = 1) the data are explained and predicted very well from the model). 
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Table IV.10 R-square values of the response variables (yp, HR, and AR) 

 R-square (R2) 

Responsive variables yp HR AR 

Linear model 0.581 0.101 0.310 

Semi-quadratic model 0.720 0.725 0.951 

Quadratic model 0.988 0.892 0.962 

Before choosing the type of correlation to be used as a predictive tool in a 

granulation study, a further comparison between the different proposed 

regression models was made performing the Akaike analysis (Snipes and 

Taylor, 2014, Akaike, 1974). The Akaike Information Criterion (AIC) is a 

measure of how the increase in the number of parameters (regression 

coefficients) really improves the prediction of a model. The selection of the 

best predictive model, according to Akaike, was determined by using the eq. 

(IV.7), where n is the number of data points; 𝑆𝑆𝐸2 is the sum of square 

errors for the model with more parameters; 𝑆𝑆𝐸 1is the sum of square errors 

for the model with fewer parameters; and 𝛥𝜋 is the difference between the 

number of parameters for the two compared models (Barba et al., 2009a). 

𝛥𝐴𝐼𝐶 = 𝑛 𝑙𝑛 (𝑆𝑆𝐸2 𝑆𝑆𝐸1)⁄ + 2 𝛥 𝜋 (IV.7) 

If the 𝛥𝐴𝐼𝐶 is negative the model with more parameters is more correctly 

used. In this case, the use of the chosen correlation was also statistically 

justified. In this study Akaike Information Criterion analysis results (Table 

IV.11) and R-square calculations (Table IV.10) have shown that the best 

suitable correlation was attained by using the second-order polynomial 

equation (quadratic model, eq. (IV.6)) for the product yield and HR, whereas 

AR experimental data were well described by the semi-quadratic one (eq. 

(IV.5)).  

Table IV.11 𝛥𝐴𝐼𝐶 values of the response variables (𝑦𝑝, HR, and AR) 

 ΔAIC 

Responsive variables yp HR AR 

Compared linear/semi-quadratic model -0.0562 -9.33 -27.66 

Compared semi-quadratic/quadratic model -41.60 -10.50 2.12 

Experimental data and calculated values of product yield, Hausner Ratio 

and Angle of Repose were compared and illustrated in Figure IV.2, IV.3 and 

IV.4, respectively. It is noteworthy that experimental data are nicely fitted 

from the developed correlations. 
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Figure IV.2 Comparison between experimental and calculated product yield 

data (calculated using a semi-quadratic fitting model) 

 

Figure IV.3 Comparison between experimental and calculated Hausner 

Ratio data (calculated using a semi-quadratic fitting model) 
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Figure IV.4 Comparison between experimental and calculated Angle of 

Repose data (calculated using a semi-quadratic fitting model) 

Table IV.12 Combination of levels not present in the plan work 

 Operative variables 

run 

Impeller rotation 

speed 

 [rpm] 

Binder to powder 

ratio 

[-] 

Binder phase flow 

rate 

[ml/min] 

1 112 2 34 

2 93 2 58 

3 72 1 34 

Table IV.13 Correlations’ validations: experimental data and predicted 

value for combination of levels not present in the plan work 

 Responsive variables 

run 𝑦𝑝 [%] HR [-] AR [degree] 

 Exp. Pred. Exp. Pred. Exp. Pred. 

1 66.1±1.8 51.8 1.1±3x10
-2

 1.2 34.3±3.6 29.7 

2 42.6±5.4 55.0 1.1±1x10
-2

 1.1 36.9±1.7 35.8 

3 27.6±5 28.1 1.3±3x10
-2

 1.5 55.1±5.9 56.6 
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With the aim of validating the proposed correlations several granulation 

tests were carried out by applying the combination levels of operative 

parameters not included in the work plan (see Table IV.12). These 

experimental tests have been intended as possible changes of conditions in 

granulation processes. As can be seen from data reported in Table IV.13, the 

developed correlations showed high predictive performance. In principle, 

these correlations are thus capable of predicting the value of variable 

responses at different operating conditions, being limited to the investigated 

system. However, they can be extended to HMPC similar particulate solids 

(i.e. materials with comparable features or non-perturbing active ingredients 

included in HPMC granules).  
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IV.2 Effect of vitamin payload on physicochemical, mechanical 

and release properties of HPMC granules 

IV.2.1 Generalities 

As already presented in the previous chapters, granules can constitute a 

good delivery system for drug/functional molecules for oral 

administrations/food preparations. Under technological point of view, 

granules present better global handling performances respect to powders: 

they are easy to dose, to dissolve and to administrate and they improve 

several properties of the powders, such as size, flowability and 

compressibility. These are the reasons for wide studies focused on their 

possible applications (Scala-Bertola et al., 2009, Hussein et al., 2008, Soni et 

al., 2013, Singh et al., 2015). Furthermore, many literature studies reported 

that the hydroxypropyl methylcellulose (HPMC), thanks its properties, 

described in the paragraph IV.1.2.1 is the most employed excipient in the 

formulation of hydrogel-based matrices in form of tablets or granules in 

order to obtain controlled release oral solid dosage systems (Barba et al., 

2009b, Herder et al., 2006, Li et al., 2005, Siepmann and Peppas, 2012). 

In light of that, in the following study, unloaded HPMC granules (used as 

control) and HPMC granules loaded with a model molecule, vitamin B12, 

were produced by the wet granulation process, with the aim to investigate 

their technological properties when active ingredients are added (influence 

of the payload on granules properties). Systems composed of HPMC and 

vitamin B12 are available on the market in form of tablets (for an example 

HealthAid Tablets with Cyanocobalamin 1000 μg, daily suggested dose) 

which contain microcrystalline cellulose, HPMC and di-calcium phosphate 

as bulking agent. Thus the efficacy of HPMC to get a sustained release of 

B12 is already demonstrated. Granules, however, can offer several 

advantages in order to realize customized dosage and oral administration to 

patients who have difficulty taking tablets. Therefore, the features of 

unloaded and loaded HPMC granules (size 0.45-2 mm) were studied in 

terms of physicochemical, mechanical and release properties to explore the 

effect of vitamin load and to understand if the HPMC is suitable, in granular 

form, to entrap and protect the vitamin B12. 

IV.2.2 Materials  

Hydroxypropyl methylcellulose (HPMC 20, purchased from Pentachem 

Srl, San Clemente RN – Italy) was used as polymeric powder, whose 

properties were described in the paragraph IV.1.2.1. Vitamin B12 

(hydrophilic molecule, CAS 68-19-9, supplied by Sigma-Aldrich Srl, Milan 

– ITALY) was used in powder form as model molecule. Polymeric and B12 
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powders were used as received. Distilled water was used as binder liquid 

phase. 

IV.2.2.1 Vitamin B12 

Vitamin B12 (or Cyanocobalamin) is a hydrophilic molecule (solubility 

in water at 25 °C=12.5 g/l) that prevents the cardiovascular diseases and 

plays a key role in the formation of blood and in the normal functioning of 

the nervous system and brain (Knyazev et al., 2014). Literature studies 

showed that the absorption of vitamin B12 from food is not sufficient for 

subjects with high deficiency of it (Eussen et al., 2005). The deficiency is 

usually treated by intramuscular injections of vitamin B12, although, it was 

observed that the oral administration by food supplementations is more 

effective than intramuscular injections (Eussen et al., 2005). Moreover, oral 

administration has more patient compliance and it is less invasive. 

IV.2.3 Methodologies 

Unloaded HPMC granules (𝐺1 granules, used as control) and vitamin 

B12-loaded granules (𝐺1-B12) were manufactured by the wet granulation 

process, using operating conditions optimized in the previous study (see 

paragraph IV.1.4.2) in order to produce a high product yield and a solid 

particulate with good flow properties. In particular, the unloaded and loaded 

granules production was performed using the procedure reported in the 

paragraph III.3.1 and III.3.2, respectively, and applying dedicated protocols 

of stabilization and separation, as described in the paragraph III.2. Briefly, 

each batch (50 g of HPMC powders) was processed in a single pot using an 

impeller with the rotation speed of 112 rpm, a binder to powder ratio of 2, 

i.e. a binder phase volume of 100 ml, and a binder phase flow rate of 17 

ml/min. Three different payloads of vitamin B12 (1 %, 2.3 % and 5 % w/w) 

were assayed and the payload was determined in agreement with the eq. 

(III.1), reported in the paragraph III.3.2. The vitamin B12 was incorporated 

in the HPMC granules by pre-dissolving it in the liquid binder phase 

(method 1, see paragraph III.3.2). To study the impact of a different kind of 

loading vitamin B12 was also incorporated as powder in HPMC powders 

batch mixing at a rotation rate of impellers of 78 rpm for 10 min (method 2, 

see paragraph III.3.2). Only the dry suitable fraction for practical uses, 0.45–

2 mm in size, was fully characterized in terms of moisture content, size and 

particle size distribution, flow, mechanical and release properties by using 

the protocols described in the paragraphs III.5 and III.6. The product yield 

and the manufacturing scraps (small and big scrap) were calculated in 

according to the eqs. ((IV.1), (IV.2) and (IV.3)), respectively, defined in the 

paragraph IV.1.3. The effect of the vitamin B12 payload (1 %, 2.3 %, 5 % 

w/w) on physicochemical, mechanical and release properties of HPMC 

granules (fraction with size between 0.45–2 mm) was evaluated by 

performing the characterization tests in triplicate. All the measurements were 
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expressed as mean values ± standard deviation and statistically compared 

(see paragraph III.5.6). 

IV.2.4 Results and discussions  

IV.2.4.1 Effect of payload on physical granules properties 

In Table IV.14 were reported the values of product yield, flow indices, 

residual moisture content and mean particle size of unloaded granules (𝐺1) 

and vitamin B12-loaded granules (𝐺1-B12) at three different payloads.  

Table IV.14 Unloaded and loaded granule properties (size 0.45–2 mm) in 

terms of product yields, flow indices, residual moisture content and mean 

particle size, obtained after drying and sieving (big scrap: particle fraction 

with size greater than 2 mm; small scrap: particle fraction with size lower 

than 0.45 mm) 

 G1 granules 
G1-B12  

(payload 1 %) 

G1-B12  

(payload 2.3 %) 

G1-B12  

(payload 5 %) 

yp 

[%]±SD 
752±5.5 70.6±6.1 78.6±2.7 60.6±6.6x10-1 

Bp 

[%]±SD 
20.5±5.2 28.5±5.9 21.1±2.7 39±7.9x10-1 

Sp 

[%]±SD 
4.2±3.4x10-1 8.9x10-1±6.8 x10-1 3.5x10-1±8.3x10-2 3.8x10-1±1.2x10-1 

HR 

[-]±SD 
1.1±8.2x10-3 1.1±9x10-2 1.2±1.9x10-2 1.1±8.7x10-3 

CI 

[%]±SD 
8.3±6.7x10-1 8.5±2.9 16±1.3 8.6±7.3x10-1 

Moisture 

[%]±SD 
3.3±2.5x10-1 5±5x10-1 4.4±4.7x10-1 4.1±6.6x10-1 

Mean size 

[%]±SD 
7.9x10-1±3.6x10-1 8.4x10-1±3.9x10-1 1.2±5x10-1 8.9x10-1±4.2x10-1 

The results have highlighted that the incorporation of a load at 5 % of 

B12 in the HPMC powders produces a lower product yield (60.6±6.6x10−1 

%) and a higher big scrap (39±7.9x10−1 %) compared to the unloaded 

granules and those loaded with 1 % and 2.3 % of B12. Thus, a high amount 

of vitamin B12 perturbs the features of HPMC granules in terms of granule 

formation size, demonstrating also that the semi-empirical correlations 

described in the paragraph IV.1.4.3 are limited to low loads of vitamin B12. 
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Instead, the presence of vitamin B12 (1 %, 2.3 % and 5 %) in the granules 

does not alter the small scrap fractions of loaded granules (𝑝 > 0.05), but a 

decrease of the small scrap of loaded granules compared to the unloaded 

granules was obtained (𝑝 < 0.05).  

By comparing the residual moisture content of the unloaded and loaded 

granules after drying, no significant difference statistically was found 

(𝑝 > 0.05), except for the loaded granules with 1 % of B12, which appear to 

be more damp. Anyway, their water content is in usual industrial range, as 

well as reported in literature (Scala-Bertola et al., 2009). 

 

Figure IV.5 Particle Size Distributions (PSDs) of unloaded and loaded dry 

granules with size between 0.45–2 mm 

The granules flow abilities were estimated by characterizing the solid 

material in terms of Hausner Ratio and Compressibility Index. In agreement 

with U.S. Pharmacopeia (see paragraph III.5.2), the values for Carr Index 

and Hausner Ratio obtained for all granule types indicates better flow 

properties for the unloaded granules and those loaded with 1 % and 5 % of 

B12 than granules loaded at 2.3 % of B12. The PSDs are in accordance with 

these results (see Figure IV.5). In fact, the loaded granules at 2.3 % of B12 

have a wider broad granule size distribution ranging from 0.45 mm to 2 mm 

and thus there are particles less uniform in size, suggesting the reason of a 

different flowability of this product (𝑝 < 0.05). 

IV.2.4.2 Effect of payload on mechanical granules properties 

Unloaded and loaded granule mechanical properties were determined by 

compression tests, using the ad hoc built procedure, describe in the 

paragraph III.6.1. By compression analysis the force-deformation curves 
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were obtained, the maximum value of the force were determined, as plotted 

in Figure IV.6, and the granule strength was calculated according to eq. 

(III.9) and reported in Figure IV.7. 

 

Figure IV.6 Typical force-deformation curves obtained for loaded and 

unloaded dry granules with size between 0.71–1 mm 

 

Figure IV.7 Compression analyses: strength of unloaded and loaded dry 

granule for the three particle fractions (0.45-0.71 mm, 0.71–1 mm, 1–2 mm) 
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Results showed that the presence of vitamin B12 in the granules with size 

1–2 mm does not alter the hardness of loaded granules compared to 

unloaded granules (𝑝 > 0.05): similar granule strength value in 

corresponding to 90 % deformation was obtained. In granules with size 

0.45–0.71 mm, the vitamin B12 presence increases the strength of loaded 

granules respect with unloaded granules (𝑝 < 0.05). In particular, the 

granules with a payload at 5 % of B12 have a greater hardness compared to 

those unloaded and loaded at 1 % of B12, result also found for the granule 

with size 0.71–1 mm. This means that the granules at 5 % of B12 are harder.  

Some literature studies have suggested that the granules, as any solid, 

could to exhibit an elastoplastic deformation. About that, Hertz equation (see 

eq. (III.10)) was used to determine the granule elastic modulus by the force-

deformation curves. In according to the work of Mangwandi et al. (2007), 

the gradient of 𝐹2 vs 𝛥3 was monitored and the mean young modulus of 

unloaded and loaded granules was calculated from the slopes of the elastic 

portion. 

 

Figure IV.8 Compression analyses: young modulus of unloaded and loaded 

dry granule for three particle fractions (0.45-0.71 mm, 0.71–1 mm, 1–2 mm) 

Results of mechanical properties in terms of young modulus are shown in 

Figure IV.8. It was observed that the loaded granules at 5 % of B12, with 

size 0.45-0.71 mm and 0.71–1 mm, beyond to be more hard were also less 

elastic (𝑝 < 0.05) than those unloaded and loaded at 1 % of B12, suggesting 

perhaps a different structural arrangement, i.e. a different granule porosity at 

5 % of B12, as will be described in the paragraph IV.2.4.3. Thus, the 

presence of vitamin B12 has an influence on the elastic properties, in 

particular elastic modulus increases with increasing payload of vitamin B12 
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in the granules. For the granules at 2.3 % of B12, independently of the range 

size, granules more elastic were obtained compared to those unloaded and 

loaded at 1 % of B12. 

It is worth noting that, overall, during the compression tests, no 

fragmentation of unloaded and loaded granules was observed because their 

morphology is quite compact, as investigated by SEM analysis (see 

paragraph IV.2.4.3). 

IV.2.4.3 Effect of payload on morphological granule properties 

Morphological features of pure HPMC powders, unloaded and loaded 

granules were investigated by using Scanning Electron Micropy (SEM), 

describe in the paragraph III.5.3. The morphological investigations of the 

HPMC powders (Figure IV.9 (a)) shown thin and elongated particles and 

some polymer spheres, as similarly found in Albertini et al. (2008). These 

primary filaments can still be identified in the agglomerates of HPMC: some 

of them protrude out from the surface of the unloaded and loaded granule, as 

can be seen in Figure IV.9 (b) and Figure IV.9 (d), respectively.  

 

Figure IV.9 Scanning Electron Microscope: a) HPMC powders; b) HPMC 

granule; c) vitamin B12-loaded HPMC granule (payload 1 %); d) vitamin 

B12-loaded HPMC granule (payload 2.3 %); e) vitamin B12-loaded HPMC 

granule (payload 5 %) 
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Granules’ SEM images (from Figure IV.9 (b) to Figure IV.9 (e)) shown a 

quite irregular shape and a fairly rough and porous surface, as also reported 

in Herder et al. (2006). The structure of the granules appears altered by the 

load procedure. The SEM images shown that the presence of vitamin B12 

increases the porosity of the agglomerates. Particularly, with a payload at 5 

% of B12 granules with a more porous surface were achieved (Figure IV.9 

(e)). In this case, it was possible that the binder phase was more sequestered 

by the vitamin B12 and lends itself less to agglomerate the HPMC powders. 

Instead, a somewhat rough surface was observed in the granules loaded at 

2.3 % of B12 (Figure IV.9 (d)) and this could be the reasons of the low flow 

properties of these granules, as described above (see paragraph IV.2.4.1). At 

last, for all the kinds of prepared loaded granules, no needle shaped crystals 

of active molecule were found on the surface and this result is in agreement 

with DSC investigation. 

IV.2.4.4 Effect of payload on thermal granule properties 

To evaluate if the granulation process has changed the solid state of the 

vitamin B12, Differential Scanning Calorimetry (DSC) analysis was carried 

out by using the technique reported in the paragraph III.5.4. DSC 

thermograms of pure vitamin B12, pure HPMC powders, physical mixture of 

HPMC and vitamin B12, unloaded and loaded dry granules were illustrated 

in Figure IV.10.  

 

Figure IV.10 DSC scans of pure vitamin B12, pure HPMC powders, 

HPMC-vitamin B12 (payload 5 %) mixture, pure HPMC granules, HPMC 

granules with vitamin B12 (payloads 1 %, 2.3 %, 5 % w/w) 
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The thermal behaviour of the pure vitamin B12 shown a crystalline 

structure, exhibiting a broad endothermic peak in the range 60–120 °C, due 

to the loss of volatile components, and others three endothermic effects at 

about 231, 249, 257 °C, due to the decomposition of ligands coordinated to 

the cobalt atom, as reported in the work of Knyazev et al. (2014). The pure 

HPMC powders shown only one broad endothermic dehydration peak 

between 80 and 120 °C, related to the evaporation of moisture content. This 

result is in agreement with the literature data of Reverchon et al. (2008). The 

same HPMC peak can be seen in both unloaded and loaded granules. The 

physical mixture of HPMC and vitamin B12 at the highest payload (5 %) 

showed the endothermic peak at about 231 °C of crystalline vitamin B12, 

even not so pronounced due to the low concentration of vitamin itself. In the 

loaded granules no endothermic peak corresponding to vitamin B12 was 

detected. The absence of the endothermic peak of B12 in the granules 

emphasizes that the solid state properties of active molecule were modified 

by the wet granulation technique, showing an amorphous dispersion of 

vitamin B12 in the granules. 

IV.2.4.5 Effect of payload on release granule properties 

In literature, several methods have been applied to load an active 

molecule into solid carriers. In this work two loading methods were assayed, 

as reported in the paragraph III.3.2. In order to evaluate the effect of vitamin 

loading procedures on granules’ features, vitamin solution spray in HPMC 

powders (method 1) and vitamin powders in HPMC bulk powders (method 

2) were tested. Granulation tests were performed loading 1 % of vitamin 

B12; the loaded granules were dried, collected and sieved. Only the fraction 

with size between 0.45–2 mm was characterized and 1 g of them was 

dissolved in 1000 ml of distilled water at room conditions and 50 rpm, as 

described in the paragraph III.5.5.1. Product yield, Carr Index and Hausner 

Ratio were calculated and reported in Table IV.15. 

Table IV.15 Product yield, Hausner Ratio and Carr Index of vitamin B12-

loaded granules (payload 1 %, size 0.45-2 mm) obtained predissolving of 

vitamin B12 in binder phase volume) and method 2 (pre-mixing of vitamin 

B12 with the powders of HPMC at 78 rpm for 10 min) 

 
G1-B12 (payload 1 %) 

method 1 

G1-B12 (payload 1 %) 

method 2 

yp [%]±SD 70.6±6.1 70.9 ± 3.4 

HR [-]±SD 1.1±0.04 1.1 ± 0.07 

CI [%]±SD 8.1 ± 3.4 10.8 ± 5.9 
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Results showed that the loading method does not create statistically 

significant effects on the granule properties (yield and flow index values 

were kept constant), but it influences the vitamin B12 distribution inside the 

HPMC polymer matrix, as observed from photos in Figure IV.11, captured 

by using a digital camera (Canon IXUS 850 IS). The image analysis showed 

that the loaded HPMC granules coloration (B12 imparts a rose-colour to 

HPMC granules, which unloaded, instead, were white) is more uniform in 

the HPMC granules achieved by method 1 (see Figure IV.11 (a.)). This 

perhaps is reasonably due to the high solubility of vitamin B12 in the binder 

phase and to its uniform spray by the ultrasonic atomization device. 

a. 

 

b. 

 

Figure IV.11 Photos of vitamin B12 loaded HPMC granules (payload 1 %, 

size 0.45-2 mm) prepared by method 1 (predissolving of vitamin B12 in 

binder phase volume) and method 2 (pre-mixing of vitamin B12 with the 

powders of HPMC at 78 rpm for 10 min) 

As performed for the studies of the general and mechanical properties of 

loaded granules, loading method 1 was also applied to prepare batches for 

dissolution tests. The same three different payloads of vitamin B12 (1 %, 2.3 

% and 5 % w/w) were considered to investigate if the HPMC granules are 

able to retain the vitamin B12.  

Release studies were thus performed in agreement with the procedure 

described in the paragraph III.5.5.1; results are presented in Figure IV.12. In 

general, in Li et al. (2005) was reported that the drug release from 

hypromellose matrices and the hydration rate of the polymer depend on the 

hypromellose particle size and size distribution. However, in this work it was 

observed that all batch of loaded granules (size 0.45–2 mm) have the same 

mean diameter (𝑝 > 0.05) and thus the particle size does not influence the 

vitamin B12 release. Overall, it was observed that the release curves, 

achieved by simplified release tests as previously discussed in paragraph 

III.5.5.1, with the payload at 2.3 % and 5 % of B12 are not significantly 

different from each other (𝑝 > 0.05). As it is previously emphasized 

(paragraph IV.2.4.1) the high vitamin payload of B12 (5 % w/w) produces a 

large amount of big scrap and porous structures. This suggested the why 

there are not difference in the percentage of vitamin B12 released at 2.3 % 
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and 5 %: part of the B12 was in the big scrap which was not assayed. For a 

payload at 1 %, a slower release with respect to 2.3 % and 5 % was obtained. 

In particular, results showed that already at 15 min, granules with a payload 

at 1 % of B12 exhibits lower release profiles with respect to those loaded at 

2.3 % and 5 % of B12 (𝑝 < 0.05); after 2 h the amount of B12 released was 

around 60 % for a payload with 1 % of B12, while, for a payload at 2.3 % 

and 5 % of B12 was about 90 %. 

 

Figure IV.12 Percentage of vitamin B12 released from HPMC granules 

(granules size 0.45–2 mm; payloads 1 %, 2.3 % and 5 % w/w) 

 

Figure IV.13 Percentage of vitamin B12 released from HPMC granules 

(granules size 0.45–2 mm; payloads 1 %, 2.3 % and 5 % w/w) after 1 

months of storage at room conditions 
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Finally, to investigate the vitamin stability in the granules, release tests 

were carried out after 1 months of storage at room conditions, always 

adopting the procedure reported in the paragraph III.5.5.1. The vitamin B12 

release profiles are presented in Figure IV.13.  

The results showed that there are not relevant differences in terms of 

release properties between aged and fresh-prepared granules, suggesting a 

physical stability of the aged granules, at least for the examined time. This 

has confirmed the achievement of stable loaded granules.  

It is important to note that already at 1 % of vitamin B12, a small amount 

of loaded granules, 100 mg, contains the recommended dose for oral 

administration by food supplementations (1 mg to day). 
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IV.3 Effect of binder phase and active molecule solubility on 

granules properties 

IV.3.1 Generalities  

Hydroxypropyl methylcellulose (HPMC) is one of the most important 

hydrophilic ingredients used in hydrogel matrices preparation in the form of 

tablets or granules. Drug release from HPMC matrix involves complex 

mechanisms (swelling, erosion, diffusion), which depend on the substitution 

pattern, content and viscosity of the polymer (Ghimire et al. (2010), Cheong 

et al., 1992, Gao et al., 1996, Jain et al., 2014, Ishikawa et al., 2000), 

solubility and particle size of the drug (Craig, 2002, Tahara et al., 1996), 

drug concentration in the gel layer (Bettini et al., 2001), presence of other 

polymers and excipients in addition to HPMC (Levina and Rajabi‐
Siahboomi, 2004), surface area and shape of the tablets (Caccavo et al., 

2017a), method of incorporating of the materials, mixing time, compression 

force, and dissolution conditions (Velasco et al., 1999, Fuertes et al., 2010, 

Ohara et al., 2005). Several researchers reported that molecules with high 

solubility in water follow the diffusion release mechanism, whilst, poorly 

water soluble molecules are mainly released by an erosion mechanism (Li et 

al., 2005, Maderuelo et al., 2011, Viridén et al., 2009, Sung et al., 1996). In 

general, it is known that HPMC can be easily incorporated to form tablets by 

direct compression of its powder, by accommodating high levels of drug 

loading (Ghimire et al., 2010, Li et al., 2005). However, the drug-HPMC 

mixtures do not always have suitable compressibility degree and flow 

properties. Thus, compression of loaded HPMC granules is preferred before 

tableting. Wet granulation can be a good choice to produce granular forms 

and the selection of the proper wetting phase is important to assure 

reproducibility of HPMC based granules (McConville et al., 2004, Cao et al., 

2005, Darunkaisorn et al., 2009). 

Therefore, due to the importance of obtaining granular products with 

good physical, mechanical and release properties for the production of 

suitable pharmaceutical/nutraceutical dosage forms, aim of the following 

study was to investigate the effects of a hydrophilic (vitamin B12) model 

molecule and a lipophilic (vitamin D2) one on HPMC granules features. 

Because of the different hydrophilicity the effect of binder phase on granules 

physical, mechanical and release properties was also investigated.  

IV.3.2 Materials  

Hydroxypropyl methylcellulose (HPMC 20, supplied by Pentachem Srl, 

San Clemente RN-Italy) was used as polymeric powder forming granules, 

whose properties were described in the paragraph IV.1.2.1. Vitamin B12 

(hydrophilic molecule, CAS n. 68-19-9, purchased from Sigma-Aldrich Srl, 
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Milan-Italy), whose properties were presented in the paragraph IV.2.2.1, and 

vitamin D2 (lipophilic molecule, CAS n. 50-14-6, supplied by Alfa Aesar 

Thermo Fisher (Kandel) GmbH, Germany) were incorporated, as model 

molecules, in HPMC powders by means of the wetting phase. All the 

powders were used as received. Distilled water and ethanol (CAS n. 64-17-5, 

purchased from Sigma-Aldrich Srl, Milan-Italy) were used to prepare the 

binder phases. Phenol (CAS n. 108-95-2, supplied by Sigma Aldrich Srl, 

concentration≥99% v/v) and sulfuric acid (CAS n. 7664-93-9, supplied by 

Sigma-Aldrich Srl, concentration 95–98 % v/v) were used for the 

quantitative colorimetric micro-determination of sugars (HPMC) in order to 

investigate the HPMC erosion rate of granules (Dubois et al., 1956). 

IV.3.2.1 Vitamin D2 

Vitamin D is a lipophilic molecule able to adjust the in vivo 

metabolization of calcium and phosphorus. Its deficiency causes an 

increased risk of many diseases, including some cancers, type 1 diabetes, 

cardiovascular disease, and osteoporosis (Barba et al., 2015). Ergocalciferol 

(vitamin D2, lipophilic molecule, solubility in water at 25 °C=12.6*10-9 g/l, 

solubility in ethanol at 25 °C=20 g/l) is one of the two common forms of 

vitamin D, synthesized in plants in presence of sunlight. Generally, the 

vitamin D is provided as an oil preparation or as a stabilized powder 

containing an antioxidant, such as a-tocopherol, because alone shows 

decomposition after only a few days of storage in air at room temperature: it 

is subjected to oxidation by the atmospheric oxygen and also isomerized in 

presence of light and under acidic conditions (Patel and San Martin‐
Gonzalez, 2012, Barba et al., 2015). Moreover, these preparations are 

typically provided in lightproof containers with inert gas flushing (Barba et 

al., 2015, Skibsted et al., 2010). Thus, new techniques for enhancing 

vitamins content, stability and bioavailability are currently developed. 

However, in several encapsulation methods, solvents, that are often not 

allowed by Pharmacopeia, are needed to solubilize hydrophobic polymers, 

and can cause vitamins degradation (Moebus et al., 2012, Barba et al., 2015). 

IV.3.3 Methodologies 

Unloaded HPMC granules (𝐺2) and vitamin D2-loaded HPMC granules 

(𝐺2-D2) with size of 0.45-2 mm were prepared by the wet granulation 

technique applying the same procedure, the same operating conditions and 

the same dedicated protocols of stabilization and separation used with the 

production of unloaded HPMC granules (𝐺1) and vitamin B12 loaded HPMC 

granules (𝐺1-B12) (see paragraph IV.2.3). The vitamin was incorporated in 

the HPMC granules by pre-dissolving it in the binder phase, because it was 

demonstrated that this loading method allowed a better degree of dispersion 

of the active molecule inside granules (see paragraph IV.2.4.5). The payload 

percentages investigated were: 1 % and 2.3 % w/w of active molecule, 
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calculated in agreement with eq. (III.1), reported in the paragraph III.3.2. 

Due to the different solubility of the two model molecules in water (B12 is 

hydrophilic and D2 is lipophilic), two different binder phase were used: 

distilled water for 𝐺1 and 𝐺1-B12, as already seen in the paragraph IV.2.3, 

and a solution of ethanol and water with a 75/25 v/v ratio for 𝐺2 and 𝐺2-D2. 

In particular, the vitamin B12 was directly dissolved in 100 ml of distilled 

water (𝐺1-B12 granules), while, the vitamin D2 was first dissolved in 75 ml 

of ethanol for its lipophilic feature and then diluted with 25 ml of distilled 

water (𝐺2-D2 granules). The unloaded granules (𝐺1 and 𝐺2) were used as 

control. Only the size fraction 0.45-2 mm was characterized in terms of 

moisture content, size and particle size distribution, flow, mechanical and 

release properties by using the protocols described in the paragraphs III.5 

and III.6. The product yield and the manufacturing scraps (small and big 

scrap) were calculated in according to the eqs. ((IV.1), (IV.2) and (IV.3)), 

respectively, defined in the paragraph IV.1.3. The effects of two formulation 

variables, molecule solubility and binder type, on physical, mechanical and 

release properties were investigated by performing the characterization tests 

in triplicate. All the measurements were expressed as mean values ± standard 

deviation and statistically compared (see paragraph III.5.6). 

IV.3.4 Results and discussions  

IV.3.4.1 Effect of binder phase and vitamin solubility on physical 

granule properties 

Results of the product yield of control (𝐺1 and 𝐺2) and loaded granules 

(𝐺1-B12 and 𝐺2-D2) are shown in Table IV.16. The use of ethanol in 

granulation liquid (for the control granules 𝐺2) reduces the granulation 

performance. A large amount of fine particles (size lower than 0.45 mm) was 

obtained (small scrap 31.2 %±0.2), thus causing a product yield (57.9 

%±0.9) lower than the one obtained with the 𝐺1 granules (75.2 %±5.5). 

Moreover, the mean size (𝑑𝑔) in the useful fraction was reduced: 𝑑 𝑔 was 

about 0.8 mm and 0.5 mm for 𝐺1 and 𝐺2, respectively. Influence of the 

granulation liquid on size and agglomeration of HPMC granules could be 

explained on the basis of the wetting efficiency and the degree of granulation 

liquid saturation among the granule particles during the granulation process. 

In particular, a higher degree of granulation liquid saturation is associated 

with a larger amount of granulation liquid on the granule surface, producing 

a larger granules size due to enhanced compaction and coalescence (Cao et 

al., 2005). Therefore, the use of water alone as a granulation liquid induces a 

higher saturation for 𝐺1 granules, tending to a larger plastic deformation as a 

result of the large number of collisions. These latter lead to the formation of 

larger and compact granules, as visible in Figure IV.14 (𝐺2-a). 
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Table IV.16 Physical properties of the unloaded granules (𝐺1 and 𝐺2) and 

of those loaded with vitamin B12 and vitamin D2, obtained after drying and 

sieving (granule size 0.45-2 mm), in terms of product yields, manufacturing 

scrap (big scrap and small scrap) and flow indices. Data were expressed as 

mean value ± standard deviation (SD) 

 
G1 granules 

(water as binder) 

G1-B12 

(payload 1 %) 

G1-B12  

(payload 2.3 %) 

yp (%) ± SD 75.2±5.5 70.6±6.1 78.6±2.7 

Bp (%) ± SD 20.5±5.1 28.5±5.9 21.1±2.7 

Sp (%) ±SD 4.2±0.3 0.9±0.7 0.4±0.1 

ρb  (kg/m
3
) ± SD 197.0±4.7 213.3±8.6 227.3±13.9 

ρt (kg/m
3
) ± SD 214.0±5.3 233.3±9.9 270.4±12.4 

HR (-) ± SD 1.09±0.01 1.09±0.03 1.19±0.02 

CI (%) ± SD 8.3±0.7 8.5±2.9 16.0±1.3 

dg (mm) ± SD 0.79±0.36 0.84±0.39 1.16±0.51 

Moisture (%) ± SD 3.3±0.2 5.0±0.5 4.4±0.5 

 

G2 granules 

(ethanol-water  

as binder) 

G2-D2 

(payload 1 %) 

G2-D2  

(payload 2.3 %) 

yp (%) ± SD 57.9±0.9 54.0±1.3 58.5±3.6 

Bp (%) ± SD 10.9±1.1 5.72±4.4 10.7±3.9 

Sp (%) ±SD 31.2±0.2 40.3±5.7 30.7±0.3 

ρb  (kg/m
3
) ± SD 148.3±4.2 166.2±7.7 173.9±1.1 

ρt  (kg/m
3
) ± SD 171.0±0.8 192.5±7.7 203.7±3.8 

HR (-) ± SD 1.15±0.03 1.16±0.01 1.17±0.01 

CI (%) ± SD 13.2±2.1 13.7±0.5 14.6±1.1 

dg (mm) ± SD 0.49±0.21 0.51±0.21 0.49±0.21 

Moisture (%) ± SD 3.8±0.1 4.4±0.2 4.3±0.3 

On the contrary, the lower saturation degree in 𝐺2 granules causes less 

collisions, preserving the filamentous structure of the HPMC powder, with a 

high intraparticle porosity (Figure IV.14 (𝐺2-b)). However, in 𝐺2 granules 

there is a little fraction of larger, perhaps more saturated particles (Figure 

IV.14 (𝐺2-a)), that are similar in shape to 𝐺1 granules (Figure IV.14 (𝐺1-a)). 
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Thus, as 𝐺1 granule mean size is larger than the 𝐺2 one, the shape of the 

smaller fraction of 𝐺1 granules (Figure IV.14 (𝐺1-b)) is more defined than 

that of mean size fraction of 𝐺2 granules (Figure IV.14 (𝐺2-b)). 

 

Figure IV.14 Microscope (Leica DM-LP) photos of 𝐺1 and 𝐺2 granules (a, 

larger size; b, smaller size). 4 X magnification 

 

Figure IV.15 Particle Size Distributions (PSDs) of granules (0.45-2 mm in 

size) unloaded (𝐺1, 𝐺2) and loaded with 1 % and 2.3 % of vitamins (𝐺1-B12, 

𝐺2-D2) 

𝐺2 granules had bulk and tapped densities smaller than the 𝐺1 granules, 

i.e. the 𝐺2 granule mass occupied a greater volume than 𝐺1 granules. This 
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confirms that ethanol in the binder produces granules with a less defined 

shape (as already shown in Figure IV.14). 

The granule flowability was “excellent”, in accordance with US 

Pharmacopeia, only for 𝐺1 granules (1 < HR < 1.11; CI < 10 %), as reported 

in Table IV.16: CI and HR (13.2 %, 1.15, respectively) of 𝐺2 granules were 

larger than CI and HR values (8.3 %, 1.09, respectively) of 𝐺1. The smaller 

mean size and the less defined shape of 𝐺2 granules gave them thus a worse 

flowability. 

Presence of the lipophilic molecule did not influence neither size nor size 

distribution of the loaded granules (Table IV.16 and Figure IV.15, 

respectively): for 𝐺2 granules the size remained unchanged after the loading 

procedure. In fact, as can be noted in Figure IV.15, the particle size 

distribution (PSD) of the useful fraction (0.45-2 mm) of 𝐺2 granules is 

similar for both loaded and unloaded granules. Instead, the presence of the 

hydrophilic molecule altered both the size and the size distribution of the 𝐺1 

granules, especially at high payloads (2.3 % of B12), causing a worse 

flowability, as already observed in a previous work (see paragraph IV.2.4.1), 

a flowability worse than the one of 𝐺2-D2 granules. In addition, increase in 

loading of active molecules (both vitamin B12 and vitamin D2). In addition, 

as it can be seen in Table IV.16, the increase in loading of active molecules 

(both vitamin B12 and vitamin D2) caused an increase of bulk and tapped 

density, due to a larger filling of voids in the solid particulate, obtaining thus 

matrices with more compact structures. Moreover, B12 had an impact on the 

granules physical properties, larger than to D2, due to its larger molecular 

weight and, consequently larger hydrodynamic radius (MW: B12=1355.4 

g/mol, D2=396.7 g/mol; Stokes radius: B12=0.85 nm, D2=0.47 nm), causing 

a higher steric hindrance and a relevant higher filling of the void degree.  

The residual moisture was almost the same for all types of granule 

(p>0.05) even if a little increase was observed when the active molecule was 

loaded, perhaps for the more compact structure keeping more water inside. 

IV.3.4.2 Effect of binder phase and vitamin solubility on mechanical 

granule properties 

Similar results were obtained from mechanical tests, as reported in Figure 

IV.16. Granules were compressed by a probe, recording the force required 

for deformation (see paragraph III.6.1). Granule strength (i.e. granule 

hardness) was defined as the maximum force value acting on the granule 

surface, according to eq. (III.9): the greater the granule strength, the harder 

the particles. Therefore, for the same particle size range (0.45-0.71 mm, 

0.71-1 mm, 1-2 mm), 𝐺1 granules required a greater force than the 𝐺2 ones, 

to attain the same deformation, confirming that 𝐺1 granules had a harder 

structure and a more defined shape. Vitamins loading increased the granule 

strength owing to a more compact structure, in agreement with Chevalier et 

al. (2010), that observed the ibuprofen loading effect on mechanical 
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properties of calcium phosphate granules. The results confirmed that the 

final mechanical properties of the granules depend on both the product 

composition and the individual components, as already suggested by other 

researchers (Caccavo et al., 2017b, Mangwandi et al., 2014). 

 

Figure IV.16 Mechanical properties of the unloaded and loaded granules 

with size between 0.45-0.71 mm, 0.71-1 mm and 1-2 mm, in terms of granule 

strength. Data are shown as mean value ± standard deviation (SD) 

IV.3.4.3 Effect of binder phase and vitamin solubility on release and 

erosion granule properties 

Dissolution tests of HPMC granules loaded with hydrophilic and 

lipophilic molecules (𝐺1-B12 and 𝐺2-D2) were performed by using the 

procedure reported in the paragraph III.5.5.1, in order to investigate the 

effect of the vitamin solubility on the release mechanism from swellable and 

erodible hydrophilic matrices of HPMC in granules form. Released vitamin 

percentage from granules was defined in according to the eq. (III.7) and 

release profiles were reported in Figure IV.17. The lipophilic molecule 

(vitamin D2) was more slowly released than the hydrophilic one (vitamin 

B12). Actually, water-insoluble molecules tend to have slower release rates 

(Maderuelo et al., 2011). Moreover, the payloads influences the release rate 

for 𝐺1-B12 granules: the higher the payload (2.3 % than 1 %) the greater the 

release rate. For example, after 60 min the 𝐺1-B12-2.3% granules had 

already released 80% of vitamin B12, whereas granules loaded at 1 % 

showed a release of about 45 %. 𝐺2 granules exhibit a slower vitamin release 

than the 𝐺1 ones. After 3 hours, B12 was fully released from the G1-B12 

granules, while only the 14-15 % of D2 was released from 𝐺2-D2 granules 
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(for both payloads). The main mechanism responsible for the molecule 

release is thus the outer layer erosion of the HPMC granules for vitamin D2, 

while for vitamin B12 this is attributed to the diffusion of the dissolved 

molecule through the matrix gel layer (Maderuelo et al., 2011, Fuertes et al., 

2010).  

 

Figure IV.17 Time profiles of the vitamin B12 and vitamin D2 percentage 

released from 𝐺1 and 𝐺2 granules, respectively. The experiments were 

performed in distilled water at room temperature, pH 6.5 and under 50 rpm 

stirring. Data are shown as mean ± standard deviation (repeatability 3) 

To confirm the hypothesis, measurements of the released HPMC from 

unloaded granules (𝐺1 and 𝐺2) into the same dissolution medium were 

performed (see paragraph III.5.5.2). Eroded HPMC percentage from 

granules was defined in according to the eq. (III.8) and the erosion profiles 

of the HPMC granules-matrices were plotted in Figure IV.18. The results 

showed that the polymer erosion rate was slightly slower for the 𝐺1 granules, 

due to their greater mean size and the more compact and harder structure. 

However, the percentage of eroded matrix of both types of HPMC granules 

was globally of about 7 % at 15 min and between 13-14 % at 180 min during 

the dissolution test. 
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Figure IV.18 Time profiles of the eroded HPMC percentage from 𝐺1 and 𝐺2 

granules. The experiments were performed in distilled water at room 

temperature, pH 6.5 and under 50 rpm stirring. Data are shown as mean ± 

standard deviation (repeatability 3) 

 

Figure IV.19 Time profiles of the eroded HPMC and released vitamin B12 

percentage from 𝐺1 granules (payloads 1 % and 2.3 %) 

In Figure IV.19 the time profiles of the eroded HPMC and released 

vitamin B12 percentage from 𝐺1 granules (payloads 1 % and 2.3 %) was 
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plotted. Instead, in Figure IV.20 are reported those of the eroded HPMC and 

released vitamin D2 percentage from 𝐺1 granules (payloads 1 % and 2.3 %).  

 

Figure IV.20 Time profiles of the eroded HPMC and released vitamin D2 

percentage from 𝐺2 granules (payloads 1 % and 2.3 %) 

By comparing vitamins release to HPMC erosion data from matrices in 

granular form (Figure IV.19 and Figure IV.20), it was observed that the 

HPMC erosion rate of 𝐺2 granules was similar to the vitamin D2 release rate 

from the same granules 𝐺2-D2 (𝑝 > 0.05), confirming that the water-

insoluble molecules mainly tend to follow a release mechanism based on a 

polymeric matrix erosion process (see Figure IV.20). On the contrary, the 

vitamin B12 release rate from 𝐺2-B12 granules was faster than the unloaded 

granules erosion (see Figure IV.19), demonstrating that the water-soluble 

molecules dissolve and diffuse through the hydrated gel layer. 

To quantify the different contributions of erosion and diffusion in the B12 

release shown in Figure IV.19, a mechanistic model accounting for drug 

release, diffusion and erosion should be adopted (see for example studies 

reported in Siepmann and Peppas (2001), Lamberti et al. (2011), and 

Siepmann and Peppas (2000)). 
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IV.4 Chapter IV remarks  

Nowadays, for both marketing reasons and technological aspects, the 

granules are the final products of a wide range of industrial transformations 

in pharmaceutical, nutraceutical, food, cosmetic, and zootechnical fields. 

Indeed, granules improve several properties of the powders, such as size, 

flowability and compressibility and can constitute a good delivery system for 

drug/functional molecules for oral administrations/food preparations. 

The impact that the formulation and process variables have on final 

granule properties is continuously studied to predict the final product quality 

in order to achieve granules with toiled features. Despite that, in literature, 

experimental data and related mathematical correlations giving the combined 

effect of impeller rotation speed, binder to powder ratio, and binder phase 

flow rate on product yield and on flow index are not available, at least for 

granulation systems similar to that used in this work.  

In this study, hydroxypropyl methylcellulose (HPMC) powder was 

agglomerated in a bench scale low-shear granulator apparatus by wet 

granulation process, spraying distilled water as binder phase by ultrasonic 

atomization device. Unloaded and loaded granulated are produced and 

characterized. 

The Central Composite Design (CCD) statistical protocol was applied for 

planning the experimental campaign of HPMC granules production with 

sizes between 0.45-2 mm (sizes suitable for food, pharmaceutical and 

zootechnical applications). Three process variables (impeller rotation speed, 

binder to powder ratio, and binder phase flow rate), each at three intensities, 

were varied to assay their impact on the resulting dry granulated, in terms of 

product yield (% w/w of dry granules with sizes between 0.45 mm and 2 

mm), residual moisture content, compressibility and flowability properties. 

The performed tests have confirmed that the granule properties depend on 

the formulation and process variables. There are process operating 

conditions, which combined together cause failure of the aggregation 

phenomena; others instead, achieve clusters of powder and binder, i.e., 

overwetting phenomena, that is a condition to avoid. The best conditions of 

granulation, able to produce granules with a defined size (450–2000 mm) 

and good flowability together with a high product yield, to reduce 

manufacturing scrap, were obtained by working with a high impeller rotation 

speed, i.e., 112 rpm, a high binder phase volume, i.e., 100 ml, and a low 

binder flow rate, i.e., 17 ml/min. Then, mathematical correlations between 

granule properties and process parameters were developed by describing the 

experimental data with several model equations. Akaike information 

criterion and R-square calculations showed that the best comparison between 

experimental data and model predicted values was attained by using the 

second-order polynomial equation. The proposed correlations were then 

validated by new granulation tests, not included in the work plan provided 
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by CCD method, underlining their ability to predict the granule final 

properties in terms of flowability and product yield. 

HPMC, thanks its versatile properties, is the most employed excipient in 

the formulation of hydrogel-based matrices in form of tablets or granules in 

order to obtain controlled release oral solid dosage systems. Therefore, the 

found combination of process parameters (for granules better final 

properties) was thus used in the production of loaded granules, with the aim 

to evaluate the effect of three formulation variables, molecule payload, 

molecule solubility and binder type, on their physical, mechanical, and 

release properties. First of all, the best loading method for a hydrophilic 

molecule, vitamin B12, in HPMC granules was investigated. Vitamin B12 

was incorporated in the HPMC granules by two different loading methods: 

according to the method 1, it was dissolved in the liquid binder phase (here, 

the binder was a solution of water and vitamin B12); according to the 

method 2, the vitamin B12 was premixed with HPMC powders at an 

impeller rotation rate of 78 rpm for 10 min. It was observed that the loading 

method did not have significant effects on either the granules flowability or 

the yield, but a better dispersion of vitamin B12 inside the HPMC polymer 

matrix was achieved by the method 1, perhaps thanks to the high solubility 

of this vitamin in the binder and the relevant uniform spray by the ultrasonic 

atomization device. Thus, by exploiting the most successful method 1, three 

different payloads of B12 (1 %, 2.3 %, and 5% w/w) were tested. It was 

observed that a high vitamin payload (5%) reduces the product yield and 

brought to the formation of granules with a harder and less elastic structure if 

compared to unloaded ones and those loaded at 1 % and 2.3 % of B12. 

Vitamin release kinetics was slower when it was added with 1 % payload, 

thus suggesting a better incorporation. Moreover, the fresh and one month-

aged granules showed release kinetics similar, thus no effect of the storage 

on release properties of loaded granules was observed. Moreover, the effect 

of the incorporation of a lipophilic molecule, vitamin D2, was also tested by 

using the loading method 1. Due to its lipophilic properties, a binder 

composed of a solution of ethanol and water with a 75/25 v/v ratio was used. 

Results showed that the use of ethanol give a reduced product yield and 

granules with a less defined shape, a smaller dimensions, a less hard 

structure, a worse flowability, and slightly faster polymer erosion if 

compared to granules produced using only distilled water as binder phase. It 

was demonstrated that the molecule solubility does not affect either 

granules’ physical or mechanical properties, but it has effect on the molecule 

release mechanism (diffusion for the hydrophilic molecule and erosion for 

the lipophilic one). 

Main results of this chapter are presented in: 

De Simone V., Dalmoro A., Lamberti G., Barba A.A., “Design of Experiment’s approach in 

granulation processes”, national conference GRICU 2016, 12-14/09/2016, Anacapri (NA), 

Italy 
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Chapter V 

Phenomenological analysis for 

process parameters optimization 

in wet granulation 

 

 

 

 
V.1 Generalities 

For many years and still to a certain extent currently, granulation process 

is still based on practical experience. In general, the majority of literature is 

concerned experimentally with the role of material properties and process 

conditions on the properties of the product granules. However, phenomena 

taking place in granulators are still not well understood, and it is difficult to 

successfully produce a product with tailored features (in terms of size, 

morphology, hardness, release properties, etc.) without extensive 

experimental tests. This constitutes a great problem for industries exploiting 

many and frequently changing formulations with widely varying properties 

(e.g. food, pharmaceuticals and agricultural chemicals). Thus, new 

formulations always need expensive and lengthy laboratory and pilot scale 

testing. Moreover, even when pilot scale testing is ok, there is still a 

significant failure rate during scale up to the industrial production (Iveson 

and Litster, 1998b). In a wet granulation process, these phenomena normally 

occur simultaneously in granulator vessel and depend on formulation 

variables (feed-materials properties, i.e.: binder viscosity, liquid-solid 

surface tension, particle size distribution, and binder adhesive properties) 

and on process variables (equipment type and operating conditions, i.e.: 

binder volume, binder flow rate, method of binder addition, impeller rotation 

speed and process time) (Iveson et al., 2001a, Chitu et al., 2011, Litster, 

2003a, Litster et al., 2001). Thus, only by a deep understanding of 

phenomena involved during granules formation suitable predictive tools can 

be developed with the aim to choose right process conditions to be used in 

developing new formulations by avoiding or reducing costs for new tests. 
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Studies on Particles Size Distribution (PSD) during the granulation process 

can offer a good initial understanding of both phenomena and effects of 

variables on granules size and shape (Rajniak et al., 2007, Ramachandran et 

al., 2008, Hu et al., 2008). 

To light of knowledges acquired on the process through the experimental 

campaigns performed, in the following study, the understanding of the 

process (phenomenological analysis) for the process optimization was 

carried out, which constitute the novelty of this study. Phenomenological 

analysis for process parameters optimization was carried out by exploiting 

the PSD of HPMC granules at different granulation times. PSD 

measurements were obtained using an ad hoc built device based on Dynamic 

Image Analysis (DIA). Optimization studies on process time, binder phase 

flow rate, and impeller rotation speed were performed to achieve a high 

granulation yield (% w/w of wet granules with size between 2000 μm and 

10000 μm). In this scenary the DIA technique is an indispensable tool to 

obtain statistically reliable experimental data. 

V.2 Materials  

For the preparation of granules, hydroxypropyl methylcellulose (HPMC 

20), supplied by Pentachem Srl (San Clemente, RN-Italy) was used as 

polymeric powder, whose properties were described in the paragraph 

IV.1.2.1. Distilled water was used as binder phase. 

V.3 Methodologies 

HPMC granule production was performed by using a laboratory scale 

low-shear granulator. Briefly, the HPMC powder was processed spraying the 

binder phase (distilled water) by an atomization device assisted by ultrasonic 

energy (see paragraph III.2). During the granulation, on the basis of 

preliminary studies (see paragraph IV.1), the process time (20 min), the 

powder mass (50 g), the binder to powder ratio (2), i.e. binder phase volume 

(100 ml), the frequency (20 kHz) and the ultrasonic energy amplitude (45 %) 

of the atomization device were kept constant, whilst the impeller rotation 

speed (72, 93, 112 rpm) and the binder phase flow rate (17, 34, 58 ml/min) 

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

spray time was thus given by the ration between binder phase volume and 

binder phase flow rate. The experimental campaign (i.e. runs number to be 

performed) was planned by using the Full Factorial Design (FFD) statistical 

protocol, one of the DoE techniques already discusses in the paragraph 

III.4.1. In Table V.1, the experimental work plan for two independent 

variables at three levels was reported. For each run, the granulation process 

was stopped at predetermined times (2, 3, 6, 9, 12, 15, 18, 20 min), the wet 

granules were withdrawn, analysed by the DIA-based device, method 
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describe in the paragraph III.6.2, and then reintroduced inside the granulator 

to proceed with the process. This treatment (the time and the method of 

analysis) does not modify the granulate properties. 

Table V.1 Work plan for two independent variables (factors, k), each at 

three intensities (levels, L), in agreement with Full Factorial Design 

protocol (𝑟𝑢𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 = 𝐿𝑘) 

 Independent variables 

Runs Impeller rotation speed 

[rpm] 

Binder phase flow rate 

[ml/min] 

1 72 17 

2 72 34 

3 72 58 

4 93 17 

5 93 34 

6 93 58 

7 112 17 

8 112 34 

9 112 58 

The granulation yield (𝑦𝑔) and the manufacturing scraps (big scrap (BS) 

and small scrap (SS)) were selected as the dependent variables (results of 

interest) and defined as the % w/w of wet granules with size between 2000 

μm and 10000 μm, 10000 μm and 20000 μm and 60 μm and 2000, 

respectively. Such a large dimensional range for the granulation yield it was 

chosen in light of the conventional following industrial steps of a granulation 

process (i.e. milling, drying etc.) that tend to reduce the granules size 

bringing them to desired dimensions.  

Granulation yield, big scrap and small scrap were calculated, using the 

outputs data of the DIA (saved in spreadsheets files), as the difference 

between the volume-weighted undersize cumulative distribution values at a 

fixed size (𝑄3𝑠𝑖𝑧𝑒
), according to eq.s ((V.1), (V.2) and (V.3)) respectively. 

𝑦𝑔 = (𝑄310000 µ𝑚
− 𝑄32000 µ𝑚

) × 100 (V.1) 
 

𝐵𝑆 = (𝑄320000  µ𝑚
− 𝑄310000  µ𝑚

) × 100 (V.2) 
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𝑆𝑆 = (𝑄32000 µ𝑚
−  𝑄360 µ𝑚

) × 100 (V.3) 

Always from the DIA, the Ellipse Ratio (ER) was calculated for each 

particle and the number of particles per unit of volume (𝑁𝑖), for each 

particles class “i”, and the volume-weighted mean particle size (𝑥1,3) were 

determined by eq.s ((V.4) and (V.5)) respectively. 

𝑁𝑖 , 𝑑𝑚−3 =
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑛𝑢𝑚𝑏𝑒𝑟 𝑓𝑜𝑟 𝑐𝑙𝑎𝑠𝑠

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
= 

                  =
∫ 𝑞0𝑑𝑥

𝑥𝑖

𝑥𝑖−1

∫ 𝑥3𝑞0𝑑𝑥
∞

0

~
𝑞0,𝑖(𝑥𝑖 − 𝑥𝑖−1)

∑ 𝑥𝑖
3𝑞0,𝑖𝑖 (𝑥𝑖 − 𝑥𝑖−1)

=
𝑛𝑖

∑ 𝑛𝑖 × 𝑑𝑖
3

𝑖

 

(V.4) 

 

𝑥1,3, 𝜇𝑚 =
∫ 𝑥 𝑞3𝑑𝑥

∞

0

∫ 𝑞3𝑑𝑥
∞

0

 (V.5) 

The number of particles per unit of volume is particularly useful to 

analyse the phenomenological behaviour of a process that involves PSD 

modifications. For example: 

- agglomeration phenomena produce a shift of the PSD in terms of 𝑁𝑖 

toward higher dimensions with a lowering of the distribution function 

due to the lowering of particles density (smaller particles coalesce to 

form bigger particles, lowering the number of particles in the system); 

- breakage phenomena produce a shift of the PSD in terms of 𝑁𝑖 toward 

lower dimensions with an increasing of the distribution function due to 

the increasing of particles density (bigger particles break down in 

smaller particles, increasing the number of particles in the system); 

- nucleation produces an increase of the PSD in terms of 𝑁𝑖 in the size 

range interested by this phenomenon. For a granulation process, 

nucleation is generated by the formation of granules by particles with 

dimensions smaller than the smaller class (first class), producing an 

increase in the total number of particles. 

Response Surface Methodology (RSM), statistical approach discusses in 

the paragraph III.4, was employed to optimize the process parameters in 

terms of binder phase flow rate and impeller rotation speed in order to obtain 

the maximum granulation yield. 
All experimental batches (the 9 possible combinations) were performed 

in triplicate to reduce the possibility of erroneous results and to increase the 

confidence in the resulting empirical relationships derived using RSM. 
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V.4 Results and discussions  

V.4.1 Phenomenology through the analysis of the time evolution of 

the PSDs 

The analyses of PSDs evolution during the wet granulation process were 

particularly useful to understand the ongoing phenomenology of the process. 

In the following the results of the run 5 (central point of the work plan 

matrix (Table V.1): 93 rpm, 34 ml/min) will be discussed as example. All 

the other runs showed similar behaviour but at different times depending on 

the setting operating conditions (impeller rotation speed and binder flow 

rate). In Figure V.1 the undersize cumulative distribution by number (Figure 

V.1 (a.)) and by volume (Figure V.1 (b.)) were reported during the evolution 

of the granulation process. As it is known the numeric distribution 

emphasizes the presence of the more numerous particles, while the volume 

(or mass) distribution emphasizes the presence of particle with the greater 

volume/mass: the observation of both the distributions is indispensable to 

correctly interpret the results. The curves at time 0 min represent the PSDs 

of the HPMC powder. It has also to be considered that for this run (run 5) the 

spray time (the process time employed to spray the 100 ml of binder phase) 

is about 3 min (176 s). 

It can be seen that for process times lower than the spray time (2 and 3 

min) the distribution is strongly bimodal, with a large presence in number of 

small particles (Figure V.1 (a.)) as well as the presence of few and big 

agglomerates (better emphasized in Figure V.1 (b.)). This demonstrates that 

during the spray time the agglomeration phenomenon leads to the production 

of big aggregates: during the water adding phase the saturation of the 

granule increases, a higher fraction of the void space within the granules is 

filled with liquid, reducing the interstitial volume (Salman et al., 2006a). The 

granules become more easily deformable and more liquid is available on 

their surface. Therefore, the probability of a successful coalescence in case 

of granule collision is greater (Liu et al., 2000), with consequent increase in 

the particles mean size. Moreover, also the physical nature of the HPMC can 

be responsible for this behaviour: the HPMC is a physical hydrogel forming 

polymer, thanks to hydrophobic interaction between the polymeric chains 

(Caccavo et al., 2017c). Once the polymeric powders are reached by the 

water droplets, they can start to agglomerate also thanks to these weak 

bonds, forming large aggregates of gel-like nature.  

However, as the granulation proceeds this large aggregates are broken 

apart thanks to the shear forces (the breakage phenomenon) and the PSDs 

move toward lower dimensions. After the spray time, as the granulation 

proceeds, an equilibrium is reached between agglomeration and breakage 

and the PSDs stabilize.  
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a. 

 

b. 

 

Figure V.1 Undersize cumulative distribution of the HPMC particles at the 

process times of 0, 2, 3, 6, 9, 12, 15, 18 and 20 min: a. undersize cumulative 

distribution by number (𝑄0); b. undersize cumulative distribution by volume, 

(𝑄3). The illustrated tests were carried out granulating 50 g of HPMC 20 

powder with 93 rpm, 100 ml of binder, and a flow rate of 34 ml/min 

The same reasoning can be done on the PSDs in terms of particle numeric 

density (see Figure V.2). 

 

Figure V.2 Number of particles per unit volume (axis y, right for 0 min and 

left for the others) with a given diameter (axis x) at different times of the 

granulation process. The data shown were obtained working 50 g of HPMC 

20 powder with an impeller rotation speed of 93 rpm and a distilled water 

volume and flow rate of 100 ml and 34 ml/min respectively. Each 

experimental point represents a mean value from three independent 

experiments 
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At 2 min, a bimodal curve can be observed due to the presence of both 

very small particles (peak at 100 μm) and agglomerates (peak at about 4500 

μm with the distribution tail reaching 1 cm). At 3 min, the peak for small 

particles is highly lowered, but it does not disappear, even for longer times, 

for the permanence of the nucleation phenomenon. Indeed it is highly 

probable that fine particles (lower than 60 μm) continuously coalesce and 

form small granules that enter within the range of interest. In the first 

minutes (at process times lower than the spray time) the coalescence 

phenomenon (due to effective impact and gel forming tendency) prevails and 

small particles are agglomerated to form big structures. 

After that all the binder is added, the breakage starts to be competitive with 

the agglomeration and the numeric particle density peak increases and 

moves towards lower dimensions.  

Therefore, from the analysis of PSDs data in terms of 𝑄0, 𝑄3 and 𝑁𝑖, it 

can be highlighted the simultaneous presence of nucleation, agglomeration 

and breakage phenomena during all the process time, with an initial and 

strong presence of agglomeration (during the binder spraying) that is later 

balanced by the breakage phenomenon. 

a. 

 

b. 

 

Figure V.3 Particle Size Distribution cumulated with ellipse ratio (ER): a. 

the cumulative numeric undersize distribution (𝑄0); b. the density 

distribution by number (𝑞0𝑙𝑜𝑔) 

Beside the dimension of the particles, from DIA data the ellipse ratio was 

determined for each particle to quantify their morphology. As example, in 

Figure V.3 ((a.) and (b.)) are respectively reported the cumulative and 

frequency distribution functions of the run 5 (central point of the work plan 

matrix: 93 rpm, 34 ml/min) cumulated with the ellipse ratio information. As 

it can be seen most of the particles present an elliptic shape (an image useful 

to individuate the impact of the ER value on the shape of the particle is 

provided in the paragraph III.6.2) and almost all are represented by an ER 

between 1 and 2.6. 
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V.4.2 Optimization of the process time 

In a granulation process the variable of interest is the amount of product 

(in mass) that has a desired dimension. In this study, in the eq. V.1, it has 

been defined a granulation yield, which represents the percentage in mass of 

wet product with dimensions between 2000 μm and 10000 μm. Thanks to 

the phenomenological analysis, which allows a better understanding of the 

granulation phenomena, it is also possible to optimize the key parameters of 

the process. Before analysing the impact of the impeller rotation speed and 

the binder flow rate on the granulation yield via the RSM (see paragraph 

III.4), the process time can also be optimized, optimizing as well the 

production costs. Time evolution of the granulation yield and of the big 

scrap were investigated for all runs illustrated in the work plan matrix (Table 

V.1) in order to optimize the process time. Granulation yield and big scrap 

were calculated by volume-weighted undersize cumulative distribution 

according to eqs. ((V.1) and (V.2), respectively) showed above. The 

granulation yield is reported in Figure V.4 (a.) and the big scrap in Figure 

V.4 (b.) as mean values ± standard deviations (repeatability 3). 

a. 

 

b. 

 

Figure V.4 a. Granulation yield (% w/w of wet granules with size between 

2000 μm and 10000 μm) during the wet granulation process; b. big scrap (% 

w/w of wet granules with size between 10000 μm and 20000 μm). Data are 

illustrated as mean values ± standard deviations (repeatability 3) 

Under all granulating conditions, a clear trend in terms of process time 

impact on the granulation yield is shown: a consistent growth of the 

granulation yield up to a plateau value. It can be noted that the plateau 

values, at constant impeller rotation speed, are reached sooner as the binder 

flow rate increases (Figure V.4 (a.)): the more the amount of binder phase 

added at a given time, the less the amount of big agglomerates (above 10000 

μm) (Figure V.4 (b.)). At lower quantity of binder phase there is the 
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formation of big aggregates with the presence of ungranulated powders (in 

number) (as shown in Figure V.4 (b.)). However, these last are not relevant 

in terms of mass and therefore the resulting product has a consistent amount 

of big scrap: i.e. looking at the 112 rpm runs, at 3 min, the run with the lower 

flow rate (and therefore the lower amount of binder) shows the major 

presence of big scrap. Increasing the amount of binder (proceeding with the 

granulation time), the big aggregates are broken apart to form granules with 

the desired dimensions. The amount of 100 ml of binder seems to be 

necessary to reach its homogenous distribution within the systems so that all 

the powder mass can take part to the agglomeration process. 

The impeller rotation speed, at constant flow rate, does not show a 

particular impact on the time required to reach the plateau value. 

To consider the process at the best of its capabilities, in terms of 

granulation yield, an optimum process time of 12 min was chosen for all the 

runs to analyse the impact of the impeller rotation speed and of the binder 

flow rate. This represents a first important result, obtained thanks to the use 

of the Dynamic Image Analysis (DIA), since it optimizes the process time 

(of 8 min out of 20 min) with respect to that used in the previous studies (see 

Chapter IV), allowing faster and cheaper granulation processes. 

V.4.3 Optimization of binder flow rate and impeller rotation speed 

To optimize the effect of the impeller rotation speed (𝑥1) and binder 

phase flow rate (𝑥2) on the granulation yield, Response Surface 

Methodology (RSM) was applied.  

In particular, the optimum values of the independent variables were 

identified by using the data of dependent variables (responses), in terms of 

granulation yield, manufactured big scrap and volume-weighted mean size, 

at the optimized process time (12 min) (reported in Table V.2). 

Experimental results (9 values for each analysed dependent variable) 

were analysed with Design-Expert® 11 (a commercial software) to 

determine the statistical significance of the factors with analysis of variance 

(ANOVA) and to assess the correlation of the factors with the responses. 

The model used in the following will have the general form of a second-

degree polynomial equation (see eq. (V.6)).  

𝑓(𝑥1, 𝑥2)  =  𝑝00  +  𝑝10 × 𝑥1  +  𝑝01 × 𝑥2  +  𝑝20 × 𝑥1
2  + 𝑝11

× 𝑥1 × 𝑥2  +  𝑝02 × 𝑥2
2 (V.6) 

In eq. V.6 𝑝𝑖𝑖 are constants to be determined by fitting the experimental 

data. According to the Withcomb score (a heuristic scoring system) the best 

model to describe the relation between the factors and the yield is a quadratic 

model.  



Chapter V 

102 

Table V.2 Results of the run in terms of granulation yield, big scrap and 

volume-weighted mean particle size at the optimized process time (12 min) 

 Independent variables 

Runs Granulation yield Big scrap Volume-weighted mean size 

 yg 

[%] 

BS 

[%] 

x1,3 

[μm] 

1 84.0 13.4 6555 

2 88.3 9.2 6750 

3 84.0 14.2 7252 

4 81.2 16.6 7262 

5 81.8 17.6 7266 

6 87 10.9 6466 

7 68.8 30.3 8378 

8 79.4 19 7236 

9 85.6 11.9 6383 

Table V.3 Fitting parameters for the polynomial fitting equation and the 

coefficient of determination 

𝑓(𝑥1,  𝑥2) 𝑦𝑔,% BS, % 𝑥1,3, μm 

𝑝00 91.44 -33.38 1131 

𝑝10 
0.09 

p < 0.0001 

0.61 

p = 0.0001 

71.00 

p = 0.0008 

𝑝01 
-0.37 

p < 0.0001 

0.90 

p < 0.0001 

134.64 

p < 0.0001 

𝑝20 
-3.50×10

-3
 

p=0.16180 

0 

/ 

0 

/ 

𝑝11 
1.02×10

-2
 

p < 0.0001 

-1.18×10
-2

 

p < 0.0001 

-1.64 

p < 0.0001 

𝑝02 
-5.12×10

-3
 

p = 0.0387 

0 

/ 

0 

/ 

𝑅2 0.95 0.9 0.95 

𝑝 − 𝑣𝑎𝑙𝑢𝑒 p < 0.0001 p < 0.0001 p < 0.0001 

𝐹 − 𝑣𝑎𝑙𝑢𝑒 32.27 38.1 79.37 
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Performing the analysis of variance, whose results in terms of coefficients 

and scores are reported in Table V.3, it can be seen that the whole quadratic 

model is, with an F-value of 37.27, significant. There is only a 0.01 % 

chance that an F-value this large could occur due to noise. The p-values of 

the model coefficients less than 0.05 indicate that the model terms are 

significant, whereas 𝑝20, the quadratic coefficient associated with the first 

factor (rpm), with a 𝑝 > 0.05 is statistically insignificant and the model 

could be reduced to neglect this term. 

a. 

 

b. 

 

Figure V.5 a. Response surface of granulation yields (% w/w of wet 

granules with size between 2000 μm and 10000 μm) at the optimized process 

time (12 min), calculated by varying rpm and binder flow rate. Black 

balloons represent the experimental results of run 1-9, red stars represent 

the validation runs (102 rpm and 24 ml/min and 78 rpm and 42 ml/min). b. 

Response surface in a 2D contour plot representation 
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In Figure V.5 the effect of binder phase flow rate and impeller rotation 

speed (rpm) on granulation yield is shown. The response surface, better 

highlighted in Figure V.5 (b.), indicates that for low values of rpm the flow 

rate does not influence the granulation yield. The higher the rpm the stronger 

is the impact of the flow rate on the granulation yield. This is due to the fact 

that at higher rpm the energy transferred to the particles increases, and both 

the agglomeration and breakage phenomena become more relevant and more 

susceptible to the variations of other parameters. In particular, at the higher 

investigated impeller rotation speed (112 rpm), a binder flow rate of 17 

ml/min brought to a granulation yield of 69 %, whilst a binder flow rate of 

58 ml/min gave a granulation yield of 85 %. This demonstrates that the 

binder flow rate (i.e. its spray time) is crucial in the granulation process. The 

big aggregates formed in the first minutes, especially at high rpm, can 

consolidate ((Chevalier et al. (2009)) showed that at higher rpm the granules 

tend to have an higher density and a lower friability) and can be less 

subjected to breakage phenomena, resulting in an over granulated product. 

From the study of the derivatives of the fitting equation (eq. (V.6)) of the 

granulation yield, which is a continuous function, the maximum value of the 

granulation yield (86 %) is obtained at 92 rpm and 55 ml/min, which is 

really close to the operative condition of run 6 (see Table V.1). The design 

space to optimize the granulation yield results is the red zone in the contour 

plot in Figure V.5 (b.). 

To have a complete understanding of the process it useful to look also to 

the big scrap produced. According to the Withcomb score the best model to 

describe the relation between the factors and the big scrap is a two factor 

interaction model (in which the pure quadratic terms are set to zero). As it 

can be seen in Table V.3, the whole model as well as the coefficients is 

statistically significant. In Figure V.6 the resultant response surface (as 3D 

surface plot and contour plot) is reported. At the worst operative conditions 

(112 rpm and 17 ml/min) the amount of big scrap reaches the 30 % w/w, 

sign of an over agglomeration, whereas at the optimal conditions (92 rpm 

and 55 ml/min) the big scrap is only 11 %. This result could seem not in 

agreement with the findings of the previous study (see paragraph IV.1), 

where the optimum product yield, defined as mass percentage of particles 

between 450 μm and 2000 μm after the drying step, was find to be at 112 

rpm and 17 ml/min. It is highly probable that during the drying process, the 

breakage phenomenon produces the translation of the PSD toward lower 

dimensions and therefore, an over agglomeration in the granulation step 

ensures the desired PSD at the end of the entire process. Despite this is not 

of interest in this study, the monitoring of the PSD during all process could 

be useful to optimize the single steps as well as the global industrial 

granulation processes. 
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a. 

 

b. 

 

Figure V.6 a. Response surface of big scrap (% w/w of wet granules with 

size between 10000 μm and 20000 μm) at the optimized process time (12 

min) determined by varying rpm and binder flow rate. Black balloons 

represent the experimental results of run 1-9, red stars represent the 

validation runs (102 rpm and 24 ml/min and 78 rpm and 42 ml/min). b. 

Response surface in a 2D contour plot representation 

In Figure V.7 the impact of the impeller rotation speed and binder flow 

rate on the volume-weighted mean particle size (x1,3) after granulation is 

reported (in Table V.3 the best fit parameters for eq. (V.6)). Also in this case 

the best model resulted to be the two factor interaction model and both the 

model and the coefficient results to be statistically significant. The Figure 

V.7 confirms the previous considerations: at the best operating conditions for 

granulation yield the mean size is about 6400 μm (well between the range of 
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interest), whereas it increases up to 8400 μm (closer to the upper limit of the 

defined granulation yield) at the worst operative conditions. 

a. 

 

b. 

 

Figure V.7 a. Response surface of weighted mean particle size of the volume 

distribution density vs binder flow rate and rpm. Black balloons represent 

the experimental results of run 1-9, red stars represent the validation runs 

(102 rpm and 24 ml/min and 78 rpm and 42 ml/min). b. Response surface in 

a 2D contour plot representation 

The fitting equations (eq. (V.6)) were validated comparing their 

predictions with respect to the results of granulation tests performed at two 

different intensities of the granulation parameters: 102 rpm and 24 ml/min 

and 78 rpm and 42 ml/min. The comparisons are reported in Table V.4 and 

the experimental results are reported in Figure V.5 (a.), Figure V.6 (a.) and 

Figure V.7 (a.) as stars.  
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Table V.4 Comparison between experimental results and modeling 

predictions 

 102 rpm and 24 ml/min 78 rpm and 42 ml/min 

 Exp Mod Err abs Err % Exp Mod Err abs Err % 

yg, % 82 78 4 5.8 88 86 2 2.3 

BS, % 16 20 4 29.6 9 11 2 38.8 

x1,3, μm 7589 7589 831 160 5925 6951 1026 148 

The modeling predictions, despite a slightly overestimation of the 

agglomeration phenomena (more evident in the volume weighted mean 

particle size) satisfactorily describe the experimental results considering the 

limited dimension of the DoE matrix used in this work (data driven models 

in general become more accurate increasing the number of data (runs) on 

which the model is trained). Therefore, with the eq. (V.6) and the parameter 

reported in Table V.3, it is possible to choose the operative conditions (rpm 

and impeller rotation speed) that provide the desired PSD with a certain 

granulation yield. 
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V.5 Chapter V remarks 

In spite of its great importance and over 50 years of research, granulation 

process is still based on practical experience, i.e. there is a quantitative 

understanding of the process variables effects on agglomeration phenomena 

but a qualitative understanding of the granule growth mechanisms. A 

modern and rational approach in the production of granular structures with 

tailored features (in terms of size and size distribution, flowability, 

mechanical and release properties, etc.) requires a deep understanding of 

phenomena involved during granules formation. By this knowledge, suitable 

predictive tools can be developed with the aim to choose right process 

conditions to be used to improve the system performance, obtaining the 

maximum benefit from it without increasing the process costs. 

Therefore, in this chapter, the phenomenological aspects involved in the 

formation of the granules with respect to the main process parameters and 

the operating conditions optimization are presented by experimental 

demonstration. In particular, a 32 Full Factorial Design approach was used to 

plan the experimental activities, considering impeller rotation speed and 

binder phase flow rate as independent variables (factors). HPMC granules 

behaviour, in terms of PSD, was investigated using an ad hoc built Dynamic 

Image Analysis (DIA) device, based on the free falling particle scheme. The 

process parameters optimization was carried out using Response Surface 

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

within the size range 2000-10000 μm) as the main variable of interest, 

determined by PSD data. PSD measurements at different process times until 

20 min showed that nucleation, agglomeration and breakage phenomena 

influence the wet granules size and occur simultaneously in the granulator, 

with the dominance of the agglomeration during the binder addition phase, 

later balanced by the breakage. It was shown that the granulation yield 

increases until 12 min, after which a steady state condition is reached. 

Moreover, response surface have highlighted that the interaction between the 

impeller rotation speed and the binder flow rate has a significant influence 

on the granulation yield (and in general on the granules PSD), especially at 

high rpm. 

In conclusion, the coupling of statistical techniques (DoE and RSM) with 

the PSD analysis method (DIA) revealed to be a powerful tool to understand 

the phenomenology of the granulation process and thus allows the process 

conditions optimization. 

Main results of this chapter are presented in: 

De Simone V., Caccavo D., Lamberti G., d’Amore M., Barba A.A., “Phenomenological 

analysis, process parameters optimization and mathematical modeling of a low-shear wet 

granulation process”, 23rd International Congress of Chemical and Process Engineering 

CHISA 2018, 25-29/08/2018, Prague (CZ), Czech Republic 
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De Simone V., Caccavo D., Dalmoro A., Lamberti G., d’Amore M.; Barba A.A., “Inside the 

phenomenological aspects of wet granulation: role of process parameters”, chap. V in 

“Granularity in Materials Science”, InTech Ed., 2018, ISBN 978-1-78984-308-8 

De Simone V., Caccavo D., Lamberti G., d’Amore M., Barba A.A., “Wet-granulation 

process: phenomenological analysis and process parameters optimization”, Powder 

Technology, 340 (2018) 411-419 

De Simone V., Caccavo D.; Lamberti G., d’Amore M., Barba A.A., Dalmoro A., Low-shear 

wet granulation process: a new strategy in design and manufacturing of granular materials, to 

be presented to 3rd European Conference on Pharmaceutics, 25-26/03/2019, Bologna, Italy 
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Chapter VI 

Mathematical modeling of the 

low-shear wet granulation 

 

 

 

 
VI.1 Generalities 

Mathematical modeling of the granulation process can play a dual role: 

can help to understand and to underline the observed physical phenomena 

and can predict properties (size and size distribution) of granular materials. It 

is important to note that the predictive ability is a powerful way to drive 

towards suitable process conditions, minimizing costs of experimental tests.  

As already discussed in the state of art (see paragraph II.5), the 

Population Balance (PB) is the most used approach to modeling the wet 

granulation process: nowadays, the mathematical description of systems, 

where nucleation, agglomeration and breakage occur, is still performed by 

Population Balances, despite the complexity of the involved equations 

(integro-differential) (Salman et al., 2006a, Lister et al., 1995). PB form was 

initially publicized by Hulburt and Katz (1964), Randolph (1964), and 

Fredrickson et al. (1967) and it has been discussed at length by Ramkrishna 

(2000). The analytic solution of the Population Balance Equations (PBEs) is 

not trivial (Salman et al., 2006a). Several numerical methods have been 

developed to “easily” solve the PBEs. Among them the Discretization of the 

PBEs (DPBEs) in classes (multi-class method) is the most used method to 

describe the evolution of the entire PSD, including all the phenomena that 

cause variation of the distribution (Yang and Mao, 2014, J. et al., 1988, 

Kumar and Ramkrishna, 1996a, Kumar and Ramkrishna, 1996b, Kumar and 

Ramkrishna, 1997, Lister et al., 1995, Hounslow, 1990, Hounslow et al., 

1988). The DPBE has been developed by Gelbard and Seinfeld (1980), 

Batterham et al. (1981), Marchal et al. (1988) and Landgrebe and Pratsinis 

(1990). By using DPBEs, the differentials are replaced with the Ordinary 

Differential Equations (ODEs), the integrals with the summation, and the 
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density distribution function with the number of particles in a certain 

interval. 

Usually, in literature, the approach to the granulation process is based on 

either experimental tests (to study granules properties) or on modeling 

studies. In this study, an integrated approach was applied. In particular, a 

physical mathematical model based on the one-dimensional (one internal 

coordinate: particle size) discretized PBEs (DPBEs) was proposed and 

compared with experimental data. These models were implemented and 

numerically solved in MATLAB® 2014b in collaboration with researchers 

of TPP group. Nucleation, agglomeration, and breakage phenomena were 

considered in the formation of the granules. The PBEs was discretized in 60 

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

, 

therefore, the resulting model was a system of 60 ODEs, one for each class. 

Experimental data, i.e. number of particles per unit volume, were obtained 

from the tests already presented in the chapter V, by using a laboratory scale 

low-shear granulator. 

VI.2. From the continuous to the discretized form of PBEs 

Considering the entire granulator as control volume, the PBEs do not 

depend on spatial variables (external coordinates), and a general one-

dimensional (one internal coordinate: particle size) PBEs for a mixed system 

can be written in agreement with eq. (VI.1). 

𝜕𝑛(𝑣, 𝑡)

𝜕𝑡
=

�̇�𝑖𝑛

𝑉
𝑛𝑖𝑛(𝑣) −

�̇�𝑜𝑢𝑡

𝑉
𝑛𝑜𝑢𝑡(𝑣) −

𝜕[(𝐺 − 𝐴)𝑛(𝑣, 𝑡)]

𝜕𝑣
+ 𝐵𝑁𝑢𝑐(𝑣, 𝑡) + 𝐵𝐴𝑔𝑔(𝑣, 𝑡) − 𝐷𝐴𝑔𝑔(𝑣, 𝑡)

+ 𝐵𝐵𝑟(𝑣, 𝑡) − 𝐷𝐵𝑟(𝑣, 𝑡) (VI.1) 

𝐼. 𝐶.  𝑛(𝑣, 0) = 𝑛0(𝑣) 

𝐵. 𝐶.  𝑛(0, 𝑡) = 0 

In the eq. (VI.1), 𝑛(𝑣, 𝑡) is the probability density function [𝑏−1 𝑥−1], 

with "b" basis of calculation that can be the total mass of powder [kg] or the 

total volume [𝑚3], and x the particle volume [𝑚3] or the particle diameter 

[m], depending on the internal coordinate chosen. Indeed, this last v [x] can 

be the particles volume v [m
3
] or the particles diameter l [m]. �̇�𝑖𝑛 and �̇�𝑜𝑢𝑡 

are the inlet and outlet flow rates from the system [𝑏 𝑡−1], V is the volume or 

mass in the granulator [b], G and A are the growth as layering and the 

attrition [𝑥 𝑡−1], respectively. The terms Nuc, Agg, and Br are the 

abbreviations for nucleation, aggregation and breakage, respectively. In 

particular, 𝐵𝑁𝑢𝑐 is the birth by nucleation [𝑏−1𝑥−1𝑡−1], which creates 

particles within the PSD of interest. 𝐵𝐴𝑔𝑔and 𝐷𝐴𝑔𝑔 are the birth and death by 
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agglomeration of particle of size v, and analogously 𝐵𝐵𝑟 and 𝐷𝐵𝑟 are the 

birth and death by breakage phenomena of particle of size v. 

For a batch granulator, where there are not inflow or outflow of particles, 

the only growth mechanism is coalescence and the attrition phenomenon can 

be disregarded (Litster and Ennis, 2013, Kumar et al., 2008), the eq. (VI.1) 

becomes: 

𝜕𝑛(𝑣, 𝑡)

𝜕𝑡
= 𝐵𝑁𝑢𝑐(𝑣, 𝑡) + 𝐵𝐴𝑔𝑔(𝑣, 𝑡) − 𝐷𝐴𝑔𝑔(𝑣, 𝑡) + 𝐵𝐵𝑟(𝑣, 𝑡)

− 𝐷𝐵𝑟(𝑣, 𝑡) (VI.2) 

𝐼. 𝐶.  𝑛(𝑣, 0) = 𝑛0(𝑣) 

In the eq. (VI.2) the birth and death by nucleation, agglomeration and 

breakage phenomena are expressed with the eqs. ((VI.3), (VI.4), (VI.5), 

(VI.6), and (VI.7), respectively). 

𝐵𝑁𝑢𝑐(𝑣, 𝑡) = 𝑘𝛿(𝑣) (VI.3) 

 

𝐵𝐴𝑔𝑔(𝑣, 𝑡) =
1

2
∫ 𝛽(𝑢, 𝑣 − 𝑢)𝑛(𝑢, 𝑡)𝑛(𝑣 − 𝑢, 𝑡)𝑑𝑢 

𝑣

0

 (VI.4) 

 

𝐷𝐴𝑔𝑔(𝑣, 𝑡) = ∫ 𝛽(𝑢, 𝑣)𝑛(𝑢, 𝑡)𝑛(𝑣, 𝑡)𝑑𝑢
∞

0

 (VI.5) 

 

𝐵𝐵𝑟(𝑣, 𝑡) = ∫ 𝑏(𝑢, 𝑣)𝑆(𝑢)𝑛(𝑢, 𝑡)𝑑𝑢
∞

𝑣

 (VI.6) 

 

𝐷𝐵𝑟(𝑣, 𝑡) = 𝑆(𝑣)𝑛(𝑣, 𝑡) (VI.7) 

In these equations, k is a constant that multiply a function of the internal 

coordinate v (𝛿(𝑣): Dirac delta function); β is the coalescence kernel [𝑏 𝑡−1], 

which describes both the frequency of collision between particles of internal 

coordinate u and v and the influence of the internal coordinates on the 

efficiency of agglomeration; b is the breakage function [𝑥−1], which 

describes the probability of formation of particles of internal coordinates 𝑣 

from the collision and breakage of particles of internal coordinates 𝑢 (𝑢 >
𝑣); S is a selection function [𝑡−1], which describes the frequency at which 

particles of a given internal coordinates are broken.  

The eq. (VI.2) was solved adopting a numerical method: the classes 

methods of zero-order (Salman et al., 2006b). According to the zero-order 

method, the probability density function (𝑛(𝑣)) is discretised in classes with 

characteristic size 𝑣𝑖: 𝑣𝑖
′ ≤  𝑣𝑖 ≤ 𝑣𝑖+1

′ . With the zero-order methods, the 
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PSD is approximated by a histogram and the particles are assumed to be 

uniformly distributed in each class. Therefore, the number of particles per 

unit base [b
-1

], 𝑁𝑖, within a class with size range [𝑣𝑖
′, 𝑣𝑖+1

′ ], is determined in 

agreement with eq. VI.8.  

𝑁𝑖 = ∫ 𝑛(𝑣)𝑑𝑣
𝑣𝑖+1

′

𝑣𝑖
′

= 𝑛𝑖(𝑣𝑖+1
′ − 𝑣𝑖

′) (VI.8) 

With this approach, instead of solving for a continuous (particle size) 

distribution, a system of ordinary differential equations (ODEs) is generated 

to describe the evolution of the number of particles within the classes. 

Increasing the number of classes, the number of ODEs increases as well as 

the computational power requirements: the most used discretization is based 

on a geometric progression with common ratio 𝑣𝑖+1
′ /𝑣𝑖

′ = 21/𝑞  (or 

equivalently 𝑙𝑖+1
′ /𝑙𝑖

′ = √2
3𝑞

), where 𝑞 is an integer ≥  1. 

VI.3 Equations discretization 

VI.3.1 Agglomeration phenomena  

The most used discretized form of the agglomeration phenomena is the 

one proposed by Hounslow et al. (1988), where the PSD is broken up into 

discrete size intervals using a geometric discretization with 𝑞 = 1 (𝑣𝑖+1
′ /

𝑣𝑖
′ = 2). This approach was updated by Lister et al. (1995) to consider 

geometric progression with 𝑞 ≥ 1 (𝑣𝑖+1
′ /𝑣𝑖

′ = 21/𝑞).  

In this study, the agglomeration phenomenon was modelled by 

discretized form of Lister et al. (1995). In particular, the described 

agglomeration phenomenon is binary (interaction between two particles) and 

the birth terms are due to the collisions and coalescence between particles of 

lower dimensions with respect to the considered class. The death terms 

account for the interactions and coalescence of particles belonging to the 

considered class, producing their disappearance (and their birth in upper 

classes).  

Generally, five possible types of interaction that change the number of 

particles in the ith interval can be established. Three type of interaction add 

particles larger than the ith interval (type 1, type 2 and type 3). The other 

two remove particle from the ith interval (type 4 and type 5). In particular, 

according to the type 1 some of the interactions give particles in the ith 

interval and some give particles smaller in the ith interval; according to the 

type 2, all the interactions give particles in the ith interval; according to the 

type 3 some interactions give particles in the ith interval and some give 

particles larger than the ith interval; according to the type 4 some 

interactions remove particles from the ith interval; according to the type 5 all 

interactions remove particles from the ith interval (Lister et al., 1995). The 
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total birth and death terms due to agglomeration phenomena are reported in 

eq. (VI.9). 

𝐵𝐴𝑔𝑔𝑖
(𝑡) − 𝐷𝐴𝑔𝑔𝑖

(𝑡) = 

 ∑
2

𝑗−𝑖+1
𝑞

2
1
𝑞 − 1

 𝛽(𝑖 − 1, 𝑗)

𝑖−𝑆(𝑞)−1

𝑗=1

 𝑁𝑖−1𝑁𝑗  + 

+ ∑ ∑
2

𝑗−𝑖+1
𝑞 − 1 +  2

−𝑘+1
𝑞  

2
1
𝑞 − 1

𝑖−𝑆(𝑞−𝑘+1)−𝑘

𝑗=𝑖−𝑆(𝑞−𝑘+2)−𝑘+1

𝑞

𝑘=2

𝛽(𝑖 − 𝑘, 𝑗) 𝑁𝑖−1𝑁𝑗

+ 

+0.5 𝛽(𝑖 − 𝑞, 𝑖 − 𝑞)𝑁𝑖−𝑞
2 + 

+ ∑ ∑
2

𝑗−𝑖
𝑞 −  2

−𝑘+1
𝑞 + 2

1
𝑞

2
1
𝑞 − 1

𝑖−𝑆(𝑞−𝑘+1)−𝑘+1

𝑗=𝑖−𝑆(𝑞−𝑘+2)−𝑘+2

𝑞

𝑘=2

 

𝛽(𝑖 − 𝑘 + 1, 𝑗) 𝑁𝑖−𝑘+1𝑁𝑗 + 

− ∑
2

𝑗−𝑖
𝑞

2
1
𝑞 − 1

 𝛽(𝑖, 𝑗)

𝑖−𝑆(𝑞)

𝑗=1

𝑁𝑖𝑁𝑗  − ∑ 𝛽(𝑖, 𝑗)𝑁𝑖𝑁𝑗  

ℎ

𝑗=1−𝑆(𝑞)+1

 

(VI.9) 

where 𝑆(𝑞) = ∑ 𝑝
𝑞
𝑝=1 . For 𝑞 = 1 the Hounslow discretization can be 

obtained.  

VI.3.1.1 The kernel of coalescence 

The coalescence kernel is the most important parameter when describing 

granulation processes. A body of literature is present on this kernel, 

proposing several expressions ranging from purely empirical, semi-empirical 

and model-based kernels. In general, the coalescence kernel is split into two 

parts (see eq. VI.10): the first (β0(t)) is the “aggregation rate” term and the 

latter (β(u, v)) expresses the influence of granule size on the likelihood of 

coalescence. 

𝛽(𝑢, 𝑣, 𝑡) = 𝛽0(𝑡) · 𝛽(𝑢, 𝑣) (VI.10) 

In the first term of the eq. (VI.10), various system parameters are 

incorporated, such as the granulator operating conditions (i.e. granulator 

geometry, operating conditions) and the formulation properties (average 

primary particle size, binder viscosity, etc.) (Iveson, 2002, Abberger, 2007).  
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In this study, the first term of the coalescence kernel (𝛽
0
(𝑡)) was 

described on mathematical basis by a step function, depending on the spray 

time, as reported in the eq. (VI.11). 

@ 𝑡 ≥ 𝑡𝑠𝑝𝑟𝑎𝑦   𝛽0 = 𝛽∞ 

@ 𝑡 ≥ 𝑡𝑠𝑝𝑟𝑎𝑦   𝛽0 = 𝛽𝑖𝑛 

(VI.11) 

The second term (𝛽(𝑢, 𝑣)) of the eq. (VI.10) determines the shape of 

resulting PSD and in it the assumption that each collision leads to 

coalescence is implicit (Abberger, 2007, Iveson, 2002). The nature of 

𝛽(𝑢, 𝑣), most of the time an homogeneous function, establishes how the 

agglomeration modifies the internal coordinate, in particular whether or not 

the transformation is self-preserving in PSD and whether or not a gelling 

behaviour should be expected. Analysing the degree of homogeneity 𝛬 

(𝛽(𝑐𝑢, 𝑐𝑣) = 𝑐𝛬𝛽(𝑢, 𝑣)), which expresses the strength of the dependence of 

𝛽(𝑢, 𝑣) on its argument, it is possible to distinguish between non-gelling and 

leading to a self-preserving size distribution kernels (𝛬 ≤ 1) and gelling (and 

non self-preserving PSD) kernels (𝛬 > 1) (Abberger, 2007). Several 

empirical and theoretical expressions for 𝛽(𝑢, 𝑣) were proposed and used in 

the literature (see Table VI.1). 

Table VI.1 Examples of 𝛽(𝑢, 𝑣) and degrees of homogeneity 

Kernel Equation 𝝀 𝛬 

Constant kernel 𝛽(𝑢, 𝑣) = 1 0 

Sum kernel 𝛽(𝑢, 𝑣) = 𝑢 + 𝑣 1 

Product kernel 𝛽(𝑢, 𝑣) = 𝑢 𝑣 2 

Coagulation kernel 𝛽(𝑢, 𝑣) = 𝑢
2
3 + 𝑣

2
3 2/3 

Equi kinetic energy kernel 𝛽(𝑢, 𝑣) = (𝑢
1
3 + 𝑣

1
3)

2

√
1

𝑢
+

1

𝑣
 1/6 

In this study, these 𝛽(𝑢, 𝑣) were implemented in Excel to get an idea of 

the behaviour of each function for a binary process. It was defined a matrix 

of 50 classes for u (rows of the matrix) and 50 classes for v (columns of the 

matrix), and each value was normalized with respect to the maximum value. 

In Figure VI.1, the (normalized) coalescence kernels are reported. As it can 

be seen, for a (normalized) sum kernel, a (normalized) product kernel and a 

(normalized) coagulation kernel, the maximum probability of coalescence in 

a binary process is between two big particles (high classes). Instead, for a 

(normalized) Equi Kinetic Energy (EKE) kernel the maximum probability of 

coalescence in a binary process is between a big particle (high classes) and a 

small particle (low classes).  
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The most used kernel in literature is the EKE kernel, which is a non-

gelling and leading to a self-preserving size distribution kernels, as it can be 

seen from homogeneity degree, reported in the (see Table VI.1). Therefore, 

in this study EKE kernel was used for the second part (𝛽(𝑢, 𝑣)) of the kernel 

of coalescence. 

a. 

 

b. 

 

c. 

 

d. 

 

e. 

 

 

Figure VI.1 Normalized coalescence kernel: (a) constant kernel; (b) sum 

kernel; (c) product kernel; (d) coagulation kernel;(e) Equi Kinetic Energy 

kernel 

VI.3.2 Breakage phenomena 

The discretized form of the breakage phenomena is reported in the eq. 

(VI.12). 
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𝐵𝐵𝑟𝑖
(𝑡) − 𝐷𝐵𝑟𝑖

(𝑡) = ∑ 𝑏(𝑣𝑖 , 𝑣𝑗)𝑆(𝑣𝑗)𝑁𝑗𝛥𝑣𝑗
′ − 𝑆𝑖𝑁𝑖

∞

𝑗=𝑖+1

 (VI.12) 

However, as suggested in Vanni (2000), to satisfy the mass conservation 

(valid for both agglomeration and breakage), for all the possible 

discretizations (i.e. for a geometric progression of the type vi+1
′ /vi

′ = 21/q), 

the equation has to be corrected with the parameter C (see eq. (VI.X13)). 

𝐵𝐵𝑟𝑖
(𝑡) − 𝐷𝐵𝑟𝑖

(𝑡) = ∑ 𝛤𝑖,𝑗𝑆𝑗

∞

𝑗=𝑖+1

𝑁𝑗𝐶𝑗
(1)

− 𝐶𝑖
(2)

𝑆𝑖𝑁𝑖 (VI.13) 

where: 

𝐶𝑖
(1)

=
𝑣𝑖

∑ 𝑣𝑗𝛤𝑗𝑖

𝑖−1

𝑗=1

𝐶𝑖
(2)

 
(VI.14) 

 

𝐶𝑖
(2)

= 1 −
1

𝑣𝑖+1 
′ − 𝑣𝑖

′ ∫ [∫ 𝑏(𝑣, 𝑞)𝑑𝑞
𝑣𝑖+1

′

𝑣

] 𝑑𝑣
𝑣𝑖+1

′

𝑣𝑖
′

 (VI.15) 

 

𝛤𝑖𝑗 = ∫ 𝑏(𝑣𝑖 , 𝑣𝑗)𝑑𝑣
𝑣𝑖+1

′

𝑣𝑖
′

 (VI.16) 

Where S is the selection function and b the breakage function, already 

described in the paragraph VI.2, with 𝐶1
(2)

= 0 and 𝑣𝑖 the characteristic size x 

of the class in volume [𝑚3]. In this case, the distribution density function has 

been obtained (𝑛(𝑙, 𝑡)) and discretized (𝑁𝑖 = 𝑛𝑖(𝑙𝑖+1
′ − 𝑙𝑖

′)) with the diameter 𝑙𝑖 

as characteristic size. The relation 𝑣𝑖  ~ 𝑙𝑖
3 can be used to adapt eqs. ((VI.14), 

(VI.15), and (VI.16)).  

In this study, the breakage phenomenon was described by discretized 

form of Vanni (2000). 

VI.3.2.1 The selection and breakage functions 

Several functions can be chosen for the selection function and breakage 

function (continuous or discrete), usually of semi empirical nature: the 

breakage theory is not well developed as the agglomeration theory (Vanni, 

2000).  

In this study, the selection function was described by the power law 

expression, reported in eq. (VI.17), because it is the form usually adopted 

when more accurate predictions are sought, with exponent values (γ) taking 

in the range from 1/3 to 2 (Vanni, 2000). In particular, it was considered 

𝛾 = 1/3, and the first term of the selection function (k(t)) was defined on 
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mathematical basis by a step function, that depends on the spray time (see 

eq. (VI.18)). 

𝑆𝑖(𝑡) = 𝑘(𝑡) · 𝑣𝑖
𝛾
 (VI.17) 

 

@ 𝑡 ≥ 𝑡𝑠𝑝𝑟𝑎𝑦   𝑘 = 𝑘𝑖∞ 

@ 𝑡 ≥ 𝑡𝑠𝑝𝑟𝑎𝑦   𝑘 = 𝑘𝑖0 

(VI.18) 

Instead, in this study, the breakage function was described by the 

parabolic distribution, reported in eq. (VI.19), because it resumes many of 

the features of continuous fragment distribution functions (Vanni, 2000).  

𝑏(𝑣𝑖 , 𝑣𝑗) =
𝑐

𝑣𝑗 − 1
+ (1 −

𝑐

2
) [

8 (3𝑣𝑖
2 − 3𝑣𝑖 + 1)

(𝑣𝑗 − 1)
3 −

12(2𝑣𝑖 − 1)

(𝑣𝑗 − 1)
2 +

6

𝑣𝑗 − 1
] (VI.19) 

The parabolic form, depending on c, can simulate different behaviors: 

with a concave parabola (0≤c<2), it is more likely the formation of unequal 

fragments; with a convex parabola (2<c<3), it is more likely the formation 

of equal fragments; with (c=2), the equation simplifies to the case of 

uniform breakage, in which it is equally likely to form a child particle of any 

size (Vanni, 2000). In this study, c = 0.5 was used. 

VI.3.3 Nucleation phenomena 

Nucleation phenomena occurs because small particles lower than the 

considered minimum size class can suddenly form granules (i.e. due to the 

action of binder droplets) within the considered size range. In light of this, it 

is clear that nucleation is not a mass conservative mechanism. It can be 

modeled considering the eq. (VI.20), in which 𝜂(𝑡) is a function of time and 

describes for how long this phenomenon is present, and 𝑓(𝑖) is a function of 

the size class and it individuates the class interested by nucleation. 

𝐵𝑁𝑢𝑐𝑖
(𝑡) = 𝜂(𝑡) · 𝑓(𝑖) (VI.20) 

In this study, it was assumed that the nucleation rate was firstly high 

(when the amount of powder is large it is much more likely that a drop will 

fall on the powder and form an aggregate) and then decreased gradually until 

it reached a steady state value.  

(
  
𝜂0

(𝑒
− 

𝑡
𝑡𝑛𝑢𝑐) + 𝜂∞) ·  (

1

𝛿 √2𝜋
 𝑒

1
2

 (
𝑥𝑖−𝜇

𝛿
)

2

) (VI.21) 

In particular, the birth by nucleation (𝐵𝑁𝑢𝑐𝑖
(𝑡)) was mathematically 

represented with a continue function (see eq. (VI.21)), given by the product 

of a decreasing exponential function, which depends on the nucleation time 

(𝑡𝑛𝑢𝑐) and has asymptotic value 𝜂∞, and a normal distribution (with 
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maximum unit height, mean (μ) and standard deviation (σ) of 90 μm). The 

mean value of the distribution was chosen equal at 90 μm since this was the 

average size of the drops generated by the atomizer. 

VI.3.4 Models implementation 

In this study, a pure agglomeration model, an agglomeration and 

breakage model, and a complete model with agglomeration, breakage and 

nucleation, were implemented and solved numerically in MATLAB® 2014b 

to describe the experimental results and find the best fitting parameters. The 

discretization was performed in 60 classes, ranging from 60 μm to 20000 μm 

with a geometrical progression of 21/6 (i.e. 𝑞 = 2). Thus, the resulting 

DPBEs were a system of 60 Ordinary Differential Equations (ODEs), one 

for each class. The PSD of the HPMC powders, obtained by DIA-device (see 

chapter V), and a time range of [0 min, 20 min] were used as initial 

condition and extremes of integration, respectively. The DPBEs for the three 

models mentioned above with corresponding parameters are shown below.  

Pure agglomeration model  

The pure agglomeration model (see eq. (VI.22)) disregards the breakage 

and nucleation phenomena and considers only the agglomeration one in the 

formation of granules. The model parameters are two: 𝛽𝑖𝑛 and 𝛽∞, 

explicated in the first term of the kernel of coalescence (see eqs. ((VI.10) and 

(VI.11))). 

𝑑𝑁𝑖

𝑑𝑡
= ∑

2
𝑗−𝑖+1

𝑞

2
1
𝑞 − 1

 𝛽(𝑖 − 1, 𝑗, 𝑡)

𝑖−𝑆(𝑞)−1

𝑗=1

∗ 𝑁𝑖−1𝑁𝑗  + 

+ ∑ ∑
2

𝑗−𝑖+1
𝑞 − 1 +  2

−𝑘+1
𝑞  

2
1
𝑞 − 1

𝑖−𝑆(𝑞−𝑘+1)−𝑘

𝑗=𝑖−𝑆(𝑞−𝑘+2)−𝑘+1

𝑞

𝑘=2

𝛽(𝑖 − 𝑘, 𝑗, 𝑡)𝑁𝑖−1𝑁𝑗 + 

+0.5𝛽(𝑖 − 𝑞, 𝑖 − 𝑞, 𝑡)𝑁𝑖−𝑞
2 + 

+ ∑ ∑
2

𝑗−𝑖
𝑞 − 2

−𝑘+1
𝑞 + 2

1
𝑞

2
1
𝑞 − 1

𝑖−𝑆(𝑞−𝑘+1)−𝑘+1

𝑗=𝑖−𝑆(𝑞−𝑘+2)−𝑘+2

𝑞

𝑘=2

𝛽(𝑖 − 𝑘 + 1, 𝑗, 𝑡)𝑁𝑖−𝑘+1𝑁𝑗

+ 

− ∑
2

𝑗−𝑖
𝑞

2
1
𝑞 − 1

 𝛽(𝑖, 𝑗, 𝑡)

𝑖−𝑆(𝑞)

𝑗=1

𝑁𝑖𝑁𝑗  − ∑ 𝛽(𝑖, 𝑗, 𝑡) ∗ 𝑁𝑖𝑁𝑗  

ℎ

𝑗=1−𝑆(𝑞)+1

 

(VI.22) 
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Agglomeration and breakage phenomena 

The agglomeration and breakage model (see eq. (VI.23)) disregards only 

nucleation phenomena in the formation of granules. The model parameters 

are four: 𝛽𝑖𝑛, 𝛽∞,  𝑘𝑖0, and  𝑘𝑖∞. The last two ( 𝑘𝑖0, and  𝑘𝑖∞) are shown in 

the first term of the selection function of the breakage phenomena (see eqs. 

((VI.17) and (VI.18))). 

𝑑𝑁𝑖

𝑑𝑡
= ∑

2
𝑗−𝑖+1

𝑞

2
1
𝑞 − 1

 𝛽(𝑖 − 1, 𝑗, 𝑡)

𝑖−𝑆(𝑞)−1

𝑗=1

∗ 𝑁𝑖−1𝑁𝑗  + 

+ ∑ ∑
2

𝑗−𝑖+1
𝑞 − 1 +  2

−𝑘+1
𝑞  

2
1
𝑞 − 1

𝑖−𝑆(𝑞−𝑘+1)−𝑘

𝑗=𝑖−𝑆(𝑞−𝑘+2)−𝑘+1

𝑞

𝑘=2

𝛽(𝑖 − 𝑘, 𝑗, 𝑡)𝑁𝑖−1𝑁𝑗 + 

+0.5𝛽(𝑖 − 𝑞, 𝑖 − 𝑞, 𝑡)𝑁𝑖−𝑞
2 + 

+ ∑ ∑
2

𝑗−𝑖
𝑞 − 2

−𝑘+1
𝑞 + 2

1
𝑞

2
1
𝑞 − 1

𝑖−𝑆(𝑞−𝑘+1)−𝑘+1

𝑗=𝑖−𝑆(𝑞−𝑘+2)−𝑘+2

𝑞

𝑘=2

𝛽(𝑖 − 𝑘 + 1, 𝑗, 𝑡)𝑁𝑖−𝑘+1𝑁𝑗

+ 

− ∑
2

𝑗−𝑖
𝑞

2
1
𝑞 − 1

 𝛽(𝑖, 𝑗, 𝑡)

𝑖−𝑆(𝑞)

𝑗=1

𝑁𝑖𝑁𝑗  − ∑ 𝛽(𝑖, 𝑗, 𝑡) ∗ 𝑁𝑖𝑁𝑗  

ℎ

𝑗=1−𝑆(𝑞)+1

+ 

−𝐶𝑖
(2)

𝑆𝑖(𝑡) ∗ 𝑁𝑖 + ∑ 𝑏(𝑖, 𝑗)𝑆𝑖(𝑡)

𝑁𝑐𝑙𝑎𝑠𝑠𝑖

𝑗=𝑖+1

𝑁𝑗𝐶𝑖
(1)

Γ(𝑖, 𝑗) 

(VI.23) 

Agglomeration, breakage and nucleation model 

The complete model (see eq. (VI.24)) considers all the three phenomena 

(agglomeration, breakage and nucleation) in the formation of granules. The 

model parameters are seven: 𝛽𝑖𝑛, 𝛽∞,  𝑘𝑖0,  𝑘𝑖∞, 𝜂0, 𝜂∞, and 𝑡𝑛𝑢𝑐. Therefore, 

three further parameters (𝜂0, 𝜂∞, and 𝑡𝑛𝑢𝑐), compared to the agglomeration 

and breakage model, were considered with the introduction of the nucleation 

phenomena. 
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𝑑𝑁𝑖

𝑑𝑡
= ∑

2
𝑗−𝑖+1

𝑞

2
1
𝑞 − 1

 𝛽(𝑖 − 1, 𝑗, 𝑡)

𝑖−𝑆(𝑞)−1

𝑗=1

∗ 𝑁𝑖−1𝑁𝑗  + 

+ ∑ ∑
2

𝑗−𝑖+1
𝑞 − 1 +  2

−𝑘+1
𝑞  

2
1
𝑞 − 1

𝑖−𝑆(𝑞−𝑘+1)−𝑘

𝑗=𝑖−𝑆(𝑞−𝑘+2)−𝑘+1

𝑞

𝑘=2

𝛽(𝑖 − 𝑘, 𝑗, 𝑡)𝑁𝑖−1𝑁𝑗 + 

+0.5𝛽(𝑖 − 𝑞, 𝑖 − 𝑞, 𝑡)𝑁𝑖−𝑞
2 + 

+ ∑ ∑
2

𝑗−𝑖
𝑞 − 2

−𝑘+1
𝑞 + 2

1
𝑞

2
1
𝑞 − 1

𝑖−𝑆(𝑞−𝑘+1)−𝑘+1

𝑗=𝑖−𝑆(𝑞−𝑘+2)−𝑘+2

𝑞

𝑘=2

𝛽(𝑖 − 𝑘 + 1, 𝑗, 𝑡)𝑁𝑖−𝑘+1𝑁𝑗

+ 

− ∑
2

𝑗−𝑖
𝑞

2
1
𝑞 − 1

 𝛽(𝑖, 𝑗, 𝑡)

𝑖−𝑆(𝑞)

𝑗=1

𝑁𝑖𝑁𝑗  − ∑ 𝛽(𝑖, 𝑗, 𝑡) ∗ 𝑁𝑖𝑁𝑗  

ℎ

𝑗=1−𝑆(𝑞)+1

+ 

−𝐶𝑖
(2)

𝑆𝑖(𝑡) ∗ 𝑁𝑖 + ∑ 𝑏(𝑖, 𝑗)𝑆𝑖(𝑡)

𝑁𝑐𝑙𝑎𝑠𝑠𝑖

𝑗=𝑖+1

𝑁𝑗𝐶𝑖
(1)

Γ(𝑖, 𝑗) + 

+ (
  
𝜂

0
(𝑒

− 
𝑡

𝑡𝑛𝑢𝑐) + 𝜂∞) ·  (
1

𝛿 √2𝜋
 𝑒

1
2

 (
𝑥𝑖−𝜇

𝛿
)

2

)   

(VI.24) 

VI.4 Modeling results  

The different modeling structures above described (the pure 

agglomeration model, the agglomeration and breakage model, and the 

complete model with agglomeration, breakage and nucleation, discussed 

above, see eqs. ((VI.22), (VI.23) and (VI.24)), were then validated by 

comparison with experimental data achieved in this work (see chapter V).  

In Figure VI.2, the comparison between the experimental and modelling 

results, in terms of number of particles per unit volume (axis y) with a given 

diameter (axis x), is reported at different granulation times (3-6-9-12-15-20 

min). The experimental data were obtained working with 50 g of HPMC 

powder, with an impeller rotation speed of 93 rpm and a distilled water 

volume and flow rate of 100 ml and 34 ml/min respectively, which are the 

operating conditions of the central run of the FFD matrix (see paragraph 

V.3). Each experimental point represents a mean value from three 

independent experiments. 

As it can be seen, a pure agglomeration model (see red squares in Figure 

VI.2) overestimates the granules formation. This modeling result represents 

a reasonable physical phenomenon: only the agglomeration in the granules 

formation leads to the lowering of the peak of 𝑁𝑖 and its translation toward 
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higher dimension of the PSD (particles decrease in number increasing their 

size). 

The insertion of the descriptive function of the breaking phenomenon 

(see green spheres in Figure VI.2) reflects more accurately the physics found 

with the experimental activities: breakage phenomena lead to an increase of 

the number of particles per unit volume, with a translation toward lower 

dimensions of the PSD. 

The complete model with agglomeration, breakage and nucleation (blue 

triangles in Figure VI.2) seems to describe also the presence of small 

particles due to embryonic nuclei or powder clusters. 

Globally, achieved results prove that the developed modeling structures 

respond to physical observed phenomena.  

In the Table VI.2 parameters values of fitting resulting from the 

optimization considering the pure agglomeration model, the agglomeration 

and breakage model, and the complete model with agglomeration, breakage 

and nucleation were shown. 

Table VI.2 Parameters values of fitting 

 Agglomeration 

(A) 

Agglomeration 

and breakege 

(A+B) 

Agglomeration, 

breakage and 

nucleation 

(A+B+N) 

βin × 1010 [m3 s⁄ ]  60.2 133 1.7 x 104 

β∞ × 1010 [m3 s⁄ ] 1 18.5 15 

k0 × 106 [1 s⁄ ] - 3.8 494 

k∞ × 106 [1 s⁄ ] - 2 2 

η0[1 m3s⁄ ] - - 3.9 x 106 

η∞[1 m3s⁄ ] - - 13 

tnuc[s] - - 14 
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Figure VI.2 Comparison between model predictions and experimental data of PSDs 

at different times of wet granulation process, performed with an impeller rotation 

speed of 93 rpm and a binder phase flow rate of 34 ml/min. A: Agglomeration; B: 

Breakage; N: Nucleation. A indicates the pure agglomeration model; A+B the 

agglomeration and breakage model; A+B+N the agglomeration, breakage and 

nucleation model 
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VI.5 Towards scale-up approaches for the wet granulation process 

The results from phenomenological analysis and the main physical 

aspects description by mathematical equations constitute milestones towards 

wet granulation process scale–up. 

A rational approach to scale-up in the field of granulation is the 

“dimensional analysis”, procedure applied first time by Rayleigh (1915). 

Dimensional analysis develops dimensionless numbers and derives 

functional relationships among them that completely characterize any given 

process (Faure et al., 1999, Faure et al., 2001, Landin et al., 1996). This 

analysis is based on the principle of similarity, according to which, two 

processes are considered similar if there is a geometrical, kinematic, and 

dynamic similarity (Leuenberger, 1983). Two systems are called 

geometrically similar if they have the same ratio of characteristic linear 

dimensions (for example, two cylindrical mixing vessels are geometrically 

similar if they have the same ratio of height to diameter). Two geometrically 

similar systems are called kinematically similar if they have the same ratio 

of rates between corresponding points. Two kinematically similar systems 

are dynamically similar if they have the same ratio of forces between 

corresponding points (Levin, 2005, Yadav et al., 2010).  

For two dynamically similar systems, scale up is carried out by keeping 

constant the dimensionless numbers necessary to describe the process 

(Kayrak-Talay et al., 2013, Levin, 2005). 

Dimensionless numbers depend on the process parameters, the properties 

of the materials and the apparatus geometry. For a wet granulation process 

performed in an agitate apparatus with power consumption P, containing a 

powder of specific density 𝜌𝑠 and dynamic viscosity 𝜂𝑠, mixed by an 

impeller of diameter D and rotation speed N, the dimensionless numbers 

most commonly used are: Newton, Froude and Reynolds. Newton number 

(𝑁𝑒 = 𝑃 𝜌𝑠𝑁3𝐷5 )⁄  is a measure of required power to overcome friction in 

fluid flow in a stirred reactor and it relates the drag force acting on a unit 

area of the impeller and the inertial stress. Froude number (𝐹𝑟 = 𝑁2𝐷 𝑔)⁄  

relates the inertial stress to the gravitational force per unit area acting on the 

material and it has been suggested both as criterion for dynamic similarity 

and scale up parameter in wet granulation process. Reynold number (𝑅𝑒 =
𝐷2𝑁𝜌𝑠 𝜂𝑠 )⁄  relates the inertial force to the viscous force (Landin et al., 

1996, Levin, 2005, Yadav et al., 2010).  

It is obvious that the key process parameter in the scale up is the impeller 

rotation speed (N), whose best value could be found “in-silico”, i.e. thanks to 

the model predictability, able to reduce or completely delete experimental 

tests.  
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VI.6 Chapter VI remarks 

Granules size distributions were mathematically described by using the 

Population Balance Equations (PBEs) approach. MATLAB® 2014b was 

used to implement and to solve the equations’ discretization and their 

solution. 

Nucleation, agglomeration, and breakage phenomena, experimentally 

observed for a batch wet granulation process with a low shear granulator, 

were described by appropriate mathematical functions 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.  

Main results of this chapter are presented in: 

De Simone V., Caccavo D., Lamberti G., d’Amore M., Barba A.A., “Phenomenological 

analysis, process parameters optimization and mathematical modeling of a low-shear wet 

granulation process”, 23rd International Congress of Chemical and Process Engineering 

CHISA 2018, 25-29/08/2018, Prague (CZ), Czech Republic 

De Simone V., Caccavo D., Dalmoro A., Lamberti G., d’Amore M.; Barba A.A., “Inside the 

phenomenological aspects of wet granulation: role of process parameters”, chap. V in 

“Granularity in Materials Science”, InTech Ed., 2018, ISBN 978-1-78984-308-8 

De Simone V.; Caccavo D.; Lamberti G; d’Amore M.; Barba A.A.; Dalmoro A.; Low-shear 

wet granulation process: a new strategy in design and manufacturing of granular materials, to 

be presented to 3rd European Conference on Pharmaceutics, 25-26/03/2019, Bologna (Italia) 
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Chapter VII 

Concluding remarks 

 

 

 

 
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, in literature the approach to the granulation 

process is still based on either experimental tests (to study the impact of 

formulation and process variables on granules properties) or on modeling 

studies (mathematical description of the phenomena). The two approaches, 

experimental and theoretical, are rarely applied together. 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 light of these literature findings, this research project was based on the 

investigation of 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 the size enlargement unit operation, which can constitute a 

starting point for scale up studies. The integrated approach, exploiting 

experimental studies and modeling aspects together, constitutes the main 

novelty of this Ph.D. research activity. 

To this scope, it was firstly carried out 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 the 

degree of binder phase dispersion on the surface of powder bed. Then, 

granular structures with tailored features (in terms of size and size 

distribution, flowability, mechanical and release properties, etc.) were 

produced and characterized by standard and ad hoc innovative protocols. In 
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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 

Particle Size Distribution (PSD) during the solids processing, were 

developed. 

For the preparation of granules with sizes between 0.45-2 mm (sizes 

suitable for food, pharmaceutical and zootechnical applications), 

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, which 

nowadays continues to be the most employed 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.  

The experiments were planned by using the techniques of the Design of 

Experiments (DoEs), i.e. statistical approaches applied to minimize the 

number of experiments to be performed and maximize the information on 

the system behaviour and operating variables, avoiding loss of time and 

resources. Three process variables (impeller rotation speed (rpm), binder to 

powder ratio, and binder phase flow rate) were varied to assay their impact 

on granules properties. The results were used to find the best process 

operating conditions to obtain a product 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 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 produce failure of the aggregation phenomena, i.e. high amount 

of fine particles with size lower than requested one (0.45-2 mm). Low rpm 

with high binder phase flow rate and high added binder phase amount 

achieve clusters of powder and binder, i.e. over wetting phenomena, which is 

a condition to avoid. High rpm with high binder to powder ratio and low 

binder phase flow rate give a high product yield. 

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 (by diffusive phenomena or due to polymer erosion) were 

speculated. A hydrophilic compound, vitamin B12, and a lipophilic one, 

vitamin D2, were employed as model molecules. Due to the different 

solubility of the two molecules in water, two different binder phases were 
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used: distilled water for vitamin B12 loaded HPMC granules, and a 

composed solution of ethanol and water with a 75/25 v/v ratio for vitamin 

D2 loaded HPMC granules. First of all, the best loading method in HPMC 

granules was investigated using the hydrophilic molecule. Vitamin B12 was 

either dissolved in the binder phase (method 1) or dispersed in powder phase 

(method 2). It was observed that the loading method does not have 

significant effects on either the granules flowability or the yield, but a better 

dispersion of vitamin B12 inside the HPMC polymer matrix was achieved by 

the method 1, perhaps thanks to the high solubility of this vitamin in the 

binder and the relevant uniform spray by the ultrasonic atomization device. 

Thus, by exploiting the most successful method 1, two different payloads of 

B12 and D2 (1 % and 2.3 % w/w) were tested. Results showed that the use 

of ethanol reduces product yield and produces granules with less defined 

shape, smaller dimensions, less hard structure, worse flowability, and 

slightly faster polymer erosion. The increase of payload both for the 

hydrophilic and lipophilic molecule leads to the formation of granules with a 

harder and more compact structure. It was demonstrated that the molecule 

solubility plays a relevant role in their release mechanism: diffusion for the 

hydrophilic molecule and erosion for the lipophilic one.  

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

granulates (the process yield is based on this parameter), attention was 

focused on the way to evaluate, by a dynamic manner, the growing of 

powder agglomerates. Thus, the statistical techniques (DoEs and RSM) were 

coupled with the PSD analysis method (DIA) to understand 

phenomenological aspects involved in the formation of the granules always 

to achieve process conditions optimization. To this aim, the process 

parameters optimization was carried out using the granulation yield (% w/w 

of wet granules within the size range 2-10 mm) as the main variable of 

interest, determined by PSD data. PSD measurements at different process 

times, obtained by using the ad hoc built DIA device, showed that 

nucleation, agglomeration and breakage phenomena influence the wet 

HPMC granules size and occur simultaneously in the granulator, with the 

dominance of the agglomeration during the binder addition phase, later 

balanced by the breakage. Thanks to this initial phenomenological analysis, 

process time was optimized. At last, response surface studies indicated that 

the interaction between the impeller rotation speed and the binder flow rate 

have a significant influence on the granulation yield (and in general on the 

granules PSD), especially at high rpm. 

Granules size distributions were mathematically described by using the 

Population Balance Equations (PBEs) approach. MATLAB® 2014b was 

used to implement and to solve the equations’ discretization. The PBEs were 

discretized in 60 classes, ranging from 60 to 20000 μm with a geometrical 

progression of 21/6, therefore, the resulting model was a system of 60 
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Ordinary Differential Equations (ODEs), one for each class. 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 achieved in this study.  

As overall result, the comparison between the experimental and modeling 

results showed that a pure agglomeration model (disregarding all the other 

phenomena) overestimates the granules formation, the presence of the 

breakage improves the model capabilities, and the complete model 

(agglomeration, breakage and nucleation) seems to describe well the 

presence of small particles due to embryonic nuclei or powder clusters. 

Achieved results thus prove that the developed modeling structures respond 

to physical observed phenomena. 

An integrated approach based on a rational planning of experimental tests 

and the availability of a predictive tool can constitute an efficacious strategy 

to optimize or to implement a new granulation process starting from powder 

materials of interest, from the bench scale to the industrial scale. 
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Symbols 
 

�̇� Powder flux trough the spray zone 

𝐵𝑝 Big scrap (% w/w of dry granules with size greater than 2 mm) 

BS Big scrap (% w/w of wet granules with size between 10000 μm and 

20000 μm) 

𝑑𝑑 Average drop size 

𝑑𝑔 Size of granule 

𝑑𝑖 Particles diameter in the class “i” 

D-1 Fluid bed dryer 

E Percentage of HPMC eroded from granules 

𝐸𝑙  Young modulus 

F Compression force 

GR-1 Granulator 

𝐺1 Unloaded HPMC granules obtained using distilled water as binder 

𝐺1-B12 Vitamin B12 loaded HPMC granules 

𝐺2 Unloaded HPMC granules obtained using a solution of ethanol and 

water with a 75/25 v/v ratio as binder 

𝐺2-D2 Vitamin D2 loaded HPMC granules 

h Height of the cone 

k Number of independent input variables (factors) 

L Levels of factors 

m Mass of the sample 

𝑚𝑖 Amount in grams of active molecule loaded into granules 

𝑚𝑡 Amount in grams of released active molecule 

𝑀𝑖 Amount in grams of HPMC introduced in the dissolution medium 

𝑀𝑡 Amount in grams of eroded HPMC 
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M-1 Magnetic stirrer 

n Number of data points 

𝑛0 center point of work matrix (integer closest) 

𝑛𝑖 Particles number for class “i” 

𝑁𝑡 Number of experiments 

p Probability 

𝑝𝑖𝑖  constants to be determined by fitting the experimental data 

P-1 Peristaltic pump for binder phase 

q Distribution density 

Q Undersize cumulative distribution 

𝑄0 Undersize cumulative distribution by number 

𝑄3 Undersize cumulative distribution by volume/mass 

𝑄3𝑠𝑖𝑧𝑒
 Volume-weighted undersize cumulative distribution at a fixed size 

r Radius of the cone 

R Percentage of active molecule released from granules 

𝑅2 R-squared (guideline to measure the accuracy of the model equation 

to describe the experimental values ) 

𝑅𝑒𝑓𝑓 Effective pore size of the powder bed 

𝑠𝑚𝑎𝑥 maximum pore saturation 

𝑆𝑝 Small scrap (% w/w of dry granules with size lower than 0.45 mm) 

SS Small scrap (% w/w of wet granules with size between 60 μm and 

2000 μm) 

Stdef Stokes deformation number 

S-1 Sieve 

𝑡𝑐 Circulation time 

𝑡𝑑𝑝 Drop penetration time 

T-1 Binder phase tank 

𝑈𝑐 Process agitation intensity 

v Speed of the powder after spray 

�̇� Volumetric flow rate of the droplets 
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𝑉𝑏 Bulk volume 

𝑉𝑑 Sprayed droplets volume 

𝑉𝑡 Tapped volume 

V-1 Valve 

W Powder size after wetting 

w Liquid to solid mass ratio 

𝑤𝑔𝑡<0.45𝑚𝑚 Amount in grams of dry granules with size lower than 0.45 mm 

𝑤𝑔𝑡0.45−2𝑚𝑚 Amount in grams of dry granules with size 0.45-2 mm 

𝑤𝑔𝑡>2𝑚𝑚 Amount in grams of dry granules with size greater than 2 mm 

𝑊𝑎 Work of adhesion for an interface 

𝑊𝑐𝑙  Work of cohesion for a liquid 

𝑊𝑐𝑠 Work of cohesion for a solid 

𝑥1,0 Arithmetic mean size 

𝑥1,3 Volume-weighted mean size 

𝑦𝑔 Granulation yield (% w/w of wet granules with size between 2000 

μm and 10000 μm) 

𝑌𝑔 Granule dynamic yield stress 

𝑦𝑝 Product yield (% w/w of dry granules with size between 0.45 mm 

and 2 mm) 

Z-1 Atomizer assisted by ultrasonic energy 

 

𝛼 Value depends on the factor number 

𝛾𝑙𝑣  Surface free energies between liquid and vapour phase 

𝛾𝑠𝑙 Surface free energies between solid and liquid phase 

𝛾𝑠𝑣 Surface free energies between solid and vapour phase 

Δ Total displacement of the moving platen 

𝛥𝜋 Difference between the number of parameters for the two compared 

models 

휀𝑒𝑓𝑓 Surface porosity 

휀𝑚𝑖𝑛 Minimum porosity 

θ Solid-liquid angle of contact 



 

154 

 

λ Spreading coefficients of the binder phase on the powder surface 

𝜆𝑙𝑠 Spreading coefficient: liquid may spread over the solid 

𝜆𝑠𝑙 Spreading coefficient: solid may spread or adhere to liquid 

𝛬 Degree of homogeneity 

μ Liquid viscosity 

𝜈𝑙  Poisson ratio 

𝜌𝑏 Bulk density 

𝜌𝑔 Granule density 

𝜌𝑙 Liquid density 

𝜌𝑠 Solid particles density 

𝜌𝑡 Tapped density 

σ Granule mechanical strength 

𝜏𝑝 Drop penetration time to circulation time ratio 

𝜓𝑎 Dimensionless spray flux 
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Abbreviations 
 

AIC Akaike Information Criterion 

AR Angle of Repose 

ASTM American Society for Testing and Material 

CCD Central Composite Design 

CFD Computational Fluid Dynamic 

CI Carr Index 

DEM Discrete Element Method 

DIA Dynamic Image Analysis 

DoE Design of Experiment 

DPBE Discretized Population Balance Equation 

DSC Differential Scanning Calorimetry 

EKE Equi Kinetic Energy 

ER Ellipse Ratio 

ERM Eccentric Rotating Mass 

FDA Food and Drug Administration 

FFD Full Factorial Design 

HPMC Hydroxypropil methylcellulose 

HR Hausner Ratio 

MRN Nucleation Regime Map 

ODE Ordinary Differential Equation 

PBE Population Balance Equation 

PSD Particle Size Distribution 

rpm Revolutions per minute 

RSM Responce Surface Methodology 
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SD Standard Deviation 

SEM Scanning Electron Microscope 

SSE Sum of Square Errors 

US Ultrasonic source 
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Appendix 
 

Publications 

International journals 

1. De Simone V., Dalmoro A., Lamberti G., d'Amore M., Barba A.A, “Central 

composite design in HPMC granulation and correlations between product 

properties and process parameters”, New Journal of Chemistry, 41 (2017) 6504-

6513 

 

Particulate solids have received great interest in many industrial fields for both 

marketing reasons and technological aspects. In this study granular systems were 

achieved by using a wet granulation process using hydroxypropyl 

methylcellulose (HPMC) and distilled water as the binder phase. Particulates 

with a defined size (450–2000 mm) and good flowability together with a high 

granulation process yield, to reduce manufacturing scrap, were produced. To this 

aim a bench scale low-shear rate granulator apparatus was used; three process 

parameters were varied (impeller rotation speed, binder volume at constant mass, 

and binder flow rate) and, for each parameter, three intensities have been used. 

HPMC granule production was planned using the Central Composite Design 

(CCD) statistical protocol, which allowed us to minimize the number of runs to 

be performed for obtaining information about the relationship between granule 

properties and process parameters. The produced granules were stabilized by 

using a dedicated dynamic drying apparatus, then separated by sieving and then 

characterized in terms of size and flowability properties. The results of the 

experimental campaign have been used to develop semi-empirical correlations 

between granulated product properties and process parameters. A second-order 

polynomial law has shown the best comparison between experimental data and 

model predicted values. These correlations can constitute a reliable tool to help 

us to know more on the effect of operative parameter changes in HMPC or 

similar particulate solid production.  
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2. De Simone V., Dalmoro A., Lamberti G., Caccavo D., d'Amore M., Barba A.A, 

“HPMC granules by wet granulation process: Effect of vitamin load on 

physicochemical, mechanical and release properties”, Carbohydrate Polymers, 

181 (2018) 939-947 

 

Due to its versatile properties, hydroxypropyl methylcellulose (HPMC) is largely 

used in many applications and deeply studied in the various fields such as 

pharmaceuticals, biomaterials, agriculture, food, water purification. In this work, 

vitamin B12 loaded HPMC granules were produced to investigate their potential 

application as nutraceutical products. To this aim the impact of vitamin load on 

physico-chemical, mechanical and release properties of granules, achieved by 

wet granulation process, was investigated. In particular, three different loads of 

B12 (1 %, 2.3 % and 5 % w/w) were assayed. Unloaded granules (used as 

control) and loaded granules were dried, sieved, and then the suitable fraction for 

practical uses, 0.45–2 mm in size, was fully characterized. Results showed that 

the vitamin incorporation of 5 % reduced the granulation performance in the 

range size of 0.45–2 mm and led granules with higher porosity, more rigid and 

less elastic structures compared to unloaded granules and those loaded at 1 % 

and 2.3 % of B12. Vitamin release kinetics of fresh and aged granules were 

roughly found the same trends for all the prepared lots; however, the vitamin 

B12 was released more slowly when added with a load at 1 % w/w, suggesting a 

better incorporation. 
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3. De Simone V., Caccavo D., Lamberti G., d’Amore M., Barba A.A., “Wet-

granulation process: phenomenological analysis and process parameters 

optimization”, Powder Technology, 340 (2018) 411-419 

 

Wet granulation is a size-enlargement process applied in many industrial fields, 

such as pharmaceutical, nutraceutical, zootecnichal, to improve flowability and 

compressibility properties of powders. In this work analysis of the Particle Size 

Distribution (PSD) of granules was performed to understand the phenomena 

involved during the granulation process and to optimize the operating conditions. 

Hydroxypropyl methylcellulose (HPMC) granules were produced spraying 

distilled water as liquid binder on powders in a low-shear granulator. The 

experimental campaign was planned using the Full Factorial Design (FFD) 

statistical technique varying two factors (impeller rotation speed and binder flow 

rate), each at three intensities. PSDs of HPMC granules at different granulation 

times were obtained by an ad hoc dynamic image analysis device based on the 

free falling particle scheme. PSD measurements showed that wet granules size 

depends on the simultaneous presence of nucleation, agglomeration and breakage 

phenomena. The process parameters optimization was carried out using 

Response Surface Methodology (RSM) and using the granulation yield (% w/w 

of wet granules within the size range 2000–10000 μm) as the main variable of 

interest. 
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4. De Simone V., Dalmoro A., Lamberti G., Caccavo D., d’Amore M., Barba A.A., 

“Effect of binder and load solubility properties on HPMC granules produced by 

wet granulation process”, Journal of Drug Delivery Science and Technology, 49 

(2019) 513-520 

 

Hydroxypropyl methylcellulose (HPMC) is one of the most important 

hydrophilic ingredients used in hydrogel matrices preparation (tablets or 

granules). In this work, HPMC was used to produce granules loaded with 

hydrophilic and hydrophobic active molecules to investigate their possible use as 

release dosage forms for pharmaceutical and nutraceutical applications. 

Unloaded and vitamins loaded HPMC granules were produced by wet 

granulation to investigate the effect of molecule solubility and granulation liquid 

type, on physical, mechanical and release properties. Water-soluble vitamin B12 

and water-insoluble vitamin D2 were used as model molecules. Due to their 

different solubility, two granulation liquid phases were also used: distilled water 

for granules with B12, and ethanol-water for granules with D2. Results showed 

that use of ethanol in the liquid phase reduces the granulation yield and produces 

granules having a less defined shape, a smaller mean size, a less hard structure 

and a worse flowability. Moreover, ethanol slightly enhances the polymer 

erosion rate. Results also emphasized that the vitamins solubility does not affect 

either the physical and the mechanical properties of the produced granules. 

However, it plays a significant relevant role on the molecule release mechanism, 

being B12 and D2 were released by diffusion and erosion mechanism, 

respectively. 
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Book chapter 

5. De Simone V., Caccavo D., Dalmoro A., Lamberti G., d’Amore M.; Barba A.A., 

“Inside the phenomenological aspects of wet granulation: role of process 

parameters”, chap. V in “Granularity in Materials Science”, InTech Ed., 2018, 

ISBN 978-1-78984-308-8 

 

Granulation is a size-enlargement process by which small particles are bonded, 

by means of various techniques, in coherent and stable masses (granules), in 

which the original particles are still identifiable. In wet granulation processes, the 

powder particles are aggregated through the use of a liquid phase called binder. 

The main purposes of sizeenlargement process of a powder or mixture of 

powders are to improve technological properties and/or to realize suitable forms 

of commercial products. A modern and rational approach in the production of 

granular structures with tailored features (in terms of size and size distribution, 

flowability, mechanical and release properties, etc.) requires a deep 

understanding of phenomena involved during granules formation. By this 

knowledge, suitable predictive tools can be developed with the aim to choose 

right process conditions to be used in developing new formulations by avoiding 

or reducing costs for new tests. In this chapter, after introductive notes on 

granulation process, the phenomenological aspects involved in the formation of 

the granules with respect to the main process parameters are presented by 

experimental demonstration. Possible mathematical approaches in the 

granulation process description are also presented and the one involving the 

population mass balances equations is detailed. 
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