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ABSTRACT

The complete reconstitution of food powders, from a solid to a homogeneous
solution, is primordial for consumers. As a result food companies are putting
more and more effort into understanding the mechanisms of powder
reconstitutions: wetting, dissolution and disintegration. This thesis focuses on the
disintegration of food powders and more specifically of food tablets such as stock
cubes. Disintegration is the process of breaking down a powder aggregate, in this
case a tablet, into multiple fragments thereby increasing the surface area of
powder in contact with water. This results in a faster tablet dissolution. The
disintegration of tablets can be improved with the use of certain types of
ingredients called disintegrants. Such ingredients are very commonly used in
pharmaceutical preparations; however these are new to the food industry. The
purpose of this thesis is to investigate the possible use of food grade disintegrants,
obtained from a natural source if possible, to decrease the reconstitution time of

food tablets.

In order to do this, first the dissolution and disintegration of tablets of a food
model powder, maltodextrin, were characterised experimentally. The results were
then compared to a model developed in this thesis to obtain a better
understanding of the dissolution and disintegration processes, prior to the
incorporation of disintegrants. Subsequently, different food grade natural
ingredients were selected and characterised to understand their mechanisms of
action. The dissolution and disintegration of tablets of maltodextrin tablets
containing different disintegrants were then investigated to decide which one was

the most suitable. Finally, a novel method to study simultaneously both
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dissolution and disintegration is presented. The method has proven to give
valuable insights towards a better understanding of the reconstitution of food

tablets.

Finally, recommendations to as which disintegrants, which concentration and
which incorporation methods best suitable for a fast tablet dissolution and
disintegration are given. Furthermore, the novel method developed in this work
shows that the enhancement of the tablet disintegration can improve greatly the

reconstitution time of food tablets.
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CHAPTER 1 - INTRODUCTION

1.1 Dehydrated food products
1.2 Aims

1.3 Outlook

1.1 Dehydrated food products

Food products are often offered to consumers in a dehydrated form to decrease
their transport cost and increase their shelf life. The most common products are
instant beverages such as instant coffee, dehydrated soups or infant formulas, and
kitchen aids such as stock cubes. In most cases, these products are agglomerated
which is the process of sticking together primary particles to form larger
aggregates. The aim of the agglomeration process is to enhance the powder
properties such as flowability and dissolution speed. Dehydrated food products
are presented in different forms such as fine powder, agglomerates or tablets

(Figure 1-1).

Figure 1-1: Example of a dehydrated food product: coffee
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In the food industry the consumers' expectations regarding products quality are
extremely high. A fast, easy and complete re - hydration or reconstitution of the
dehydrated products is required. Products dispensed in a tablet form have the
advantage of delivering a constant amount of product. Tablets are made of several
ingredients which originally exist in a powder form and are compressed together
to produce uniform products. Thus the consumer can benefit in that the taste,

flavour and appearance of the re-hydrated product will always be the same.

In general, the aim is to produce fast dissolving products and thus research and
development in the food industry have focused on how to reduce the dissolution
time. The dissolution is a multistep phenomenon starting with wetting and
followed by a combination of transport of water and solid material into and out of
the tablet resulting in the transformation of a solid into a solution (Marabi 2008).
The dissolution is often accompanied with disintegration which is the process of
breaking up the tablet into smaller pieces. This process increases the dissolution
rate by increasing the surface area available for dissolution to occur. Such a
process is helped by the use of disintegrants. More details about disintegrants are
given in Chapter 2. Disintegrants are commonly used in the pharmaceutical
industry; however, the food industry has only recently shown an interest for their

potential use.
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1.2 Aims

The work carried out in this thesis aims at studying the possible use of
disintegrants to reduce the dissolution time of food tablets. The following

questions will be answered:

- Can natural ingredients displaying a disintegrant function be found and
used in food tablets? Indeed, the negative consumer’s perception towards
E-numbers and ingredients holding a “chemical name”, such as the
disintegrants used in the pharmaceutical industry, pushes to find and
investigate new natural sources for disintegrants.

- Is the use of disintegrants in food tablets beneficial for the overall
reconstitution of the products?

- Can we provide further understanding into the tablet disintegration
process? As it will be highlighted in the literature review (Chapter 2), the
disintegration process is still not well understood.

- What is the relationship between dissolution and disintegration, and how
do they affect each other?

- Can a simple model be developed to predict the overall reconstitution of a

tablet in water?

1.3 Outlook

The thesis is organised in 4 main parts. In the first main part, the introduction,
literature review and materials & method (Chapters 1 to 3) give the necessary
background information for the reader to understand the thoughts behind this

work.
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In the second part (Chapter 4), the dissolution of the main material used in this
study is investigated. This part gives important insights to understand the
dissolution of a food model tablet before any disintegrants are introduced.
Chapter 4 is based on two subparts; first the experimental results are explained
and are then compared to a mathematical model specially developed for this

work.

In the third part (Chapters 5 and 6), different disintegrants are sourced and
characterised (Chapter 5) before being introduced in food tablets. Chapter 6
investigates the influence of these disintegrants and their concentrations on the

dissolution time and on the tablets properties.

In the fourth part (Chapter 7 and 8), a novel method to study both tablet
dissolution and disintegration is introduced (Chapter 7). The results and insight

obtained with this novel method are explained in Chapter 8.

Finally, Chapter 9 will conclude this work and open to the future work which
should be carried out to further the knowledge in tablet dissolution and

disintegration based on the work done in this thesis.
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CHAPTER 2 — LITERATURE REVIEW

2.1 Introduction
2.2 Tablet reconstitution in water
2.2.1 Dissolution basics
2.2.1.1 Kinetics
2.2.1.2 Experimental assessment of dissolution
2.2.1.3 Modelling of the dissolution process
2.2.1.4 Dissolution of maltodextrin
2.2.2 Disintegration process
2.2.2.1 Tablet disintegration characterisation
2.2.2.2 Modelling of the tablet disintegration
2.2.2.3 Disintegration of maltodextrin tablets
2.3 Chemical and physical properties of food powders
2.4 Production of food tablets

2.5 Conclusions

2.1 Introduction

In this chapter, the work which has been carried out by other authors in the field
of tablet dissolution and disintegration is reviewed. The dissolution and
disintegration of maltodextrin, a polymer carbohydrate, which is used as a food
model in this study, are also reviewed. The chapter will highlight the fact that the
understanding in this field is far from being complete and that research into food

tablets dissolution and disintegration is limited.
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2.2 Tablet reconstitution in water

The reconstitution of a food tablet in water involves the complete transformation
of a solid product into a solute state. From a consumer’s point of view, the tablet
reconstitution is complete when the product’s original state is obtained, such as
coffee or stock. This means that when a homogenous liquid is obtained, without
any lumps or non-dissolved powder. The tablet reconstitution is a multistage
action based on the following processes: wetting and sinking, disintegration and
finally dissolution. Wetting of the solid and sinking into the bulk of the solvent
are the first necessary steps. Disintegration and dissolution will occur next,
simultaneously, and both will affect each other (Forny, Marabi et al. 2011). The
following sections introduce each process and emphasise the disintegration and

dissolution processes which are of interest in this work.

2.2.1 Wetting

Wetting is often considered as a separate subject to dissolution as it is not only of
interest to its link with the dissolution process. When the solvent, water in this
context, comes into contact with the surface of the solid, in this case a tablet, a
three phase interaction, solid-liquid-gas, occurs. In order to optimise the
dissolution behaviour, it is better to have a favourable interaction between the
liquid and solid phase. Good wetting and spreading of the solvent is thus an
elementary aspect of rapid dissolution (Fukami, Yonemochi et al. 2006). The
wetting of liquid over a solid surface is the result of molecular interactions
between these two phases. A surface which is covered by a hygroscopic material
such as a carbohydrate will present favourable wetting properties. To characterize

the wettability of a solid it is common practice to look at the contact angle, a
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measure of the equilibrium of surface tensions between the three phases. Many
parameters such as density, porosity, surface charges, surface activity, polarity
were shown to influence the wetting ability of a material (Marabi 2008). In this
study, maltodextrin is used as the model product. It is a polymer carbohydrate

which presents favourable wetting characteristics.

2.2.2 Dissolution basics

Any chemical reaction has kinetic and thermodynamic aspects. For dissolution to
occur, the main reactants must in a favourable condition for the process to occur.
The advantage of dealing with food powders is that, generally, their dissolution is
thermodynamically favourable; an obvious exception being fat. In this work, a
carbohydrate was chosen for its ability to dissolve in water. The thermodynamics
of the dissolution process will not be approached as the interest is not focused on
whether a material will dissolve but on how fast will it dissolve. Therefore; in the

following section, the kinetics of dissolution will be discussed.

A short history of the research into dissolution is given before focusing on the
dissolution of polymers as the material of interest in this work is a polymer

carbohydrate.
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2.2.2.1 Kinetics

Dissolution is a heterogeneous process since it takes place on the solid-liquid
phase boundaries. It generally involves three main steps (Marabi 2008):

- (i) Supply of solvent at the surface of the system

- (i) Transition of the solid into solute state at the interaction of solid-

solvent

- (iii) Transport of the solute away from the solid by diffusion or

convection

The slowest of these steps exercises a dominating influence upon the rate of

dissolution.

The first to study the kinetics of the dissolution process were Noyes and Whitney.
They carried out the first dissolution experiments in 1897 (Dokoumetzidis and
Macheras 2006). They noticed that the rate of dissolution is proportional to the
difference between the instantaneous concentration in solution C, at time t, and
the saturation concentration, Cs. The following mathematical expression was

defined to summarise their finding:

C
a7 = k(G =0 Eq. 2-1

where K is a constant.
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Noyes and Whitney hypothesized the dissolution mechanism is based on the
existence of a thin diffusion layer around the solid-liquid interface through which
the molecules diffuse to the bulk aqueous solution. The rate at which the

molecules diffuse is the limiting rate for the dissolution process.

Later on, in 1900, Brunner and von Tolloczko furthered the research of Noyes
and Whitney and Eq. 2.1 by introducing the surface area S to give (Siepmann and

Siepmann 2013);

dc
— = KiS(G = 0) Eq. 2-2

In this case k becomes k=K1S, with K1 becoming the resulting constant.

Finally, a more complete equation of Nernst and Brunner was published in 1904
(Siepmann and Siepmann 2013). In this work, the Fick’s second law was

introduced to complete the diffusion layer theory to give:

dc DS

— = (C, - Eq. 2-

Where D is the diffusion coefficient, h; the thickness of the diffusion layer and Vi

the volume of the dissolution medium.

The different works introduced above are based on the fact that the diffusion

layer model is the physical explanation for the dissolution process. In this model,
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the dissolution kinetics are limited by the diffusion of the dissolved molecules
through a film surrounding the solid surface. Other approaches and models were
developed but the diffusion layer model remains the most attractive

(Dokoumetzidis and Macheras 2006).

The dissolution of tablets has been extensively studied in the pharmaceutical
industry and numerous parameters were found to have an influence on the
dissolution time. Liquid properties such as viscosity, surface tension, temperature
etc. and on the other hand powder properties such as particle size, density,
porosity, chemical composition etc., were found to significantly influence the

kinetics of powder dissolution (Costa and Sousa Lobo 2001).

The dissolution of a polymeric material involves additional mechanisms to the
ones introduced above. It includes solvent diffusion inside the polymer and
polymer chain disentanglement which is also a transport process (Miller-Chou
and Koenig 2003). When the solvent (water in this case) diffuses inside the
polymer, a gel layer is created due to the transition from the glassy to the rubbery
state of the polymer. Polymer dissolution presents also an induction time after

which the polymer starts to dissolve.

Polymer dissolution can be either limited by the disentanglement rate of the
polymer chains or by one of the transport mechanisms; diffusion of water inside

the polymer or the diffusion of the polymer chains away from the surface.

Ueberreiter (1968) summarized the dissolution process of a polymer by
representing the surface layers in 6 stages: starting from the pure polymer,
infiltration layer, the solid swollen layer, the gel layer, the liquid layer and finally

pure solvent. Figure 2-1 gives a representation of these different layers in a tablet.
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Figure 2-1: Different layers in the dissolution of a polymer tablet according to

Ueberreiter (1968)

According to Ueberreiter (1968), the infiltration layer represents the filling up of
the free volume within the solid polymer by the solvent molecules. In this step,
the solvent starts diffusing within the polymer but no polymer transfer is yet
occurring. In the next layer, the solid swollen layer, the polymer starts swelling
due to the entrapment of solvent in between the polymer chains. However, at this
stage the polymer is still in the glassy state. Next, the polymer passes from the
glassy to rubbery state and the gel layer is formed. This layer is surrounded by a
liquid layer containing the solvent and the detached solid. The last layer is

composed of pure solvent.
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However, some polymers do not follow this type of dissolution. Another
mechanism was proposed where no gel layer is formed. In this case, small blocks
of polymer erode and leave the surface. This phenomena was first reported by

Asmussen and Raptis (Miller-Chou and Koenig 2003).

The effect of different parameters on the dissolution of polymers has been
reported in the literature. The influence of polymer molecular weight has been
investigated. It was found that polymers with high molecular weight present
slower dissolution than polymers with a lower molecular weight (Cooper,
Krasicky et al. 1985). This was explained by the fact that the dissolution time is
controlled by chain disentanglement which is longer for high molecular weight
polymers. Other parameters such as structure and composition were also

investigated.

The dissolution of polymers has been extensively studied in the pharmaceutical
industry as such components are used in the controlled release of drugs in the
digestive system (Kazarian and Weerd 2007). The polymer forms a rubbery phase
upon wetting. Due to the increase in free volume, the drug starts diffusing from
within the tablet to the outside environment. The type of polymer used and its
characteristic swelling upon wetting can be used to control the timescale of drug
delivery. Bettini et al., (1994) studied the swelling, erosion and gel formation of a
hydrophilic matrix and proposed a model in which the matrix dissolution was
described by the movement of the boundaries between the glassy core and
rubbery gel and dissolution medium. In addition, a front corresponding to the
dissolution of the drug inside the matrix has been identified. This explanation was
then confirmed by Colombo et al (1995). However, an alternative explanation of

the fronts was provided by Gao and Meury (Gao and Meury 1996). In their work
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the fronts were studied with the use of an optical technique and an additional
front was recognised as being the true penetrating front where water penetrates
the glassy polymer but no gel has formed yet. It means in this case that there is a
lapse of time between the water ingress and the occurrence of the glass transition.
This explanation is in agreement with the work of Ueberreiter (1968).
Additionally, experiments conducted by Kazarian and Weerd (2007) tend to work
in favour of the explanation by Gao and Meury (1996) but no consensus has been

reported.

2.2.2.2 Experimental assessment of dissolution

In the pharmaceutical industry polymer dissolution would be related to the drug
dissolution which can be followed by conductivity measurements (Brielles,
Chantraine et al. 2008) or using the conventional USP method (U.S.
Pharmacopeia or European Pharmacopeia). In this technique, the sample is
introduced into standard cells and the mixing regime is determined. The
dissolution of the drug molecule is then followed by spectrophotometric

measurements as a function of time.

However, one of the main characteristics of the polymer dissolution which has
been studied is the rate of front movement. Most of the attention has been spent
on the swelling rate as it is believed to control the diffusion of the drug inside the
tablet and thus its release from the tablet. Mikac et al., (2010) studied the swelling
of xanthan tablets using Magnetic Resonance Imaging (MRI). Different authors
have employed simpler imaging techniques such as photo or video and image
analysis to measure dimensional changes during dissolution. Coloured drugs or

coloured solvents are usually employed to facilitate the front’s detection. In these
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experiments, the tablet is often fixed in between two slides of glass; water is thus

only penetrating the tablets from the lateral surface (Zuleger, Fassihi et al. 2002).

Other techniques based on a penetration probe in the gel layer of a swollen tablet
have been utilised (Zuleger, Fassihi et al. 2002). They have been used to
investigate the gel thickness and structure by measuring the resistance to the

probe penetration (Sriamornsak, Thirawong et al. 2007).

Kravtchenko et al. (1999) developed a simple method for determining the
dissolution kinetics of soluble polymer powders. The amount of hydrocolloid

dissolved was followed via the torque on a modified rotational viscometer.

2.2.2.3 Modelling of the dissolution process

The various approaches to model the dissolution of amorphous polymers have
taken into account phenomena such as the viscoelasticity of the polymer,
disentanglement of polymer chains and external transfer limitations (Miller-Chou
and Koenig 2003). When modelling the dissolution of polymers, several
parameters should be considered. First, due to the uptake of water, the polymers
swell resulting in a change in the dimensions, concentration and molecular
mobility. Second, the polymer dissolves, thus the matrix composition is changing

with time as well as the diffusion parameters.
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The way polymer dissolution has been modelled can be grouped into three main

approaches:

1. Phenomenological models using Fickian equations (Tu and Ouano 1977;
Moore, Croy et al. 2000). These models are based on Ficks equation of
diffusion together with expressing mathematically the moving boundaries
during the dissolution process.

2. Models with external mass transfer as the controlling resistance to
dissolution (Lee and Peppas 1987; Lee and Lee 1991). In these types of
models the assumption is made that the dissolution is controlled by the
resistance offered by the layer surrounding the polymer.

3. Stress relaxation models and molecular theories (Herman and Edwards
1990). In these types of models the dissolution is controlled by the

relaxation of the polymer.

A complete review of the different models present in the literature to model

polymer dissolution has been carried out by Miller, Chou and Koenig (2003).

The dissolution of food powders has mainly been studied through the dissolution
behaviour of bulk powder which is of interest when investigating the dissolution
of instants product such as coffee, infant milk and soups. However, almost no
work has been published on the dissolution behaviour of food tablets. In general
custom made apparatus are developed in these studies in comparison with the
standardized methods used in the pharmaceutical industry (Marabi, Mayor et al.

2008).
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2.2.2.4 Dissolution of maltodextrin

Very few papers deal with the dissolution of maltodextrin. Papadimitriou (1992)
evaluated different grades of maltodextrin (different Dextrose Equivalent
number) for tabletting and their dissolution rates. They noticed that the
compression load during tabletting did not have any influence on the release rate
of a drug included in the formulation. However, the stirring speed during
dissolution in an U.S.P. apparatus was found to influence the release rate of
drugs. In addition, the comparison of dissolution of maltodextrin with or without
magnesium stearate used as a lubricant showed that the addition of magnesium
stearate resulted in a slower drug release rate. Magnesium stearate is apolar and
acts by covering the particles of maltodextrin. During dissolution, water is
repulsed and the penetration of water inside the polymer matrix takes longer

(Chouk, Gururajan et al. 2009).

2.2.3 Disintegration process

The main role of the disintegration process is to expose a larger surface area of
solid to the solvent to increase the dissolution rate by breaking down the original

structure of the tablet into small fragments (Melia and Davis 1989a) (Figure 2-2).
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Figure 2-2: Difference in surface area available for dissolution in the case of

disintegrating or non disintegrating tablets

In the pharmaceutical industry, the disintegration of tablets is enhanced by the use
of disintegrants. A definition of disintegrants is given in the Handbook of
Pharmaceutical excipients (2004): " Disintegrants are substances or mixture of
substances added to the drug formulation that facilitate the breakup or
disintegration of tablets content into smaller particles that dissolve more rapidly
than in the absence of disintegrants”. This definition is specific to the
pharmaceutical industry as it refers to drug formulation. Disintegrants have been
very lately introduced into the food industry, mainly in the formulation of

neutraceutical products (Dhere and Patwekar 2011). Disintegrants are generally

37|Page



derived from two types of product: starch and microcrystalline cellulose.
Recently superdisintegrants have been introduced. They are more effective agents
and can be used at lower concentrations in the tablet formulation (Zimmer,
Belniak et al. 2011). Common superdisintegrants used in the pharmaceutical
industry are: Ac-Di-Sol (FMC biopolymer, Croscarmellose Sodium), Primojel
(DMV-Fonterra, Sodium Starch Glycolate), Explotab (JRS pharma, Sodium

Starch Glycolate), etc.

Disintegrants are added either prior to granulation (intragranular) or prior to tablet
compression together with granulated material (extragranular) or in direct tablet
compression. It is commonly believed by powder technologists that disintegrants
present in the extragranular fraction facilitate the breakup of the tablet to
granules. Adversely, disintegrants present in the intragranular fraction help the
disintegration of the granules to fine primary particles. A combination of both
methods should allow complete disintegration of first to granules and then to fine

particles (Gordon, Chatterjee et al. 1990).

The disintegration process has been extensively studied in the pharmaceutical
industry. However, it was mainly studied to quantify the time required for a
particular formulation to disintegrate (Fukami, Yonemochi et al. 2006). Few
papers relate the mechanisms involved in the disintegration process and try to
understand the type of forces which are implied to overcome the bonding force

inside a tablet.
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Several mechanisms of disintegrants have been postulated but their effect on

tablet disintegration is still not well understood (Fukami, Yonemochi et al. 2006).

The different possible mechanisms which have been reported are:

Swelling: disintegrant particles swell in contact with water and induce
stress inside the matrix causing it to breaking down. (Melia and Davis
1989b; Weitschies, Hartmann et al. 2001; Fukami, Yonemochi et al.
2006).

Wicking: disintegrants which have a fibrous structure absorb water
quickly. During the course of the water ingress into the tablet, physical
bonding inside the tablet is broken (Fukami, Yonemochi et al. 2006).
Deformation: When exposed to water, particles in the tablet swell to
precompression size leading to localised stresses. This mechanism differs
from swelling by the fact that the stress is not only due to the use of
disintegrants (Luginbihl and Leuenberger 1994).

Repulsion: when water is drawn into pores due to capillary action or due
to the disintegrant, repulsive electrical forces are created which lead to
particle repulsion (Luginbihl and Leuenberger 1994). However, this last
mechanism has not been well supported by researchers as pointed out by

Zhao and Augsburger (2006).

Based on the chemical composition and physical state of disintegrants, it can be

assumed that not only one of these mechanisms is taking part in disintegration but

several which act simultaneously.

Despite all the theories which have been proposed, there is still a lack of

understanding of the mechanism of disintegration. However, the swelling of
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disintegrants is apparently the most widely accepted mechanism for tablet
disintegration as most of the disintegrants swell in contact with water but at
different degrees (Chang, Shinwari et al. 1998; Zhao and Augsburger 2006).
Irrespectively of the mechanism involved in the disintegration, the water uptake is
the first step necessary for tablet disintegration. The water uptake can be caused
by the capillary forces inside the pores or by diffusion of water in the case of a
hydrophilic material. The ability of the constituent to draw water inside the tablet
IS an essential parameter for disintegration and dissolution (lyad, Mayyas et al.
2008). Thus the hygrocapacity of the disintegrants is a very important parameter

to study when comparing the action of different disintegrants.

Different parameters believed to have an influence on the disintegration process
have been studied: porosity, pore size distribution, physico-chemistry of the
ingredients (ie. is it a polar or apolar material?). These parameters are related to
the processing conditions and the different types of ingredients. Other parameters
related to the disintegrants themselves have been found to influence the
disintegration, such as particle size, swelling capacity, rate and extent of water
uptake (Bolhuis, Zuurman et al. 1997; Yunxia, Yorinobu et al. 1999; Yamamoto,
Fujii et al. 2009). The disintegrant efficiency is related to factors which influence
the water accessibility to the disintegrants in tablets. Such factors are tablet
solubility, tablet hygroscopicity, tablet porosity and incorporation method

(Johnson, Wang et al. 1991; Villiers 2003).

Due to the high hygroscopicity of disintegrants, several studies have been
conducted on the influence of storage conditions. It has been shown that storage
at high relative humidities decreases the disintegrant efficiency (Villiers 2003).

This could be explained by the fact that less water will be absorbed by
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disintegrants when dissolution occurs as they have been in contact with water
previously. In this case, water molecules are already linked to the disintegrants
preventing more water from bonding to it. Thus the swelling of disintegrants,
leading to the breaking up of tablets, which is caused by the sorption of water,

cannot occur anymore or will occur to a much lesser extent (Villiers 2003).

Ferrero et al., (1997) studied the effect of the concentration of superdisintegrants
on the porosity and disintegration time of tablets of microcrystalline cellulose.
They reported that the disintegrant particles form a continuous network or
skeleton in the tablet which tends to increase the plastic deformation during
compression leading to high density tablets. It was suggested that there is a
concentration limit over which this network can be formed (close to 7.6% in their
case). However, at higher concentrations they noticed that the disintegration time
was increasing. The same phenomena has been reported by Gonninssen et al.,
(2008) and by Bolhuis (1997) and was explained by the fact that the swollen
disintegrants formed a gel which blocked the water from penetrating inside the

pores.

2.2.3.1 Tablet disintegration characterisation

When comparing and studying the efficiency of different types of disintegrants,

two main techniques have been used.

Firstly, the disintegration time is determined using a tablet disintegration tester
unit according to the US or European pharmacopeia method (Luginbuhl and
Leuenberger 1994; Ferrero, Mufioz et al. 1997). In this test, tablets are placed on

a mesh under different conditions of temperature and agitation in a fixed volume
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of liquid. The disintegration time is determined as the time for the tablet to
disintegrate and pass through the mesh screen. This technique provides a
disintegration time which is useful when comparing different drug formulations
as it is in the pharmaceutical industry. However, it does not provide any details

about the mechanisms implied in the disintegration of tablets.

Secondly, many authors tried to relate the disintegration process with the amount
of water penetrating into the tablet with time (Pesonen, Paronen et al. 1989;
Luginbuhl and Leuenberger 1994; Brielles, Chantraine et al. 2008). Tablets are
located on a porous holder above a liquid. The liquid penetration from the bottom
is followed with time by use of an imaging system (water is usually dyed to help
the image analysis) or by weighing the amount of water leaving the solution when
penetrating the tablet. Usually data is analyzed using the Washburn equation to
describe the capillary flow in the tablet pores. The determination of the wetting
kinetics have been reported to depend on the porosity of the tablet and wettability

of the pores for non-dissolving material (Luginblhl and Leuenberger 1994).

The comparison and characterisation of disintegrants has also been assessed via
the study of moisture sorption, hydration and swelling capacity (Adebayo,

Brown-Myrie et al. 2008).
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2.2.3.2 Modelling of the tablet disintegration

As a lot of uncertainties remain surrounding the action of disintegrants, very few
papers present models to explain the disintegration process. Caramella et al
(1988) presented a model where they expressed the disintegration force Fq with

time t, with the following equation:

F,
7= 1—exp(—ket™) Eq. 2-4
where E, is the maximum disintegration force, the parameter ke is the expansion

rate constant and m is an exponent which varies as a function of the composition

of the tablet tested.

This model is based on the assumption that disintegration occurs in layers parallel
to the surface of the largest area of the tablet. And thus, disintegration is limited
by either the detachment of these layers from the surface of the tablet or the
transport of the layer away from the solid — liquid interface. The values of ke and
m indicate, according to the authors, which process from detachment or transport
is limiting the tablet disintegration. It is worth mentioning that this model was
developed for non-soluble components. This model is very specific to the
research conducted and does not provide any physical explanation of the

disintegration process.

Later, Peppas and Colombo (1989) introduced another model based on the
physical characteristics of the disintegration process. This model was again
developed for non-dissolving material. The model is based on experimental

measurement of the force during disintegration. A tablet is placed on a porous
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support and entrapped in a cylinder. A plate is placed on the top surface and thus
water is only allowed to penetrate from the bottom of the tablet through the
porous support. A transducer is located on the top plate to measure the force

exerted during the disintegration process.

The stress exerted during the disintegration process has been expressed by the

following equation:

r=Tte g b, 4, Eq. 2°5
where 7 is the total stress which is measured as the force Fq throughout the tablet
surface A. 7, expresses the stress exerted by the water when entering the pores of
the tablet. 7, expresses the stress generated by the swelling of the disintegrants
when in contact with water. An additional parameter C; has been introduced
according to the authors to take into consideration that there is a period of time
required for the water to fill into the pores and during which no force is measured.

The authors describe it as a constant with a negative value.

The authors fitted equation 2-5 and presented a good correlation with the
experimental results obtained from the method presented above. It shows that the

force developed is a linear function of the quantity of water penetrating the tablet.
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2.2.3.3 Disintegration of maltodextrin tablets

Mollan and Celik (1993) studied the disintegration of maltodextrin tablets. They
noticed that the compression force during tabletting had relatively no impact on
the disintegration time. Moreover they noticed that for tablets made from a
compression pressure higher than 75MPa, no correlation could be drawn between
the crushing strength and disintegration time. It was concluded that the
maltodextrin tablet disintegration was not controlled by the tablet porosity. They

noticed the formation of a gel layer around the tablet.

Another study investigated the disintegration of maltodextrin but not in a tablet
form this time. Gonnissen et al. (2008) attempted to spray dry a mixture
containing maltodextrin and a superdisintegrant among other ingredients. It was
noticed that an increasing amount of maltodextrin in the formulation had a
negative impact on the disintegration time. However, this study showed that
during the spray drying most of the disintegrants were lost due to sticking to the

walls of the spray drier and thus it was difficult to draw any conclusions.
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2.3 Chemical and physical properties of food powders

According to the supra-molecular structure of food powders, three different types
of water soluble materials can be distinguished: amorphous (such as polymer
carbohydrates), crystalline (such as salt and sugar) and semi-crystalline which are
partly amorphous and contain a crystalline region (starch for example) (Palzer

2010).

In the crystalline state, the atoms are well arranged in a regular lattice. In the
amorphous state, molecules are in a disordered form in comparison to the
crystalline state. The formation of an amorphous or crystalline material is
strongly related to the molecular mobility. The molecular mobility is a function of
the free volume which is available for the motion of molecules. The free volume
corresponds to the voids and holes in a molecular matrix. If the temperature of a
system is increased the molecular mobility and the free volume will also increase.
However, it will increase differently for crystalline and amorphous materials. The
molecules in a crystalline material, when heated, will vibrate around their
position until the melting point is reached where the structure breaks down. This
process is reversible if the solution is cooled down slowly. The free volume in an
amorphous matrix will increase while heated and allow the rotation of molecules.
The product passes from the glassy to the rubbery state. This transition is called
glass transition and characterised by the glass transition temperature. However,
this process does not happen at a specific temperature but rather between an
interval whose onset or midset are taken as the glass transition temperature (Roos

1995a).
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Amorphous products are commonly formed through rapid cooling of a liquid melt
in which the molecules do not have time to reorganize. The molecules are
"frozen" in their original position. In the glassy state, there is not enough energy
for molecules to move and arrange themselves in an organised order (Palzer

2010).

Crystalline and amorphous substances are characterised by different material
properties such as hygroscopicity, hygrosensivity and mechanical properties.
These properties will influence the way material interacts with other components
and especially with water which is of interest in a dissolution and disintegration

study.

The hygrocapacity of a powder describes its ability to bind with water. The water
can be absorbed into the material molecular matrix and/or adsorbed on the free
surface area of the material. It is usually demonstrated by building the sorption
isotherm of a powder at a certain temperature. The sorption isotherm relates the
amount of water present in a product at different water activities. The water
activity (aw) corresponds to the partial vapour pressure (p) exerted by a food
product divided by the saturation vapour pressure of water (pSat) at the same

temperature.

ay = Eq. 2-6
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The water activity is an indicator of the availability of free water in a food
product. At equilibrium, the water activity of a product equals the relative
humidity in the surrounding air (Roos and Benjamin 2003). The amount of water
absorbed by the hydrophilic powder is a function of its water activity and thus the
relative humidity of the surrounding air. The water content of food product at a
given water activity is not only a function of the chemical composition, the supra-

molecular and micro structure, but also temperature (Palzer 2007).

Amorphous food substances adsorb increasing amounts of water with increasing
relative humidity. This water is stored within the free volume inside the
amorphous product. The water stored has a plastifying effect which means that
the viscosity and elasticity of the material decreases with increasing water content
(Palzer 2009). On the contrary, crystalline powders do not absorb significant
amounts of water while increasing the relative humidity in the surrounding air.
This is due to the fact that only a limited amount of water can be embedded in the
molecular matrix. However, once a specific relative humidity level is reached (the
value varies for different crystalline materials), the crystal starts to dissolve layer
by layer (Roos and Benjamin 2003). For amorphous products, it is not possible to
determine a relative humidity at which it will dissolve. When an increasing
amount of water is added to an amorphous product, during dissolution for
example, the water is stored within the matrix until a dilute solution of the

substance is obtained (Palzer 2010).

The hygrosensivity describes how the physico-chemical properties of hydrophilic
food materials vary with changes in water content. In the case of crystalline
products, properties such as viscosity vary very little with the water content

compared to changes noted for amorphous products.
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Generally at the glass transition temperature, two main types of physical
properties are changed: the rheological properties and thermodynamic properties
(enthalpy, heat capacity and expansion coefficient). When exceeding the glass
transition (from glassy to rubbery), the material becomes more and more ductile,
and therefore, the viscosity decreases (Roos 1995a). As a result, different
techniques have been developed based on these properties to measure the glass
transition temperature such as differential scanning calorimetry (measures a
change in specific heat), and dynamic mechanical analysis (measures a change in
mechanical properties) (Roos 1995b). However, it is worth noting that the
resulting measured glass transition is dependent on the technique used and the

temperature/time gradient used.

The glass transition temperature is dependent on the molecular weight of the
material and the water content. Gordon and Taylor describe the relationship
between glass transition and composition with the following equation (Gordon

and Taylor 1952):

_ X1 Tgy + Kx3Tg Eq. 2-7
g x, + Kx, '

where Tg, Tg1, and Tg. are the glass transition temperatures of the binary mixture
(°C), component 1, and component 2, respectively, x1 and Xp are the molar
fractions or weight fractions of components 1 and 2, respectively, and K is the
arithmetic average of a series of K values that are obtained by solving the

equation for a series of binary systems at different ratios of components 1 and 2.
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This equation can be used to relate the influence of water content of the powder
on the glass transition temperature. From Equation (2-7) it can be deduced that
the glass transition temperature will decrease with increasing powder water

content.

During the dissolution process the product will encounter the glass transition and
the material will pass from the glassy to rubbery state where, as described earlier,
molecular mobility and free volume is increased influencing the diffusion of the

solvent penetrating the tablet.

2.4 Production of food tablets

Tablets are produced from the compression of different ingredients found in a
powder form. Different compression technigques can be used to produce such a
tablet. In the food industry, the preferred process is direct compression as it is a
fast and economic process. The raw formulation is compressed directly from the

powder mixture, thus no granulation step is carried out prior to the tabletting.

The tabletting process can be divided into four different steps:

- filling of the powder in the die

- compression (deformation and breakage of particles)

- decompression (elastic re-expansion of the tablet)

- tablet ejection
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Most food tablets contain amorphous substances that deform visco-elastically
when a stress is applied (Palzer 2007). The final property of the tablet will thus
depend on the pressure load, the dwelling time (the time the pressure is applied),
and the mechanical properties of the material. In addition, each of these
parameters is a function of temperature and moisture content of the powder. It
was observed that an increase in moisture and temperature will lead to more
plastic deformation (Palzer 2007). Malamataris and Karidas (1994) investigated
the influence of moisture content on the strength of HPMC (hydroxypropyl
methylcellulose) tablets and noticed that the tablet tensile strength increases when
the moisture content increases and reaches a maximum before decreasing at high

moisture contents.

During the compression, the density of the tablet increases. The distance between
single particles decreases and the contact area increases. In addition, particles
may deform and break. The most important intermolecular force which holds the
particles together are VVan der Waal forces (Pitt and Sinka 2007). These forces are
a function of the number of contact points between the particles which occur
during compression. Additionally, interlocking of primary particles may occur
and increase the strength of the tablet. Moreover, at the contact points amorphous
materials might sinter which is the result of a temperature increase due to particle
friction and presence of water due to capillary condensation (Palzer 2007). The
presence of sinter bridges would greatly increase the adhesion forces between the

particles as due to the presence of solid bonds.
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2.5 Conclusions

The literature reviews on experimental techniques used to study both the
dissolution and the disintegration revealed that most of the techniques employed
provide very little information on the mechanisms behind the two processes. Most
of the techniques simply follow the concentration of certain constituents but do
not provide full explanations of the phenomenon implied. In addition, dissolution
and disintegration have been studied separately whereas they should be
considered together as they are happening simultaneously and affecting each
other. Considering these problems it was thus necessary to develop a new
approach which would present the ability to follow both the dissolution and
disintegration process. Moreover, the distinction of disintegration from
dissolution is necessary to gain knowledge; as this is still a not very well

understood process.

One of the most promising techniques which has shown an increasing interest
among scientists in the past decade is image analysis. One of the advantages of
image analysis is the ability to follow the dissolution of tablets with time and
being able to keep record of a sequence of events happening during the
dissolution process and have a visual proof. It allows an accurate measurement of
the tablet dimensions with a non-invasive technique without disturbing the

process of dissolution (Manuel and Konstantinos 2009).

Many authors have used imaging analysis techniques to follow the dissolution of
tablets (Bettini, Colombo et al. 1994). Lately, Chirico et al. (2007) investigated
the erosion and swelling fronts in swelling hydroxypropyl methylcellulose

(HPMC) tablets. In their work, the tablet is placed between two Plexiglass slabs
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and the light intensity (grey scale) passing through the tablet is recorded as a
function of the tablet radius. The dry core is white as it does not let light pass
through its structure, whereas the swelling part is represented by a darker halo.
However, image analysis was not used to follow the combination of dissolution

and disintegration.

In addition, the use of an image analysis technique can allow the direct
measurement of the size distribution of particles during dissolution. Even though,
such data were experienced to be difficult to gather by other authors. It was
reported by Zhao and Augsburger (2006) that they have made several
unsuccessful attempts to obtain direct measurements of the size distribution of
particles during disintegration. Methods such as optical microscopy, laser
scattering and sieving were tried in the case of a non-dissolving matrix. They put

forward that particle sifting or hardening were experienced.
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CHAPTER 3- MATERIALS AND
METHODS

3.1 Introduction
3.2 Materials
3.2.1 Maltodextrin as a food model product
3.2.2 Disintegrants and food fibres
3.3 Methods
3.3.1 Tablet production
3.3.2 Dissolution time too testing
3.3.3 Tablet tensile strength
3.3.4 Tablet porosity determination
3.3.5 Particle size measurement
3.3.6 Powder water activity
3.3.7 Scanning Electron Microscope (S.E.M) images
3.3.8 Sorption isotherms

3.4 Conclusions

3.1 Introduction

This chapter introduces the different materials which were used in this work as
well as the different techniques which are commonly referred to in all chapters. In
the first part, maltodextrin which is the main ingredient used in this work is
defined and followed by only general information about disintegrants as a
specific chapter is later dedicated to disintegrants (Chapter 5). In the second part,
the different methods used to produce tablets, measure their dissolution time too

and tensile strength are described.
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3.2 Materials

3.2.1 Maltodextrin as a food model product

Maltodextrins are mixtures of poly and oligosaccharides. They are generated
from starch by enzymatic or acidic hydrolysis. They are described by their
dextrose equivalent number (DE). The DE number is a measure of the amount of
reducing sugar, related to glucose, of a carbohydrate. The more advance the
hydrolysis, the higher the DE number and the shorter is the carbohydrate chain
length. Generally, maltodextrins have a DE number lower than 20. Above this
number the term glucose syrup is more commonly used (Rong, Sillick et al.

2009).

Amorphous spray dried maltodextrin 1T21 (Glucidex® 21 — DE21) was
purchased from Roquette (France). It is the main material that is used in this
work. It is a white, hygroscopic spray-dried powder. It is mainly used in the food
industry as a thicknening agent. It can be found in products such as instant coffee,
instant soups and bouillon cubes. Maltodextrin IT 21 was chosen as it can be
considered as a food model powder. The understanding of the dissolution
behaviour of maltodextrin can be extrapolated to the dissolution behaviour of

other amorphous food powders.

For this study, maltodextrin powder was equilibrated prior to tablet production at
a water activity of aw=0.3. Indeed, for an amorphous material behaving visco-
elastically such as maltodextrin, the water content of the powder will influence
largely the compression behaviour of the powder (Palzer 2005). Figure 3-1 shows

the cumulative size distribution of maltodextrin IT21.
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Figure 3-1: Cumulative size distribution of maltodextrin IT21

3.2.2 Disintegrants and food fibres

Disintegrants are ingredients with the ability to induce tablet disintegration. They
are mainly used in the pharmaceutical industry, thus most of the disintegrants are
pharmaceutical grade. However, such products have not all been approved for use
in the food industry. Additionally, the trend towards natural ingredients in the
food industry hinders the possible use of ingredients whose chemical name drives
a “chemical” reputation to the food product in which they could be used. As a
result, it seemed necessary to search for ingredients which show the same
properties and advantages as the original and well established disintegrants but
which would be obtained from a natural source such as plants. In this study, one

established disintegrant used in the pharmaceutical industry called Vivasol is used
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as a reference. In addition, other ingredients have been tested for their possible
disintegration capabilities. More details about these ingredients can be found in

Chapter 5 which is dedicated to the disintegrants used in this study.

3.3 Methods

3.3.1 Tablet production

Cylindrical tablets of maltodextins or mixes of maltodextrin/disintegrants were
produced with a single punch tablet machine (Figure 3-2, MiniTab T, Kg-Pharma,
Germany). The diameter of the tablets is fixed to 12 mm. The tablet machine
allows the filled depth and the upper punch displacement to be controlled. The
force developed during the compression of the powder is recorded but cannot be
controlled. A value for the maximum upper and lower punch force can be
obtained. The technical characteristics of the tablet machine are given in Table 3-

1.

Table 3-1: Tablet machine technical characteristics

Instruments characteritics Technical information
Maximum compression force 30 kN
Maximum fill depth 18 mm
Production capacity 15 to 60 tablets per minute

Maximum upper punch
13 mm
displacement
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The compression speed was set to 10 mm/s and the consolidation time was
measured to be equal to 80ms from the force time curves. The upper punch forces
were measured and vary for each formulation and displacement — fill depth
combinations. The tablets porosities were measured post compression as
described later in this Chapter. Several combinations of filled depth / upper punch
displacement have been performed to obtain a complete map of the different
settings to be used in order to obtain a desired porosity. As it will be explained
later, it was required to produce tablets of a same porosity but different
thicknesses. Such work required the development of a thickness - porosity map
which is presented in Figure 3-3; each set of colours correspond to a similar upper
punch displacement setting D, it corresponds to an arbitrary setting present on the
tablet machine which is set manually. Each point, in Figure 3-3, from a same set
of colour corresponds to an increment in fill depth of 0.2 mm. From this map, it is
possible to know the tabletting settings to be used to obtain a desired set of tablets
with a same porosity but different thicknesses. As it will be explained in Chapter
4, six sets of porosities were studied with a minimum of four thicknesses per
porosity. Such a tool is only specific to the powder of maltodextrin IT 21

equilibrated at a water activity aw=0.3.
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Figure 3-2: Tablet machine, MiniTab T, Kg Pharma, Germany
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Figure 3-3: Tablet porosity — thickness map developed to select the tabletting

settings (displacement D) required.
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Alternative tablet designs are introduced later in this work. The following section
aims at explaining how these tablets were produced. The aim of these new design
was to allow the disintegrant to be placed at desired location within the tablet to

study the possible channelling of water within the tablet.

The new designs included the production of (Table 3-2):

A triple layered tablets where a disintegrant layer is placed in between two layers

of maltodextrins.

A cross design where the disintegrant is placed in a middle layer similar to the

design above but additionally place across the tablet as shown in Tablet 3-2.

In order to achieve this, the mass of the different parts were weighted carefully to
ensure the constant concentration of disintegrants. For the triple layer tablet, the
mass of maltodextrin at the bottom of the tablet was first introduce manually in
the tablet machine dye and evenly distributed on the whole surface. Afterwards,
with the same process the disintegrants layer was added and finally the top layer
of disintegrants was added before the compression was carried out. The desired
mass were calculated from the volume of the tablet before compression and the
powder densities. In the case of the cross design, the disintegrant and
maltodextrin were kept apart at the bottom and top with the help of metal frames

who were built specifically for this study as shown in Table 3-2.
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Table 3-2: Different tablet design for the introduction of carrot fibres within
tablets of maltodextrin IT21. The location of the disintegrant particles is pictured

in orange in the tablets.

Triple layer design Cross design
: =?
_J _J

Tablet machine dye
Metal frames to Top view
incorporate the

disintegrants R

3.3.2 Dissolution time too

The tablet dissolution time was measured by means of electrical conductivity in
40 ml of distilled water (Figure 3-4). Electrical conductivity has been largely used
by other authors to study the dissolution of tablets (Marabi, Mayor et al. 2008). It
has the benefit of providing the researcher a fast and easy technique to determine
the dissolution time of a solid which conducts electricity. The electrical
conductivity meter (Jenway 4510, UK) is connected to a PC where the change in
conductivity upon dissolution is recorded on an Excel file. The conductivity

probe has a constant of k=0.1 which, allows very small conductivities to be
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measured. The water temperature and agitation by a magnetic stirrer was varied
for the different experiments as it will be explained in Chapter 4. Temperature
equilibrium was achieved before introducing the tablet in water. The tablet was
placed in a mini basket to maintain its position constant from measurement to
measurement. The time at which 90% of the tablet is dissolved tgo is used to
compare the dissolution time of the different tablets. The average of 5 repetitions
is presented as well as the standard deviation. An example of the dissolution
curve obtained is shown in Figure 3-5. 100% dissolution is defined as when the

maximum conductivity is reached described by a plateau on the dissolution curve.

Conductivity

probe
Basket for
tablet
ﬂ Magnetic
< stirrer
—

Heatingplate

Figure 3-4: Dissolution time measurement set-up
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Figure 3-5: Determination of tg from electrical conductivity curves

3.3.3 Measurement of the tablet tensile strength

The tablet tensile strength was measured by compressing the tablet diametrically
with a material tester Zwick Roell Z0.5 shown in Figure 3-6 (UIm, Germany). A
load cell with a maximum force measurement of 500N with an accuracy of
0.001N was used. Ten repetitions were carried out. The following equation (Eqg.
3-1) was used to calculate the tensile strength o, from the measured maximum

breaking force F:

Eq. 3-1
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where H is the tablet thickness and Dt is the tablet diameter. The tablet thickness

and diameter were measured with the aid of a micro-precision calliper.

Figure 3-6: Compression tester Zwick Roell Z0.5

3.3.4 Determination of the tablet porosity

The porosity of each tablet was deducted from the tablet apparent density p,and

its true density p, through the following equations:

0= (1—p—”)><1I]I] Eq. 3-2

Pe

The tablets apparent density p, is determined from:

my
=4 Eqg. 3-3
pa=4(1) .

where m; is the tablet mass
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The tablet true density is determined from the true densities of the tablet

constituents by:

M Z =1

()

L

where ¢i is the mass fraction of ith component in the tablet and pt.i is its true

density

The apparent density was obtained from the mass and volume of the tablets. The
mass was measured on a high precision balance. The tablet dimensions, thickness
and diameter, were measured with a micro precision slide calliper. The powder
true densities were obtained from a gas displacement technique with an AccuPyc

1330 Pycmometer (Micromeritics, USA).

3.3.5 Particle size measurement

The size of the particles prior to tabletting was measured by image analysis with
the QicPic apparatus (Sympatec, Germany) as shown in Figure 3-7, equipped
with a vibratory feeder at the top of the instrument. The QicPic uses a high speed
camera (up to 450 frames per second) combined with a very short exposure time
to provide clear images of particles whose size and shape are further analysed by
the WINDOX software. The image analysis equipment is suitable for
measurement of particles in the range 1 um to 30 mm. The size distributions are
number based but can be converted to volume based distributions. In general, the
total size distribution is presented, but for comparison purposes the dso 3 (volume

based median value) is favoured.
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Figure 3-7: QicPic apparatus (taken from the Sympatec website)

3.3.6 Powder water activity

As mentioned in section 3.2.1 (Maltodextrin as a food model product), the water
activity of the powder prior to tabletting needs to be controlled. The powders
were then equilibrated at the desired water activity in a climatic chamber
(RH=30%, 25°C). The powder activity was then checked with HygroLab 2
(Rotronic, UK) water activity cells. Powders are placed in cells and the relative
humidity in the headspace is measured as a function of time; the relative humidity

at equilibrium corresponds to the water activity in the powder.

3.3.7 Scanning Electron Microscope (S.E.M) images

S.E.M images of maltodextrin 1T21 and of the different disintegrants investigated
in this work were taken with an InspectF FEI microscope (FEI Company, The
Netherlands), as shown in Figure 3-8. The apparatus was operated at 10kV under
low vacuum conditions and the samples were sputtered with gold. The

magnifications used are always specified on the images.
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Figure 3-8. Image of the Scanning Electron Microscope

3.3.8 Sorption isotherms

The sorption isotherms of the different powders were built using a dynamic
vapour sorption instrument SPS11 (Projekt Messtechnik, Germany). Samples
were maintained at a controlled relative humidity (RH) and temperature in a
chamber and were sequentially weighed with a high precision balance. The
relative humidity was increased by 10% every 5h until 90% RH was reached and
decreased to 10%. The sorption isotherms indicate the water content when the
powder has equilibrated, i.e. a plateau was reached at each stage confirming the
equilibration within the 5 hours. Figure 3.9 shows the equilibration of vivasol at

the different relative humidities and as a function of time.
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Figure 3-9 Equilibration of vivasol in a dynamic vapour sorption instrument

SPS11 at different relative humidities and a function of time at 25°C

3.4 Conclusions

This chapter introduced the different materials and methods used to investigate
the dissolution of maltodextrin tablets. Chapter 5 will further present and describe
the different disintegrants investigated in this work. Chapter 7 will present a
novel method which was designed specifically for this study, allowing a deeper
understanding of the relationship between dissolution and disintegration for the

overall reconstitution of a tablet.
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CHAPTER 4 -DISSOLUTION
BEHAVIOR OF
MALTODEXTRIN TABLETS

4.1 Introduction
4.2 Experimental study
4.2.1 Influence of the tablet porosity: erosion or disintegration
4.2.2 Influence of the dissolution water temperature
4.2.3 Influence of the stirring speed
4.3 Mathematical description of the influence of the tablet porosity and water
temperature
4.4 External mass transfer coefficient: Sherwood vs Reynolds numbers

4.5 Conclusions

4.1 Introduction

Chapter 2 describes the work which was researched in the past in the field of
tablet and powder dissolution. The following introduction summarises our
conclusions from the literature review and explains why the following work was

carried out.

The dissolution of tablets has been widely studied in the pharmaceutical industry
(Mikac, Demsar et al. 2007). Several theories based on the Fick’s laws of
diffusion and several empirical models such as Peppa’s model have been
developed to try to explain the dissolution process (Costa and Sousa Lobo 2001).
However, these models focus mainly on the release of the active ingredients and

not on the overall tablet reconstitution which is of interest in the food industry.
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Few publications address the dissolution of food powders in general and of food

tablets in particular (Marabi, Mayor et al. 2008).

Dissolution and disintegration are processes which are associated in the overall
tablet reconstitution of food tablets. However, in order for dissolution and
disintegration to occur, the solvent must be able to penetrate the tablet. The liquid
will disrupt the inter particle bonds and lead to the breakage of the tablet. A fast
disintegration will increase the surface area available for dissolution to occur. The
tablet porosity is the main parameter influencing the liquid penetration
(Hogekamp and Schubert 2003; Forny, Marabi et al. 2011). Brielles et al.
(Brielles, Chantraine et al. 2007) showed that for industrial disinfectant tablets the
porosity limits the liquid penetration within the tablets. As a result, depending on
the porosity, three different disintegration regimes from low to fast were observed
in their work. The different regimes varied from scare particles liberation at the
surface of the tablet to complete destruction of the tablet structure. Even if
understanding the change in dissolution behaviour is important for the complete
reconstitution of the tablet, few papers highlight the link between dissolution and

disintegration of tablets in relation to their porosity.
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To conclude, the understanding of food tablet dissolution and disintegration is
limited. Even though the aim of this PhD work is to investigate the possible
introduction of disintegrant in food tablets, it is first necessary to study the
dissolution and disintegration of tablets excluding any disintegrants. This chapter

aims at answering the following questions:

e What are the main parameters influencing food tablets dissolution and
disintegration?
e Can we control and predict what will happen to a food tablet when placed

in water?

In the first part, the dissolution times of a food model product, maltodextrin, is
investigated experimentally to understand the influence of the porosity, the water
temperature and stirring speed. This is of great important for dissolution of food
products (Opota, Maillols et al. 1997). Each parameter, porosity, temperature and
stirring speed, is studied for several tablet surface areas. In the second part, a
theoretical description of the tablet dissolution is developed and compared with

the experimental results.

4.2 Experimental study

The material used in this chapter is maltodextrin which is introduced in Chapter
3. The determination of the tablet dissolution times, tablet tensile strength and

porosity were obtained according to the methods presented in Chapter 3.
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4.2.1 Influence of the tablet porosity: erosion or disintegration

In the literature, the dissolution time of tablets is mainly investigated as a function
of the tablet strength, as pointed out in Chapter 2. However, water penetration in
the tablet is mainly dependent on the tablet porosity. Tablet porosity and tensile
strength can be linked together, as shown later in this chapter, but in a nonlinear
way. Thus, it seems more adequate to study the dissolution time of tablets as a
function of the tablet porosity. However, it is possible to produce two different
tablets with a same porosity but with a different surface area, or thickness in our
case as the diameter is fixed. By analysing the dissolution time of tablets of
several porosities and surface area (thickness in this case), it is possible to

understand how these two parameters influence the dissolution time.

Sets of tablets with a common porosity but different initial thickness were

produced according to the methods described in Chapter 2.

In Figure 4-1, the tablet dissolution times are presented as a function of the tablet
thickness for all the different porosities studied from 0.19 to 0.43. Examples of
the complete dissolution profiles are shown in Appendix A-1. Due to limitation in
compression force, it was not possible experimentally to produce tablets with a
large thickness and a small porosity. As expected, a tablet with a higher porosity

will dissolve faster, for a constant surface area (thickness in this case).
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Figure 4-1: Evolution of the dissolution time tgo as a function of the tablet
thickness for different porosities. Five repetitions were carried out and the error
bars represent the standard deviation in dissolution time and thickness.

Experimental conditions: 50°C and 300 rpm

For the porosities of 0.19, 0.23, 0.27 and 0.30, a linear fit can be obtained
between the dissolution time and the tablet thickness (or tablet surface area). For

porosities of 0.35 and 0.43, no linear relationship is observed.

It should be noted that the slope of the linear correlation is different for the four
porosities studied. The slopes B of the four linear correlations were calculated and
plotted against the tablet porosity as shown in Figure 4-2. It is interesting to note
that a linear approximation between the slope B and the tablet porosity can be

made. A higher slope B, at low porosity, indicates that the tablet thickness (or
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surface area) is more important in the dissolution of tablets at low porosities

compared to higher porosities.
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Figure 4-2: Variation of the slope f as a function of porosity

The difference in dissolution behaviour between the low and high porosity tablets
was observed visually. In the first case, low porosity tablets, the cylindrical shape
of the tablet was kept during its dissolution. A decrease in the diameter and
thickness is observed but the structure of the tablet does not break. In the second
case, high porosity tablets, the tablet structure is broken, liberating large

fragments of solids. From this observation the following explanations are put

forward:
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e At low porosities, the two processes, disintegration and dissolution, only
occur at the surface of the tablet. Physically, the tablet does not
disintegrate, only erosion occurs at its surface. Particles are liberated from
the surface and are released in the solvent. In addition, dissolution
happens at the surface of the tablets. Single molecules are detached from
the tablet. This type of dissolution behaviour can be described as the
erosion regime.

e At high porosities, tablet disintegrates quickly in contact with water. The
tablet structure is broken down very quickly. This results in a larger solid
surface area in contact with water, leading to a faster dissolution. This

type of behaviour can be described as the disintegration regime.

Such separation between the erosion and disintegration regimes was pointed out
by Brielles et al. (Brielles, Chantraine et al. 2007; Brielles, Chantraine et al. 2008)
for a crystalline system. The authors describe in total three different regimes,
including an intermediary regime where the tablet first dissolves according to an
erosion process and then quickly disintegrates. The transition between erosion
and disintegration regimes is at porosities between 0.30 and 0.35 in this case,
which is higher than the values obtain by Brielles et al. (2007). The authors
obtained transitions at porosities of 0.10 and 0.20 for tablets of a chlorine
provider for the detergent industry (Brielles, Chantraine et al. 2007). However,
the systems studied were different; a crystalline system was investigated in their
case while an amorphous polymer is used in this study. Thus different dissolution
properties can be expected. It is interesting to note that, to the best of the author’s

knowledge, such behaviour was never pointed out for an amorphous powder.
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It can be argued that the variation in dissolution time for different tablet
thicknesses observed in Figure 4-1 could be due to a variation in tablet strength,
despite an identical porosity. Consequently, the tablets tensile strengths were
determined (Eq. 3-1). Figure 4-3 shows the evolution of the tensile strength for
the different tablet thicknesses (same as in Figure 4-1) at the five porosities
studied. It can be seen that for each porosities, the change in thickness does not
affect the tablets’ tensile strength. This is true for all porosities except for the low
porosity value of 0.19 where the difference in tensile strength is more pronounced.
It could be due to the fact that for these low porosities sintering was observed on
the tablets’ surface which is in contact with the die wall during the tabletting
process. Indeed, the tablets which have to travel longer along the die wall before
ejection are prone to undergo a higher stress level due to the friction with the die
wall. This could result in favourable conditions, i.e. temperature increase, for
sintering to occur. It could lead to a difference in interparticle bonding
mechanisms and affect the tablet strength. Further work is needed to confirm this

idea; however it is not the purpose of this study.

76 |Page



40

% Different tablet thicknesses at
0.19 }j—« a same tablet porosity

30 A
@©
o
=
<
2 20 4 $
g 023
(%]
P @& 027
‘D
c s
o 8 0.30

10 ]

i
0.35
=y 0.43
=]
o T T T
0.10 0.20 0.30 0.40 0.50
Porosity

Figure 4-3: Tablet tensile strength for the different thicknesses at the five
porosities studied (noted on the figure frfom0.19 to 0.43). The data is fitted with

the Ryshkewitch-Duckworth equation (Eq. 4-1)

The evolution of the tablet tensile strength with the porosity has been well studied
and the Ryshkewitch-Duckworth equation can be used to fit the data as follows

(Wu, Best et al. 2005; Ryshkewitch, 1953) :

o, = ge ke Eq. 4-1
Where ¢ is the tablet porosity, ky is a constant representing the bonding capacity

and & is the tensile strength of the material at zero porosity.
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According to Wu et al., (2005) the Ryshkewitch-Duckworth equation is suitable
for describing the variation in tensile strength for a wide range of porous
materials. A value of 12 was found for k, and & was determined to be equal to
325 MPa after fitting Eq. 4-1 to the experimental values. The value of ky is is
agreement with the finding of other authors. Patel and Bansal (2011) found
similar value of 12.66 for k, in case of the compression of microcrystalline
cellulose. Michrafy et al., (2007) reported values of 20.15 for lactose and 5.95 for
microcrystalline cellulose. According to Steendam et al., (2001) a higher value of

k corresponds to a stronger bonding of the primary particles.

4.2.2 Influence of the dissolution water temperature

Important findings on the difference between erosion and disintegration regimes
were obtained from Figure 4-1 due to the fact that the porosity and initial tablet
surface area were investigated together. The same framework is kept to study the

influence of the dissolution temperature.

In Figure 4-4, the evolution of the dissolution time of tablets of porosity 0.27 at
different thicknesses as a function of the temperature of water is shown.
Examples of the complete dissolution profiles are shown in Appendix A-2. The
value of 0.27 was chosen as it corresponds to the value of 0.25 which is the
average porosity for tablets of interest in the food industry (Forny 2010). It can be
seen that the temperature plays a large influence on the dissolution time and the
higher the temperature the shorter the dissolution time. Such findings were to be
expected as many other studies have concluded the same (Marabi, Mayor et al.

2008). However, it is interesting to notice that a linear correlation is obtained
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between the dissolution time and the initial tablet thickness (surface area) for all
four temperatures investigated. Also, it should be noted that for high temperature,
such as 70°C in this study, the initial tablet thickness has less impact on the
dissolution time. To the best knowledge of the author, such correlation was not

shown before.
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Figure 4-4: Evolution of the dissolution time for different tablet thicknesses of
porosity 0.27 as a function of water temperature. The results express the average
of 5 repetitions and the error bars represents the standard deviation.

Experimental conditions: porosity of 0.27 and 300 rpm
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Figure 4-5: Evolution of the slopes 8 as a function of the temperature

It can be seen that the slopes B of the linear correlations obtained in Figure 4-5
are also evolving linearly with the temperature of water used for the dissolution

of tablets of maltodextrin IT 21.

4.2.3 Influence of the stirring speed

The influence of the stirring speed is as well investigated according to the same

framework, dissolution time versus initial tablet thickness for different stirring

speed.
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In Figure 4-6, the evolution of the dissolution time of tablets of porosity 0.27 with
different thicknesses as a function of the stirring speed is shown. Examples of the
complete dissolution profiles are shown in Appendix A-3. It can be seen in Figure
4-6 that the faster the stirring speed, the less influence the tablet thickness has on

the dissolution time.

A linear correlation can be found between the dissolution time and the tablet
thickness for all five stirring speeds studied. The slope B of the correlation is also

linearly linked to the stirring speed as shown in Figure 4-7.
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Figure 4-6: Evolution of the dissolution time teo as a function of the initial tablet
thickness for different rotation speed. The results express the average of 5
repetitions and the error bars represents the standard deviation. Experimental

conditions: porosity of 0.27 and 50°C
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The influence of the agitation rate on dissolution has been previously studied. In
general, a power law is found to relate the dissolution rate and the stirring speed
(Dokoumetzidis and Macheras 2006). However, to the best knowledge of the
author, no correlation between the stirring speed, the dissolution time and the
tablet thickness were ever published, hence the difficulty to compare these

results.
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Figure 4-7: Evolution of the slopes [ as a function of the rotation speed

82|Page



4.3 Mathematical description of the influence of the tablet

porosity and water temperature

The following sets of equations described in this paragraph were developed to
understand the linear correlations obtained in Figure 4-2 and 4-5. Such an

understanding will help answer the following questions:

- Is the erosion regime hypothesis valid?

- How is the temperature influencing the dissolution time?

It is assumed the tablets are made of an assembly of particles with their number
density is n and volume v. The number flux of particles leaving the surface of the
tablet is defined is J. The particles are defined here as either dissolved molecules
of maltodextrin or solid particles detached from the surface of the tablet due to
disintegration. The solid-liquid interface of the largest surface area of the tablet
will move due to the release of the particles in the opposite direction with a
velocity uj as precised on Figure 4-8. It is thus assumed that the particles are only
released from the largest surface area of the tablet which is much larger than the

area of the solid-liquid interface on the cylindrical sides of the tablet.

Flux of particles J

raorer= > __o
Movinginterface
Velocity u;

Figure 4-8: Particle flux at the moving solid-liquid interface (tablet surface)
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The definition of the flux gives:

J = —un Eq. 4-2

In addition, the number density of particles n can be defined as,

1—¢ Eq. 4-3

where ¢ is the tablet porosity and v is the volume of one particle.

The velocity of the moving interface can then be expressed as a function of Eq 4-

2 to give:

Jv Eq. 4-4

By considering that the tablet diameter D is much larger than the tablet thickness,
and the variation of tablet volume with time Z—‘: is a function of the flux of

particles and the following can be written:
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dv T Eq. 4-5
(1- &)= = ~Jv 7 D?

If it is assumed that the flux of particles leaving the surface of the tablet and that
the variation of volume of the tablet with time are constant, then Eq. 4-5 can be

developed to give:

t Eq. 4-6
1—¢

T
V=Vo—JvyD}

At time t = tgo, the volume of the tablet will be equal to 10 % of the initial volume

and thus:

_0.9Vp(1—¢) Eq. 4-7

90 — T
Jvg D¢

The initial tablet volume V, can be expressed as:

Eq. 4-8
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As a result, Eq. 4-7 can be rearranged to the following after including Eq. 4-8 and

with Do=Dx;

0.9H(1 — ¢) Eq. 4-9
ST

Eq. 4-9 states that teo should be directly related to the initial tablet thickness H

and the tablet porosity €. In addition, the slope § can be defined as:

_09(1-¢) Eq. 4-10
e

Eq. 4-10 explains the relationship between the porosity € and . Indeed, when the

porosity increases the value of  decreases accordingly.

The flux expressed in Eqg. 4-2 can be also be defined by the following equation

based on the Noyes and Whitney equation (Dokoumetzidis and Macheras 2006).

1 Eq. 4-11
W = ke(C: = 0) a

Where C is the instantaneous concentration of solute in solvent, Cs is the
saturation concentration, p is the particle density and k¢ is the mass transfer

coefficient.
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It can be assumed that in this work, Cs is much larger than C, i.e. the final
concentration of dissolved maltodextrin is low compared to the saturation

concentration. As a result, the following can be written:

Eq. 4-12

Finally B and toq can be defined as follows by including Eq. 4-13 into Eq. 4-10

and Eqg. 4-11:
g = 0.9p(1 — ¢) Eq. 4-13
k.C
And
i 09Hp(1 —¢) Eq. 4-14
90 — chs

Eq. 4-13 and Eq. 4-14 gives the relationship between the dissolution time tgo, the
porosity e, tablet thickness H and the solubility Cs which depends on the

temperature.
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According to Eq. 4-13 and Eq. 4-14, a linear correlation between B and (1-g)/Cs
and between too and (1-e)H/Cs should be found. Figure 4-9 and 4-10 shows that

these two correlations are valid in our system.

In order to plot Figure 4-9 and 4-10, the saturation concentration Cs values were
obtained by measuring the maximum amount of maltodextrin which can be
dissolved in a known volume of water at the different temperatures as shown in

Table 4-1.

Table 4-1: Solubility values as a function of the temperature

Temperature (°C) Solubility (kg.kg?)
30 0.9
50 1.5
60 2
70 2.5
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Figure 4-9: Plot of the slope f§ against (1-¢)/Csfollowing Eq. 4-14
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The results presented in Figure 4-9 and 4-10 show that the hypothesis of the
erosion regime for the low porosities is correct. Moreover, it shows that the
temperature influences the dissolution time through the driving force for
dissolution, which is a function of the temperature dependent saturation

concentration Cs.

4.4 External mass transfer coefficient: Sherwood vs Reynolds

numbers

The mass transfer coefficient ke defined in equation 4-14 represents the mass
transfer of particles from the surface of the tablet to the bulk solution. The fluid
velocity (stirring speed) around the tablet will affect the mass transfer of particles.
It is interesting to understand how the mass transfer coefficient develops when the
fluid velocity is modified. In addition, it gives an insight on the relationship

between the external mass transfer and the dissolution behaviour.

The mass transfer coefficient ke can be deducted from equation 4-13 and Figure
4-9 from which the value of the slope of the linear correlation between  and (1-
€)/Cs can be obtained.

_09p(1—¢) Eq. 4-15

ke =3¢

A mass transfer coefficient can be calculated for each stirring speed, i.e. each
value of B, from Figure 4-7. The mass transfer coefficient can then be

transformed into a dimensionless number; the Sherwood number (Sugano 2008).
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It is defined as:

k.D Eq. 4-16

Sh =
D

Where D is the diffusion coefficient.

The Sherwood number can be related to the Reynolds number which describes
the flow conditions. The Reynolds number for a stirred vessel is described as

follows:

psND? Eq. 4-17
e =
u

Where N is the rotational speed, Da the diameter of the agitator, p the density of

water and W is the dynamic viscosity of water.

Figure 4-11 shows the evolution of the Sherwood number as a function of the
Reynolds number. The five Reynolds number plotted correspond to the five
different rotation speed studied earlier in this Chapter. It can be seen that for
Reynolds numbers below 22 000, the Sherwood number tends to increase.
However, this increase is only slight. For Reynolds values larger than 22 000,
however, a much more abrupt increase can be noticed. It can be seen that on
Figure 4-11, two different lines are drawn on the plot. It should be mentioned that
these two lines are not fitted to the data points; their purpose is solely to highlight

the trend of the results.
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Figure 4-11: Influence of the rotation speed on the mass transfer coefficient:

Sherwood vs Reynolds numbers.

The following paragraphs aim at giving a possible physical explanation to the
results plotted in Figure 4-11. At low flow, the tablet dissolution and
disintegration is mainly dominated by the formation of particles at the surface of
the tablet. The particles are generated by erosion of solids at the surface of the
tablet or by the formation of solute during the dissolution at the solid-liquid
interface. The tablet reconstitution behaves accordingly to the erosion regime
shown in section 4.2.1 (Influence of the tablet porosity: erosion or disintegration).

The stirring speed is moderately influencing the mass transfer coefficient.
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However, when the Reynolds number is higher than 22 000, the mass transfer
increases sharply with the stirring speed. In this part of the curve, the external
mass transfer dominates the dissolution and disintegration kinetics. The particles
are removed from the surface at a rate which is limited by the flow of water
around the tablet. The fluid flow will increase the tablet breakage and the
disintegration regime is obtained. From Figure 4-11, it can be deduced that a
critical Reynolds number exists between the erosion and disintegration regime. It
also means that the change between erosion regime and disintegration regime
based on the tablet porosity will be a function of the Reynolds number of the
dissolution fluid. The difference between the erosion and disintegration regime
can be noticed visually. The same behaviour occurs as noticed with tablets of

different porosities.

The most accepted theory to understand dissolution kinetics states that a
boundary layer is present at the surface of the tablet. This boundary layer, also
called the diffusion limited boundary layer determines the kinetics for the
dissolution in case of an externally limited type of dissolution (Dokoumetzidis
and Macheras 2006). The thickness of such a boundary layer h; is commonly
admitted to be linked to the Sherwood number. Such a correlation can be written

as:

hi=2 Eq. 4-18

93| Page



It can be deducted from equation 4-18 that increasing the Sherwood number
(stirring speed in this case) will decrease the thickness of the diffusion controlled
boundary layer around the tablet, thus increasing the mass transfer coefficient.
This correlation may potentially be true for a Reynolds number below 22 000 in
this work. However, above such value the flow around the tablet is responsible

for its disintegration.

4.5 Conclusions

In this work, it was shown that the dissolution of tablets of maltodextrin IT 21, an
amorphous powder, behaves accordingly to two different regimes, erosion and
disintegration, depending on the tablet porosity. In addition, in the erosion
regime, it was shown that the dissolution time is linearly related to the initial
tablet thickness for a given porosity. The slopes of these linear correlations are
also linearly dependent on the tablet porosity.

The mathematical expressions developed in this thesis explain the linear
relationship between the slope P and both the tablet porosity and water
temperature. The decrease in dissolution time with an increase in water

temperature can be explained by an increase in solubility.

The results presented in this chapter show that the external mass transfer of
particles from the surface of the tablet to the bulk solution is the limiting factor
for the dissolution process. The mathematical expressions, which were developed
based on the Noyes and Whitney equation, show that the main parameters
influencing the dissolution rate are the temperature of water and the stirring speed.

Temperature increases the driving force for mass transfer from the surface of the
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tablet to the solution. As this mass transfer is the limiting factor in the dissolution

process, the dissolution time can be greatly impacted by the temperature.

The stirring speed reduces the thickness of the diffusion layer at the surface of the
solid in the erosion regime. It is also shown that the disintegration regime can be
reached by increasing the stirring speed. A critical Reynolds number was defined
as the point where the Reynolds number is large enough that the flow induces

tablet disintegration.

To further the work developed in this Chapter, it would be interesting to
investigate how the stirring speed affects the transition from erosion to
disintegration regime based on tablet porosities. In practice, it means developing

the same type of work as in Figure 4-1 for different stirring speeds.
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CHAPTER 5 -DISINTEGRANTS
CHARACTERISATIONS

5.1 Introduction
5.2 Selection of food grade disintegrants
5.3 Characterisation
5.3.1 Particle size distribution
5.3.2 Single particle swelling
5.3.3 Hygrocapacity
5.3.4 Scanning Electron Microscope Images

5.4 Conclusions and Outlook

5.1 Introduction

This chapter presents the selection process for choosing the 5 different types of
disintegrants used in this study. In addition, each disintegrant is characterised in
term of powder properties (size distribution, density, morphology) and potential

disintegrant mechanisms.

This study deals with the possible introduction of disintegrants in food products,
and therefore, their food grade must be guaranted. In addition, the recent negative
view of consumers for E-numbers ingredients (chemical reputation) pushes

towards using ingredients which are derived from natural products such as plants.
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5.2 Selection of food grade disintegrants

Typical disintegrants used in the pharmaceutical industry are based on the fact
that some polymer carbohydrates such as cellulose swell in contact with water.
For example, croscarmellose sodium which is widely used in the pharmaceutical
industry is a derivative of cellulose. However, the name of this ingredient would
not look appealing to consumers in the ingredient list at the back of a food
product packaging. The idea was thus to find ingredients which contain cellulose
or derivatives of cellulose but which are obtained from natural sources such as
plants. Cellulose is the structural component of the primary cell of green plants.
Numerous plants such as carrot or tomatoes are used in the food industry,
especially their fibers which are directly obtained from the product itself or the
waste generated (peel) during product processing. Ingredients such as carrot
fibres are obtained from the carrot itself (BolthouseFarms 2002). Carrots are
milled down into fine particles and the soluble part (sugar, colour...) of the
particle is washed away in water. The resulting insoluble material is then
dehydrated to produce particles which are milled down to a desired size. The final
dried particles contain a majority of fibers (92%) and some other products such as
proteins and minerals. The fibres obtained from carrots are composed of
cellulose, hemicellulose and lignin which all are insoluble long-chain

carbohydrates.

The use of an ingredient such as carrot fibres combines the positive effect of the
cellulose for the disintegrant specifications and the natural source acclaimed by
consumers. A choice of four other plant fibres was decided for this study, in order

to obtain a wide range of food fibres. In addition to carrot fibres, two types of
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citrus fibres and tomato fibres were selected. The two types of citrus fibres have
the advantage of having the same composition but are available under two
different size distributions. As a result, an additional study of the effect of the size
distribution of the disintegrants can be performed. In addition, carrot, tomato and
citrus particles all have a different total content of fibres which may affect their
possible disintegrant ability. Finally, another type of ingredient, croscarmellose
sodium (Vivasol, JRS Pharma, Germany) which was mentioned earlier, is also
investigated. Such product is widely used in the pharamceutical industry, it is thus

interesting to compare possible disintegrants to a reknowned one.

Figure 5.1 sums up the thoughts behind the choice of the five disintegrants
selected for this study. Table 5.1 summarizes the content of the different fibres

and their origin.
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Carrot fibre

Tomato fibre

Figure 5-1: Summary of the five disintegrants used in this study. Vivasol is used
as reference ingredient and the fibres were chosen for their different
concentrations of fibre content or particle size distributions. The fibre contents

are expressed on a dry basis (db)
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Table 5-1: Characteristics of the different disintegrants

Citrus Citrus )
Carrot ] ] Vivasol —
_ fibres- | fibres— Tomato
fibres - o | Croscarmellose )
_ Citri-Fi | Citri-Fi ) Fibres
Hydrobind sodium
100 M40
Color Creamy Light Light ) )
) White Red - pink
white yellow yellow
Total
fibre
92 % 78 % 78 % / 56%
content
(db)
Insoluble
fibre
78 % 40 % 40 % / 46%
content
(db)
Sugars
0.1% 8.4% 8.4% / 26%
(db)
Protein
3% 9.3% 9.3% / 13.4%
(db)
Fat (db) 0.4 % 1.3% 1.3% / 0.6%
Ash (db) |45% 3% 3% / 4%
Origin Tomato
Dried Dried Chemically by
Whole .
orange orange derived from products :
carrot )
pulp pulp cellulose skin and
seeds
Producer | Wm. ) )
Fiberstar | Fiberstar
Bolthouse JRS Pharma, CONESA,
Inc, Inc, .
Farms, Germany Spain
US.A US.A
US.A
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The nutritional contents of the fibers were obtained from the manufacturers. It
should be noted that these products are derived from a natural source and their
nutritional content may vary. No nutritional information about Vivasol is

included in Table 5-1 as Vivasol is chemically derived from pure cellulose.

It should be noted that in this work the five types of ingredients are refered to as
disintegrants even though the different fibres are not described as disintegrants by

the different suppliers and the FDA.

5.3 Disintegrants characterisation

Each of the fibres chosen in this study are already used in the food industry for
different purposes. Carrot fibres for example, can be used as a texturisers in
bakery products, where they are known to improve the softness of the products.
They can also be used as binders in meat products. The functions of these
ingredients is mainly based on their ability to absorb and retain water. The
manufaturer of carrot fibres, Bolthouse farms (USA), claim that carrot fibres can
absorb 10 times their weigth in water. However, their possible use as a
disintegrant has never been presented, and their hypothetical mechanism of action

is not known.
In this part of Chapter 5, the disintegrants are characterised for two purposes:

- in terms of particles properties such as size, shape and density. These properties

will have an impact on the processing of the tablets.

- in terms of water absorption and single particle swelling to asses their

mechanisms of action.
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5.3.1 Particle size distribution

The cumulative size distributions of the different disintegrants were determined
with the QicPic appartus as described in Chapter 3 and the results are presented in

Figure 5-2.
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Figure 5-2: Cumulative size distributions of the different disintegrants chosen for
this study compared to maltodextrin 1T21. The results are based on 3

measurements and the error bars show the standard deviation

In Table 5-2, the median values dso 3 for the cumulative distributions are indicated
to ease the comparison between the different ingredients. It can be seen that a
large range of sizes will be used. It can also be noticed that all the disintegrants

with the exception of Citri-Fi 100, have a smaller median size than maltodextrin.

102 |Page



As pointed out by Koynov et al (2013), the compression of a mix of two
components can be affected in the case where two different sizes are compressed
together. The mix of a small quantity of smaller particles withing the bulk of
larger particles can lead to changes in the tablet properties, such as porosity and
tablet tensile strenght. This is mainly due to the fact that smaller particles can
rearrange themselves in the void in between larger particles, thereby reducing the
porosity. However, such small particles can lead to the opposite effect in the case
where they are not mobile during the compression of the powder. Indeed, if the
small particles simply recover the surface of larger particles, they can hinder the

possible interparticles bonding of two large particles.

Table 5-2: Median diameter of the particles size distribution of the different

disintegrants, compared with maltodextrin.

Citrus Citrus
Carrot | Tomato
Ingredients | Maltodextrin | Vivasol | fibre Fibre
fibre fibre
M40 100
100 261 279 443
dso,3- Hm 298 (+9) 57 (£5)

(x4) (x14) (£16) (x14)

5.3.2 Single particle swelling

As pointed out in Chapter 2, the main mechanism for disintegrants to cause tablet

disintegration is the swelling of the individual particles in contact with water.
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The different particles were placed under a digital microscope on top of which a
high resolution SLR camera was placed. A single droplet of water was brought
into contact with the particle and high resolution images were taken at regular

intervals. Figure 5-3 shows the set-up used for the capture of the images.

! SLR Camera

) Par’gcle

V
Digital — ”

microscope

|
Drop of water

Figure 5-3: Set-up used to capture images of the swelling of individual particles

An example of a set of images obtained is presented in Figure 5-4. It shows the
swelling and unfolding of a particle of carrot fibre after a drop of water (0.05 mL
out of a needle and syringe) was brought in contact with it. The time scale
between each image is 0.1s. It is clear from Figure 5-4 that there is an increase in
particle volume after the addition of water. It is also interesting to note that the
particle seems to unfold as water allows the release of the stress which was

brought to the particle during processing.
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Figure 5-4: Example of a stack of images obtained during the swelling of a single
particle of carrot fibre after addition of a droplet of 0.05mL at 25°C. The

sequence of images can be read from left to right and then down.
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The same experiment was carried out on different particles of carrot fibre; similar
stack of images was obtained as in Figure 5-4. However, to obtain a more
quantifiable answer to how much swelling actually occurs, the boundaries of the
particle were selected and followed with time. Such work was carried out with the
image analysis software Image J (National Institutes of Health, U.S.A). Once the
boundaries of the particles were selected, a few images were selected and
superposed to show the swelling of the particles as shown in Figure 5-5. The
actual images obtained with the set-up presented in Figure 5-2 are shown at the
top of Figure 5-5. The drop was added at t=0s. The bottom image show the
boundaries of the particle at the different stages of the swelling. It can be seen
that all boundaries seem to be increasing. The swelling appears to be fast as the

maximum volume was reached in under 1 second.
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Figure 5-5: Swelling of a single particle of carrot fibre. Actual images (top) and

boundaries with time

Similar work was performed for the particles of tomato fibres and citrus fibre
(Citri-Fi 100). The small particles of vivasol and CitriFi M40 proved to be
difficult to handle and the addition of water always lead to the wipe out of the
particle across the glass slide. As a result, only images for tomato and Citri-Fi 100

were obtained. Figure 5-6 shows an example for each type of fibres.
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Figure 5-6: Single particle swelling of CitriFi 100 and Tomato Fibre

Even though it can be shown that the particles of the different disintegrants do
swell in contact with water, it is not possible to get quantitative data to about how
much swelling is actually obtained with this technique. First of all, the deposition
of the water droplet on the particle is very subjective and difficult to replicate. In
addition, to obtain reliable data, numerous particles should be studied. And
finnally, only 2D image of the swelling of a 3D particle are obtained; obviously,

the real behaviour in contact with water cannot be completely understood here.

However, it is shown that the particles do swell in contact with water which was
the aim of theses experiments. The work presented in the next Chapter will

investigate whether this swelling does induce tablet disintegration.
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5.3.3 Hygrocapacity

The hygrocapacity describes the ability of a powder to attract and retain water
molecules from the environement. It is described by the sorption isotherm which
links the water content and the water activity of a product. The sorption isotherm
can give information about which disintegrants attract more water and how fast.
Indeed, a fast absorption of a large quantity of water can favor a quick penetration

of water within the tablet.

The sorption isotherms of the individual powders are presented in Figure 5-7. For
all powders a hysterisis can be noticed between the sorption and desorption of
water. Several reasons can be formulated to explain this difference. Kachrimanis
et al (2006) summarised the hysterisis phenomena to be due to two possible
effects: the ink bottle effect and swelling. The ink bottle effect, which happens
with small pore entrance and large volume beyond the entrance, is typically used
to explain hysteresis at relative humidities higher than 75%, whilst at lower water
activities swelling would be the reason. In addition, it can be thought that a
possible collapse of the microstructure, a change in supramolecular structure

(crystallisation) or structural relaxations can lead to such a hysteresis.
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Figure 5-7: Sorption isotherms of citrus fibres Citri-Fi 100, citrus fibres Citri-Fi

M40, Vivasol, Tomato fibres and Carrot fibres
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Figure 5-8: Comparison of the absorption curves of the different disintegrants

Figure 5-8 shows the difference in water content of the different powders during
the absorption process. Only the absorption phase is shown to ease the
comparison. It is interesting to see that all fibres contain less water at any awater
activity than Vivasol which is a commercial disintegrant. The absorptions curves
of the other disintegrants show little difference with, perhaps, carrot fiber able to
absorb a larger quantity of water than the other three fibers. Vivasol, or
croscarmellose sodium, is a crosslinked derivative of cellulose. Cross linking
provides the non-dissolving capacity to the molecules by hindering the chain
separation and polymer diffusion into the solvent (Mesnier, Althaus et al. 2013).
However, the swelling of croscarmellose sodium is made possible due to the
bonding of water in between the polymer chains (Schott 1992). The carboxyl
groups which can be seen on the chemical structure of croscarmellose sodium
(Figure 5-9) offer more sites for water to bond with the molecule. This increases

its affinity with water over a typical cellulose molecule. During the sorption of
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water, bonds are created and the system passes to the rubbery state. However,
when desorbing water, the outer layer endures a phase transition back to the
glassy state. In the glassy state, the diffusion rate of water is slower
(Gianfrancesco, Vuataz et al. 2012). Thus more time would be needed to reach
the same equilibrium level as during sorption. It leads to the fact that less water is

removed for a same water activity as shown in Figure 5-7.

Figure 5-9: Chemical structure of croscarmellose sodium (JRS Pharma,

Germany)

The difference in water content between the different disintegrants may be due to
the difference in total fibre contant in the powders. Vivasol, which is a pure
product, does not contain traces of fat, ashes and other compounds that may
prevent water sorption. However, overall, it can be conluded that all powders can
sorb large quantities of water and fairly quickly. It was seen on the individual
particle swelling that maximum swelling was reached in less that a couple of

seconds. This is a positive result for their potential use as disintegrants.
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5.3.4 Scanning Electron Microscope images

Scanning Electron Microscope (SEM) images of the different powders were taken
using the protocol described in Chapter 3. The SEM images show that the
different fibres have a long needle-type shape. Examples of each powder are
presented in Figure 5-10. Such a shape can prove to be difficult to compress, as
the shape may prevent the mobility of the particle during the compression;
especially during the first stage where particle rearrangement occur (Pitt and

Sinka 2007).
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Tomato fibres

Figure 5-10:S.E.M. images of the different types of disintegrants used in this

work

Vivasol has certainly been the most studied of all powders. Several papers present
SEM images of vivasol. Thibert and Hancock (1996) have looked at the change in
morphology of croscarmellose sodium particle equilibrated at different relative
humidities in an environmental SEM. They showed that at high relative
humidities (80%), the particles present extensive swelling and twisting. It is
interesting to note that, in their study, when the relative humidity was reduced
down to 40%, the particles did not regain their original shape. This fact was
linked by the authors to the observed hysterisis on the sorption isotherm. The
hysterisis was observed in this work as well (Figure 5.7). The fact that the shape
of the particles is not regained also indicates that the disintegrants should be kept
at low relative humidities as exposure to moisture might change their swelling

and thus the disintegrant properties.
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5.4 Conclusions and Outlook

This chapter, dedicated to the process thinking for the choice of disintegrants and
their charaterisation, introduced 5 types of powders. Four types of natural fibres
were chosen for their potential as a disintegrant which was measured in terms of
single particle swelling and water sorption capabilities and compared to a

commercially used disintegrants in the pharmaceutical industry.

The different disintegrants were then mixed with maltodextrin IT 21 powder and
tablets were made using two different tabletting settings. The settings (upper
punch maximum displacement and powder fill depth) are the ones corresponding
to the setting used to produce tablets of maltodextrin IT 21 at porosity 0.27 and
0.35. These two porosities were chosen as it was shown previously in Chapter 4
that their dissolution behaves accordingly to two different type of regime: erosion
and dissolution. In addition, the value of 0.27 was chosen as it corresponds to the
value of 0.25 which is the average porosity for tablets of interest in the food
industry (Forny 2010). The aim was to study the effect of the incorporation of
disintegrants in tablets of maltodextrin IT 21 and observe their effect on both

types of regimes
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CHAPTER 6 - ADDITION OF
DISINTEGRANTS IN
MALTODEXTRIN TABLETS

6.1 Introduction

6.2 Erosion regime

6.3 Disintegration regime

6.4 Disintegrants spatial distribution in tablets
6.5 Conclusions

6.1 Introduction

Chapter 4 was dedicated to the study of the dissolution of pure maltodextrin
tablets. In Chapter 5, the disintegrants used in this work were introduced and
characterised. In this Chapter, maltodextrin and disintegrants are finally mixed
together. The dissolution of tablets containing a mix of maltodextrin and

disintegrants is thus investigated.

The five different types of dinstegrants are mixed with maltodextrin prior to
tabletting. In addition to the type of disintegrants, different concentrations are

also investigated. This chapter aims at answering the following questions:

- What is the influence of the use of disintegrants and their concentration on
the dissolution times? Will they be of benefit?

- Can disintegrants decrease the dissolution time of tablets dissolving
accordingly to either the erosion or the disintegration regimes, which were

highlighted in Chapter 4?
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Futhermore, this chapter will present possible solutions to deal with the
dissolution time — tablet strength trade off. This trade off, which is well known to
powder technologists is tackled with a simple but effective use of the spatial

distribution of the disintegrants within the tablet.

6.2 Disintegration regime

According to Chapter 4, the dissolution of tablets of maltodextrin can be
categorised into two types: erosion and disintegration. It was shown that in the
disintegration regime, tablets would disintegrate quickly because of the fast liquid
penetration within the pores. This fast liquid penetration would be very useful
when disintegrants are present within the tablet. Indeed, the liquid can trigger fast
swelling of the disintegrant particles which would strongly increase the tablet
disintegration and allow a fast dissolution.The mechanical setting used to produce
a tablet of porosity equal to 0.35, thus dissolving according to the disntegration
regime, were chosen as a reference. The value of 0.35 was chosen as it is at the
low limit of porosity for the disintegration regime. Higher values of porosities
have already a very fast dissolution, thus it is not necessary to include
disintegrants. Mixes of maltodextrin and different concentrations of disintegrants
(1, 2, 5, 10, 20% in weights) were compressed to these same settings. The

dissolution time of these tablets are compared in Figure 6-1.
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Figure 6-1: Dissolution time of tablets of maltodextrin containing different mass
fractions (1, 2, 5, 10, 20%) of disintegrant: disintegration regime. The point at
0% disintegrant is the dissolution time of maltodextrin 1T21 (0.35 porosity)

without any disintegrant. Experimental conditions: 50°C and 300 rpm

The first point to notice is the fact that not all disintegrants induce a reduction in
dissolution time when present in the tablets. It seems that the most effective
disintegrants are carrot fibres, tomato fibres and Citri-Fi100. Citri-Fi 100 seems
to be more effective at low concentrations (1 to 5%) than carrot fibres, even if the
difference in dissolution time is very small. However, the incorporation of carrot

fibres at concentrations of 10 or 20% (same point as 20% of tomato fibres)
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induces a very short dissolution time. The dissolution time is decreased by 85 and

95 9% for these two concentrations when carrot fibres are included in the tablets.

Vivasol is a disintegrant which is commonly used in the pharmaceutical industry
and is used here as a reference. The incorporation of vivasol in maltodextrin
tablets does not seem to be effective, even though a slight decrease in dissolution
time is noticed at 2% concentration. It appears that the dissolution time is actually
increased for a concentration greater than 5%. Such a result is in agreement with
previous studies carried out with vivasol on different systems. Ferrero et al.,
(1997) observed an increase in disintegration time at concentrations of 10%. The
main reason put forward is the creation of a gel layer surrounding the tablets at
high concentrations which prevents water penetration within the tablet. Such a
gelly structure may prevent the liquid to access the solid tablet and slow down the
dissolution. It is interesting to notice that such a gel is not present when fibres are

used. It is one of their advantages.

It is interesting to observe that the incorporation of the two types of citrus fibres
results in very different dissolution times, as it shows the influence of the
disintegrants particle size on the dissolution time. The main difference between
the two types of powder is their particle size distribution. As it was observed in
Chapter 5, Citri-Fi 100 has a significaty higher particle size (Figure 5-2). The size
of the powder should influence the tabletting step, thereby having an effect on
particle rearragement and tablet porosity. In Figure 6-2, images of the powders
show that the particles also have different shapes which may also influence the
tabletting properties. Further insight about the difference in dissolution times is

given later in this section when comparing tablets tensile strengths.
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Citri-Fi 100 Citri-Fi M40

Figure 6-2: Difference in size and chape of the two types of citrus fibres; Citri-FI

100 and Citri-Fi M40

The three disintegrants which seem to perform the best are carrot fibres, Citri-Fi
100 and tomato fibres. Their dissolution time is reproduced more clearly in
Figure 6-3. Out of all three disintegrants, tomato fibres seem to be the most
efficient for all concentration, except for 10% where carrot fibres perform the
best. At concentrations of 20 %, the results obtained with carrot fibres are similar

to the ones obtained with tomato fibres.
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Figure 6-3: The three disintegrants that show a decrease in dissolution time

The effect of the incorporation of disintegrants was also measured on the tablet

tensile strength as presented in Figure 6-4.
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Figure 6-4: Tensile strength of tablets of maltodextrin containing different mass
fractions (1, 2, 5, 10, 20%) of disintegrants: disintegration regime. The point at
0% disintegrant represent the tensile strength of maltodextrin I1T21 (0.35

porosity) without any disintegrant.

The tensile strength of tablets containing carrot fibres, tomato fibres and Citri-Fi
100 is decreasing with higher disintegrant concentrations. This could be the result
of weaker inter-particle bonding or an increase in tablet porosity due to the

presence of fibres.

It is interesting to notice that tablets containing Vivasol show an increase in

tensile strength compared to the tensile strength of pure maltodextrin tablet.
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Vivasol particles (dsoz = 55 pum) are much smaller than maltodextrin particles
(dso,3 = 350 pm). The reason behind this increase in tensile strength may be that
the small particles of vivasol fill the gaps between the particles of maltodextrin
resulting in a decrease in the porosity and thus stronger tablets. The same
phenomena was observed by Koynov et al (2013) for a mix of microcrystalline
cellulose and several micronized actives ingredients. They concluded that a
second rearrangement steps occurs when a mix of two particles with a large

difference in size is compressed. This appears to be the case for Vivasol.

In the case of the addition of Citri-Fi M40, a sharp increase in tablet tensile
strength is noticed for low concentrations of 1, 2 and 5% compared to the tensile
strength of pure maltodextrin 1T21. A similar mechanism to the addition of
vivasol could explain such an effect. However, for larger concentrations of
disintegrant, 10 and 20%, the tensile strength is actually reduced. It was noticed
that when Citri-FI M40 was mixed with maltodextrin IT 21, prior to tabletting, it
appeared that the small particles of Citri-Fi M40 were covering the particles of
maltodextrin. Such a phenomenon could be compared to a coating by the smaller
disintegrant particles, similar to the action of lubricant (Chouk 2010). This may
probably result in a decrease of the bonding capacity between maltodextrin

particles producing weaker tablets.

The difference in tensile strength noticed between the two types of citrus fibres is
also another reason for the different in dissolution time highlighted in Figure 6-1.
It has been shown previously that an increase in tablet tensile strength results in a
longer tablet dissolution time (Gabbott 2007). In addition, it cannot be excluded
that the disintegrant capabilities of citrus fibres may be affected by the size of the

particles introduced in maltodextrin tablets. Indeed, it was reported that in some
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cases the larger particles of a disintegrant perform better than the smaller ones

(Bele and Derle 2011).

Figure 6-5 highlights the tensile strength of the three disintegrants which seem to
improve the dissolution time. Even though the incorporation of tomato fibres
results in a dramatic decrease in dissolution time, in compensation, the tensile
strength is largely reduced as well. The tensile strength of tablets containing 20%
of tomato fibres could not even be measured due to its extremely low strength.

The low tablet strength would be an issue for transport capabilities.
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Figure 6-5: Tensile strength of tablets containing the three disintegrants that

show a decrease in dissolution time in Figure 6-2.
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From Figure 6-5, it can be concluded that tomato fibres are not suitable for use as
disintegrants, mainly because they cause a non desirable dramatic reduction in

tablet strength. As a result, it will not be considered further in this section.

The reduction in tensile strength may be due to a change in tablet porosity
resulting from the introduction of disintegrants. Figure 6-6 shows the porosity for
all tablets investigated. The porosities were obtained through the method
presented in Chapter 3. The values of the true densities required to calculate the

porosities are shown in Table 6-1. The method used is described in Chapter 3.

Table 6-1: True densities of the different disintegrants.

Disintegrants True density (g.cm3)
Citri-Fi M40 — Citrus fibres 1.5047
Carrot fibres 1.5695
Citri-FI 100 — Citrus fibres 1.5057
Vivasol 1.5940
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Figure 6-6: Porosities of tablets of maltodextrin containing different mass
fractions (1, 2, 5, 10, 20%) of disintegrants: disintegration regime. The point at
0% disintegrant represent the tablet porosity of maltodextrin 1T21 tablet without

any disintegrant

It is interesting to note that the incorporation of vivasol and Citri-Fi 100 does not
alter the porosity of the tablets significantly. However, in the case where Citri-Fi
M40 is included in the tablets, a large decrease in tablet porosity can be seen.
This result links very well with the increase in tensile strength and the longer
dissolution time observed in Figures 6-4 and 6-1. The hypothesis put forward
here is that the small particles fill the gaps between the particles of maltodextrin

resulting in a decrease in the porosity and thus stronger tablets.
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On the contrary, an increase in tablet porosity is observed with the incorporation
of carrot fibres in comparison with tablets of pure maltodextrin 1T21. This
increase in porosity might play a role in the shorter dissolution time measured in
Figure 6-1. The increase in porosity can be explained by the elastic behaviour of
carrot fibres. As it can be seen in Figure 6-7, an increase in expansion post
compression is noticed when carrot fibres are included in the tablets. After
compression, the size of the tablets tend to increase due to the release of part of
the stress accumulated during compression, this phenomena is called post-
compression expansion (Hardy, Cook et al. 2006). It is obtained from the
difference in thickness measured during tablet production (minimal punch
separation) and the thickness 24 hours after production according to the following

equation:

h4_hc

Elastic re — expansion (%) = 2 A Eq. 6-1
c

Where hz4 is the tablet thickness after 24 hours and he, is the tablet thickness at

minimum punch separation.

Maltodextrin tablets present on their own such behaviour as pointed out by Palzer
(2009). A similar value of 29 % re-expansion was measured by Palzer (2009), for
the same water activity aw=0.3. However, the introduction of carrot fibres
amplifies the elastic response. The energy stored during the compression of the

particles is restored through the elastic re-expansion which increases the size of
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the tablets post compression and thus the porosity. Such behaviour was not

observed for the other types of disintegrants.
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Figure 6-7: Elastic re-expansion observed when carrot fibres are present in the

tablets of maltodextrin at different mass fractions

6.3 Erosion regime

It was seen in section 6.2 that the incorporation of disintegrants in a tablet of
maltodextrin, normally behaving according to the disintegration regime, does
improve the dissolution time. However, such an improvement is associated with a
non desirable reduction in tensile strength. This section aims at investigating the
introduction of disintegrants in a tablet of lower porosity: 0.27. At this porosity,
the dissolution behaves according to the erosion regime. In this regime,

dissolution occurs at the surface of the tablet and liquid penetration is limited. If
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the liquid penetration is limited, the swelling of the disintegrants might be less

probable.
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Figure 6-8: Dissolution time of tablets of maltodextrin containing different mass
fractions (1, 2, 5, 10, 20%) of disintegrants — erosion regime. The point at 0%
disintegrant is the dissolution time of maltodextrin 1T21 (0.27 porosity) without

any disintegrant. Experimental conditions: 50°C and 300 rpm

In Figure 6-8, the dissolution times of tablets of maltodextrin containing different
concentrations of disintegrant are presented and compared to the dissolution time
of tablets made of pure maltodextrin at a porosity of 0.27. Similar trends to Figure
6-1 can be found, except that the incorporation of disintegrants does not reduce

the dissolution time as significantly. In the case of carrot fibres, which was the
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best disintegrant in section 6-2, the dissolution time of tablets containing 10% of
the disintegrant, is reduced by 84% in Figure 6-1 and by only 20% in Figure 6-8.
This difference could mainly be due to two factors. Firstly it could be due to the
fact that the tablets have a smaller porosity to the ones presented in Figure 6-1.
Indeed, the same tabletting settings used to produce tablets of pure maltodextrin
at a porosity of 0.27 were used to produce the tablets containing disintegrants
presented in Figure 6-8. In addition, a different dissolution type regime is
expected at this porosity. If the tablets still dissolve accordingly to the erosion
regime in the presence of disintegrants, it might be expected that the access to
water by the disintegrants is more limited than in the disintegration regime. The
determination of the type of dissolution regime for these tablets would be useful
to understand the action of the disintegrants. Indeed, the incorporation of the
disintegrants aims at shifting from an erosion to a disintegration regime to shorten
the dissolution times of food tablets. It will be discussed later in this chapter how

the study of the dissolution regime is being investigated in the next chapters.

The tablet tensile strengths were also measured for tablets introduced in Figure 6-
8. The results are presented in Figure 6-9. Similar trends to as Figure 6-4 can be

seen and the same interpretation can be expressed.
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Figure 6-9: Tensile strength of tablets of maltodextrin containing different mass

fractions (1, 2, 5, 10, 20%) of disintegrant

6.4 Disintegrants’ spatial distribution in tablets

Figure 6-10 shows the trade-off between the tablet tensile strength and dissolution
time obtained when, in this case, carrot fibres are introduced within tablets of
maltodextrin 1T21. Only carrot fibres are further studies in this section as they
showed to be the best disintegrants previously. It can be seen that the greater the
concentration of disintegrant, the shorter is the dissolution time. However, the
tensile strength is also reduced which may be prove to be problematic when
considering the handling capabilities of the tablets. The reduction in tensile
strength upon incorporation of disintegrants was also shown by several authors

such as Lundqvist et al., (1997) and Adebayo et al (2008). In both cases, the
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difference in strength was explained by a change in elastic and plastic responses
of the mixes during compression.

In order to reduce the dissolution time of maltodextrin IT21 tablets only the
concentrations of 10 and 20% are effective. However, including these very large

concentrations into a tablet would largely impact the gustative properties.
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Figure 6-10: Evolution of the tablet tensile strength and dissolution time of
tablets of maltodextrin IT 21 when different concentrations (w/w) of carrot fibres

are introduced in maltodextrin tablets. The point at 0% disintegrant corresponds

to a tablet at 0.27 porosity

Disintegrants act mainly by swelling and wicking as highlighted in Chapter 2.
However, in order for swelling to occur and lead to the breakage of the tablet into
smaller pieces, water needs to reach the disintegrant particles. The liquid
penetration of water in different tablets was then studied as shown in Figure 6-11

and 6-12. The tablet is placed longitudinally above water, dyed in red for a better
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visual inspection, and brought in contact with the liquid. It can be seen that the
liquid penetrates very quickly, in less than 5s, through the pores to wet the whole
tablet of pure maltodextrin 1T21. However, when different concentrations of
carrot fibres are introduced, the final liquid penetration length is reduced
dramatically. In the presence of 10% carrot fibres, liquid penetration ceases after
a third of the tablet thickness (figure 6-12). As a result, it appears that the
swelling capacity of the disintegrant particles is not fully used to its potential as

most of the disintegrants are not in contact with water.

maltodextrin

Figure 6-11: Liquid penetration as a function of time in a tablet of maltodextrin

IT21

However, it could be noticed that disintegration would occur at the bottom part of
the tablet where the disintegrants are reached by the liquid (Figure 6-12). Porosity
is the main factor influencing liquid penetration within a tablet when wetting is
favourable (Forny, Marabi et al. 2010).The porosities of the different tablets show
that introducing carrot fibres tends to slightly increase the tablet porosity, as seen

in Figure 6-13 (from 0.27 for pure maltodextrin tablets to 0.34 when the tablet
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contained 20% of disintegrant), which should lead to improved liquid penetration.
The fact that the opposite is noticed is a problem for the disintegrant’s action and
could be due to the closing of the pores due to the swelling of the disintegrants
and that most of the water is retained by the disintegrants.

'

10% carrot

fibres - Mixed

Figure 6-12: Liquid penetration as a function of time in a tablet of maltodextrin

IT21 containing 10% (w/w) of carrot fibres
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Figure 6-13: Porosity change upon incorporation of different concentrations of

carrot fibres in maltodextrin tablets
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For improved tablet disintegration and dissolution, the liquid needs to reach the
disintegrants in the tablet quickly and in all directions at the same time. In order
to combine both fast liquid penetration and tablet disintegration, a creative design
of the tablet was sought to be able to influence this. Two different tablet designs
were created as explained in Table 3-2. The disintegrants can be introduced at
specific locations within the tablet to take advantage of their swelling
capacity. Figure 6-14 shows the liquid penetration in a tablet where the
disintegrants were incorporated according to the cross design. It can be seen that
the liquid penetrates very rapidly within the tablet and can reach the disintegrant
particles quickly to induce their swelling. After 5 seconds, the tablet starts to

break up.

Figure 6-14: Liquid penetration as a function of time in a tablet of maltodextrin
IT21 containing 10% (w/w) of carrot fibres at a specific location within the

tablet: cross design.
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Figure 6-15: Dissolution time, too, and tensile strength of the four different types

of tablets

Figure 6-15 shows the dissolution times and tensile strength of the different tablet
configurations. It can be seen that the two new designs present much shorter
dissolution times (reduced by 80%). The tensile strength is also reduced with the
new configurations but to values similar to the normal configuration; mixed
disintegrant.

Obviously, such designs would be difficult to achieve on a production line, but it
IS interesting to notice that water could be channelled inside the tablet to reach

more easily the disintegrants and improve dramatically the dissolution of tablets.
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6.5 Conclusions

To summarize the findings of this chapter , the following can be put forward:

Vivasol, which is the reference disintegrant in this study does not
influence the dissolution time in a positive way. A longer dissolution time
was even noticed at high concentrations of 10 and 20%. Such results were
explained by the formation of a viscous layer surrounding the tablet by the
swelling of the disintegrants which slows down the access of water to the
tablet.

The size of the particles is of importance as it can be noticed in the large
difference in dissolution time between the two types of citrus fibres: Citri-
Fi 100 and Citri-FI M40.

Carrot fibres and Citri-Fi 100 are the most promising disintegrants;
however a real difference is only noticed at high concentrations of 10 and
20%. Such concentrations are not acceptable; a product formulation
cannot be modified by such a large concentration of a new ingredient
without impacting the gustative qualities of the product.

The addition of disintegrants also conveys a decrease in tablet tensile
strength.

Natural sources of disintegrant can be found, however, more work on their
selection is needed to accentuate their potential as disintegrants.

The spatial distribution of disintegrants within the tablet can be
engineered to better channel the water penetration within the tablet. This
can ensure that water reaches all disintegrant particles. Examples showed

that a dramatic reduction in dissolution time can be obtained.
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It cannot be concluded that the incorporation of disintegrants does indeed reduce
the dissolution time of tablets. The shorter dissolution times could result from a
weakening of the tablets. There is no proof that disintegrants actually induce the
tablet disintegration, especially in the erosion regime. The following chapter will
show that it is possible to obtain data on the dissolution and disintegration of

tablets in a novel way.
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CHAPTER 7-ANOVEL
METHOD TO STUDY TABLET
DISSOLUTION AND
DISINTEGRATION

7.1 Introduction

7.2 Why is it a novel method and what are the deliverables?
7.3 Flow cell design

7.4 Image analysis

7.5 Validation of the Matlab image analysis code

7.6 Conclusions

7.1 Introduction

The literature review highlighted the fact that experimental techniques used to
study disintegration provide very little information on the mechanisms behind the
process. In addition, dissolution and disintegration have been mainly studied
separately whereas they should be considered together as they are happening

simultaneously and affecting each other.

One of the most intrinsic characteristics of the disintegration process is the
breaking up of the tablet into pieces, which does not always correspond to the
size of the primary particles which have been compressed. The size and number
of these fragments will determine the dissolution speed in the case of a surface
limited dissolution process. Moreover, the number and size of the fragments will

be dependent on several parameters such as tablet strength, porosity, disintegrant
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type and concentration. However, such data were experienced to be difficult to
gather by other authors. It was reported by Zhao and Augsburger (2006) that they
had made several unsuccessful attempts to obtain direct measurements of the size
distribution of particles during disintegration. Methods such as optical
microscopy, laser scattering and sieving were tried in the case of a non dissolving

matrix.

As a result, it is important to gain more knowledge about the disintegration
process in relation to the dissolution process. In order to achieve such knowledge,
a novel technique or method had to be developed. This chapter introduces the two
components of such a novel method. First, the flow cell design from which high
resolution images of the tablet undergoing dissolution and disintegration are
taken. Second, the image analysis code which was written specifically for this

method.

Finally, the method calibration and image analysis code validation are presented.

7.2 Why is it a novel method and what are the deliverables?

The aim of the technique to be designed is to allow the instantaneous
determination of the size and number of particles being released due to
disintegration or erosion at the surface of the tablet. In addition, the evolution of
the tablet’s diameter and thickness are measured with time. The delivery of such

data presents a new method to study of dissolution and disintegration of tablets.

In the pharmaceutical industry several methods have been used to follow the
disintegration of tablets. In most papers, authors have used an image analysis

system where they are able to follow the tablet dimensions with time. Frenning et
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al. (2005) have been able to determine the projected surface area and perimeters
of pellets with a light microscope. Efentakis and Stamoylis (2009) investigated
the swelling of tablets made of polymeric materials under a microscope.
However, the tablet axial and radial changes in size were always measured
manually. A similar study had previously been carried out by Moussa and
Cartilier (1996). However, all these studies do not allow several data to be
captured and studied simultaneously. Firstly, the accurate automatic
determination of the tablet dimensions, thickness and diameter, have not been
made possible as only manual determination was carried out. Secondly, no
authors have been able to link the evolution of the tablet dimensions with the size

distribution of the particles released from tablet disintegration.

Wilson et al. (2012) have been able to obtain the size distribution of particles
released from the disintegration of a tablet. However, in their system, the particles
produced after disintegration are entrained by a pump to a conventional size
measurement equipment, QicPic. It means that only a non dissolving material can
be used for this measurement as the size of the particles would be different after
dissolution. In addition, the fact that the size of the particles are not measured
immediately after release means that only a sample of the particles are entrained
to the QicPic and analysed. As a result, it is difficult to obtain reliable information
about the evolution of the particle size with time. Finally, they do not provide any

information about the actual tablet change in size.
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The following aims at showing that the new method introduced in this chapter
brings several advantages in comparison to the systems used by other authors.

The major benefits are as follow:

- Ability to work with dissolving materials as the particle sizes are
measured immediately after release when limited dissolution has
occurred.

- Ability to obtain the size of all particles produced during the
disintegration and not only a sample, representative or not, of the particles
released by tablet disintegration.

- Ability to obtain the tablet dimensions, especially the thickness and
diameter and not only a projected surface area.

- Ability to link the results with time.

- Ability to have a visual proof of the tablet and particles from the images.

The novelty of this method lie in the fact that all the above mentioned data are
available from one technique, allowing the complete dissolution and

disintegration processes to be analysed as a whole.

7.3 Flow cell design

A flow cell was designed and built specifically for this study, as shown in Figure
7-1. The design of the flow cell is based on the well established flow through cell
or USP 4 apparatus, which is one the standard dissolution apparatus used in the
pharmaceutical industry (Kakhi 2009). The flow cell is constituted of a
cylindrical shaped vessel containing a mesh on which the tablet rests during

dissolution. A flat imaging window was built on two opposite sides as shown in
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Figure 7.1 by polishing the round surface. In front of the imaging window a
camera is placed and captures images of both the tablet and the particles detached
during the tablet dissolution and disintegration. The water is introduced from the
bottom of the vessel and exits through the upper part. The water flow rate and
temperature can be controlled as described in the following paragraph. Water is
directed from the bottom of the tablet to the top to ensure that all the particles
released flow upwards so they only get measured once. The lower part is filled
with 1mm glass beads to allow a uniform flow to be created around the tablet,

similar to the USP 4 apparatus (Kakhi 2009).

Tabletand particles
detached

— Imaging window

Mesh

Figure 7-1: Left: Picture of the actual flow cell. Right: Schematic of the flow cell

and tablet
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In this section, the design of the overall system including water reservoir, pump
and controls is described. A heated water reservoir (A on Figure 7.2) (20 — 70
°C) contains the water which is pumped (B on figure 7.2) to the bottom of the
flow cell (C). The water flow rate can be regulated from the control box which
was specially developed within the department of Chemical and Biological
Engineering (D on Figure 7.2). The flow rate was set at 15 cm3.s™%. The flow cell
is placed under controlled lighting conditions and different beams of light are
directed to the tablet to ensure constant illumination conditions (E on Figure 7.2).
This is important for two different reasons. Firstly, the camera settings such as
ISO number and shutter speed were set for a specific lighting condition. Change
in the light may prevent part of the tablet or particles to be seen on the images.
Secondly, it is also important for the image analysis code that all pictures should
have the same definition or clarity as it will be explained in section 7.4. The
specific type of macro lens used in this work was chosen carefully as it allows a
large depth of filed, which is wider than the width of the flow cell. This to ensure
that all particles are in focus when the image is taken. Additionally, very little
difference was noticed between the sizes of particle if measured close to the
camera of further away. The high resolution camera (F) is placed in front of the
imaging window on top of a X-Y-Z micro precision stage (G). The micro-
precision stage is useful to ensure that the camera working distance stays the
same from experiment to experiment. A change in working distance can influence
the ratio um to pixels and affect the final results. In this case, the working
distance is of 10 cm. Finally, the water exits from the upper part of the flow cell

to a water reservoir (H). The exiting water is not mixed with the incoming water
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as non-dissolved particles could be reintroduced in the flow cell which would

alter the results.

Water reservoir | H

0

X-Y-Z
e
G micro —

e stages

o @ I Flow direction
controller

Water bath
Controlled T

A

Figure 7-2: Schematic of the overall system

In Table 7-1 the characteristics of the different parts of the system presented in

Figure 7-2 are given.
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Table 7-1: Instruments characteristics

Instruments Characteristics

Water Pump Micro pump, RS (UK), 2.80 I/m, 6 mm tubing, 12V

Camera Canon (Japan) EOS 1D Mark IV

Lens Canon (Japan) MP-E 65 mm /2.8
Water bath Clifton (UK) water bath, 8L, 20 to 70°C
Light source Zeiss (Germany) 1800 LCD

7.4 Image analysis

A program based on the Matlab image toolbox (R2009b, Mathworks inc., USA)
was written to follow the tablet size reduction and the size distributions of the
particles released from the tablet as a function of time. A full analysis of 3000
images (typical quantity of pictures per dissolution test) can take up to 20 hours to
be completed on a PC with 8GB of RAM and a processor tuned at 3.40GHz. A
copy of the code is given in Appendix B. The procedure developed in the code is
summarized in Figure 7-3. More information on each step is given in the next

following sections.
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Figure 7-3: Image analysis procedure

Image acquisition

The optical system is able to take images of 16 Mpixel at a rate of 10 images per
second. The set of images are saved as a colour JPEG image. The resolution is
equal to 1.25 pm/pixel. A typical experiment produces approximately 3000
images to be analysed. As the particles are moving in the flow cell after
disintegration, it was important to use a high shutter speed to obtain a sharp
image with well-defined objects contours; 1/100 second was used in this case. In
order to reduce the noise of the image, the lowest ISO number should be used.
Beams of light were used to allow the use of low ISO numbers. These beams of
light were focussed directly on the tablet and particles to increase the difference
in greyscale on the image. Indeed, the greyscale is used to differentiate the
objects from the background in the next step. Figure 7-4 shows an example of a
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typical image which is obtained. It should be mentioned that this picture was
chosen for a demonstrative purpose. Images may contain many more particles but

for clarity this image was picked.

Figure 7-4: Typical colour image generated using the flow cell during tablet

dissolution in water

Each image is then saved on a PC where the image analysis is carried out. The
code reads the images as a stack but the analysis is carried out through a loop that
works on a single image at a time. The results of each single image are saved in a

.csv file where the data are appended on the same file.

Binarization

The colour images obtained are then transformed into a 8bit greyscale image for
the binarization to be performed. Binarization is the most common technique to
separate objects of interest from the background in an image. A grey threshold
value is chosen; all pixels with a grey intensity below this threshold value are set
to 0, leaving the objects a value of 1. An example of a binary image is shown in

Figure 7-5. The large difference in pixel value between the tablets and particles

150 |Page



which are illuminated during the experiment and the dark background make the
manual choice of the threshold value based on the grey pixels values distribution

easy and accurate.

Figure 7-5: Binary image obtained from Figure 7-4 after thresholding (white -

tablet and particles, black - background)

Objects recognition and segmentation

From the binary image, single objects can be separated from each other. One
object is recognized as a connection of pixels with a value of 1 as it can be seen in
Figure 7-6. Figure 7-7 shows the result of the objects’ segmentation on a typical
image. The largest object, in term of number of pixels, is set to be the tablet.

From this part, the particles and the tablet are treated separately.
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Figure 7-6: Image segmentation: each object is recognized as a sequence of

pixels with value=1. When two sequences are not linked together, they are

considered as two different objects

Figure 7-7: Object segmentation example: each object was attributed a different

colour on the image

Particle size distribution

The size of each object is determined in pixels. Knowing the conversion of um to

pixel, the area in mm? of all objects can be obtained.

In addition, the perimeter of each object is determined and compared to the object
area to obtain the object circularity. Bubbles which are formed from the gas
entrapped in the tablet matrix should not be considered as particles. Bubbles are

disregarded by excluding all objects whose circularity exceeds 0.95.
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The most convenient way to describe the particle size of 3D particles captured as
a 2D image by a single number is the circle equivalent diameter. It is the diameter
of a circle with the same area as the 2D image of the particle. Obviously, the
shape of the particle will influence the circle equivalent diameter. However, a
larger object will always have a larger circle equivalent number. The same
principle is used by the main particle size measurement technique based on image

analysis. The procedure is summarised in Figure 7-8.

Figure 7-8: A circle equivalent Dp is obtained from a circle with the same area

as the red particle

The size of each particle is saved in an Excel file (Appendix C). Each line in the
file contains the sizes of all particles extracted from one image. Each file contains
as many lines as there are images. This file will be subsequently reorganised into
size distributions with the help of a code written in Fortran90 (Appendix D) run
under Linux. The use of this code allows a fast organisation of the data as a
function of the desired bin size and time. The particle size distribution can be
presented on a number or volume basis based on the assumption that particles are

spherical.
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Tablet dimensions

It can be seen in Figure 7-4, the tablet surface is not smooth and flat. As a result,
IS it not accurate to calculate the diameter and thickness from a single line across
the tablet. An average of the coordinates of the pixels at the top and bottom part
should be calculated to obtain an accurate determination of the tablets’ thickness
and similar procedure should be carried out to obtain the tablet diameter.
However, the obtainment of such averages requires establishing a fair
determination of the starts and ends of the top, bottom, left and right sides of the
tablet. As a result a strategy had to be developed; such a strategy is explained as

follow:

1. Determination of the tablet boundary. This step is carried out by looking at
the transition from a background pixel (value of 0) to an object pixel with
value 1. Each of the pixel lines and columns of the image are scanned and
when such a transition is found, the pixel coordinates are saved in a
different file. The coordinates of all saved pixels allow the reconstruction

of the tablet boundaries (Figure 7-9).
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Figure 7-9: Tablet boundaries defined by the transition from a pixel value of 0 to

1
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2. In the second step, the tablet is separated into four parts: top, bottom, left,
right. The average pixels coordinates are calculated for the four parts. The
difference between the average coordinates of the left and right part gives
the tablet diameter. The thickness, for example, is obtained from the
difference in average coordinates of the top (Y2) and bottom (Y'1)) parts as

shown in Figure 7-10.
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Figure 7-10: Tablet side limits determination

3. However, an accurate determination of the limits of each of the four parts
needs to be used. Figure 7-10 shows the limit Xmin and Xmax of the
bottom part. The coordinates of the limits of the four sides are determined
at the inflexion of the frequency curves of the number of pixels along the
X and Y axis. An example of the determination of the tablet diameter is
given in the next four points:

v’ The first step requires the tablet to be separated into two parts; left

and right (Figure 7-11). This is done by separating the pixel
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coordinates on the X-axis lower and larger than 2248, which is the

coordinate corresponding of the middle of the image.

Figure 7-11: Separation of the left and right parts of the tablet

v' The second step includes the creation of bins (thickness = 10
pixels) along the Y-axis (Figure 7-12). Each bin will contain the
number of pixels with coordinates contained within the bins limits.
As a result, a pixel frequency curve is obtained. This curve
presents two main peaks corresponding to the tablets’ top and
bottom boundaries. The coordinates of the pixels contained in
between these two peaks are of interest here. If one travels along
this curve from its middle to the sides, then one would find two
inflections at the start of the peaks. These two inflections are

chosen to be the limits of the region of interest, Ymax and Ymin.
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Figure 7-12: Plot of the pixel frequency curve along the Y axis to determine the

left side boundaries, Ymax and Ymin

v The last step requires selecting the pixels whose coordinates lie in
between the two limits and calculating their average value. This
means that the average coordinate value of one of the side of the
tablet is now known. If the same procedure is achieved on the
opposite side of the tablet, an accurate length in between the two
sides can be obtained along the X-axis. The determination of the
difference in length of the two sides along the Y-axis is performed

in the same manner.

The accurate determination of the diameter and thickness of the tablet during
dissolution (as summarized in Figure 7-13) has never been obtained by authors in
a systematic and automatic manner. In addition, the use of the average
coordinates for each section of the tablet boundary ensures a more objective result
compared to a manual determination. This approach could potentially be used for

other systems.
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Figure 7-13: Description of the determination of the tablet sides limits with the

frequency curve of the number of pixels along the Y-axis
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7.5 Validation of the Matlab image analysis code

The image analysis code developed in this work needs to be validated by

checking each output, particle size distribution and tablet dimensions.
Particle size distribution

Ceramic particles (non dissolving particles) were passed through the flow cell and
images were taken. The resulting size distribution obtained after analysis of the
images was compared with the size distribution of the same beads with a common
particle size analyser QicPiC (Sympatec, Germany). The results are shown in
Figure7-14. The results obtained show a strong similarity which validates the

particle size measurement.
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Figure 7-14: Size distribution of ceramic beads: similarities between the

measurement by a commercial apparatus and the method developed in this work
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Tablet dimensions

Unlike the particle size distribution, the tablet dimension determination is not
based on a common approach. As a result, its validity has to be shown. A series
of images obtained from the flow cell were both analysed by the code described
above and by the open source image analysis software Image J (National Institut
of health, USA). The diameter and thickness of the tablet were measured in pixels
by the software ImageJ by drawing manually a segment on the image such as can
be seen in Figure 7-15. The comparisons of the diameter and thickness obtained
with the code described above and manual determination with the software
ImageJ are shown in Figure 7-16 and Figure 7-17. It can be seen that the
automated Matlab image analysis code delivers similar results to the one obtained
manually by Image J; the diameter and thickness show similar values. In some
cases, a small difference can be noticed, but this can mainly be imputed to the
fact the code takes an average value for each section while the manual
determination is more subjective. Similar work was repeated for several tablets at
different porosities and in all cases the result is in agreement. It shows that the
code written for this work is reliable. A more accurate and automatic
determination of the tablets dimensions is then possible, compared with manual

determination, image per image.
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Figure 7-15: Measurement of the tablet diameter with the image analysis

software Image J
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Figure 7-16: Comparison of the tablet thickness measured manually with Image J

or calculated by the code in Matlab
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Figure 7-17: Comparison of the tablet diameter measured manually with Image J

or calculated by the code in Matlab

7.6 Conclusions

In this chapter, a novel method to investigate the dissolution and disintegration of
tablets is presented. This work focuses on the dissolution and disintegration of
food tablets made of an amorphous material, however this method could be used
for many types of disintegrating tablets. The author has successfully investigated
the dissolution and disintegration of other amorphous and crystalline tablets (not
presented in this PhD thesis) such as NaCl, microcrystalline cellulose, starch.
There is a potential for great amount of data to be collected using this method to

increase the general knowledge of tablet dissolution and disintegration.

The next chapter will introduce the main results obtained with this method.

162 |Page



CHAPTER 8 - FLOW CELL
RESULTS

8.1 Introduction
8.2 Erosion regime
8.3 Influence of the introduction of carrot fibres

8.4 Conclusion

8.1 Introduction

In the previous chapters it was shown that the dissolution and disintegration of
food tablets is not well understood. As a result, a novel method, described in
Chapter 7, was developed to bring more knowledge of the two processes together.

This method allows the following data to be obtained:

- Evolution of the tablet dimensions with time: projected surface area,
thickness and diameter.

- Size distribution of the particles liberated from the tablet disintegration.
The size distribution can be analysed for different times of the tablet

dissolution.

In Chapter 4, the dissolution of maltodextrin tablets was found to behave
according to two types of regimes: erosion and disintegration. The first part of
this chapter will show and discuss that these regimes do really happen by

analysing the tablets size evolution with time.

In Chapter 6, it was shown that the introduction of carrot fibres in maltodextrin

tablets induces a reduction in the dissolution time. However, it could not be
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concluded whether it was actually due to the disintegrant effect of the fibres or
due to a reduction of the tablet tensile strength caused by the fibres. The effect of
the concentration of the carrot fibres will be investigated in the second part of this
chapter. The effect on the disintegration will be investigated by looking at the
change in size and number of particles released in the presence of carrot fibres.
Carrot fibres were chosen to further this work as they present the best activity in

reducing the dissolution time compared to other disintegrants.

8.2 Erosion regime

The erosion regime is characterised by a low penetration of water within the
tablet due to the low porosity. As a consequence, the dissolution and
disintegration only occur at the surface of the tablet in contact with water. The
finding of this regime was based on the fact that the initial tablet thicknesses
could be linearly related to the dissolution time tgo for a constant porosity. It was
then thought that the tablets would keep their shape along the dissolution time

and that the change in size with time would be linear (cf. Chapter 4).

The method introduced in Chapter 7 allows the size of the tablets to be followed
with time. This means that tablet’s diameter and thickness can be obtained at any
time. It is then possible to see whether the hypothesis developed in Chapter 4
about the existence of the erosion regime is valid. For this chapter, four different
tablets of porosity 0.27 were chosen based on the linear relationship between
tablet thicknesses — dissolution times shown in Chapter 4. The four different
tablets all have a different initial thickness. They were placed in the flow cell and

a flow rate of 15 cm®.s™* was chosen because this was just strong enough to carry
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the particles upwards in the flow cell. A water temperature of 25°C was chosen
because it is easy to control and it is desirable to have a slow dissolution to

capture all physical modifications of the tablets.

Figure 8.1 shows the evolution of the projected surface area of the four different
tablets with time. The projected surface area corresponds to the area of the tablet
marked in red on Figure 8.2; it is the area of the tablet from a side view. The
results show the average value of 5 repetitions and the error bars represent the

standard deviation in the results.
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Figure 8-1: Evolution of the projected surface area of tablets of porosity 0.27.

The four different types of tablets have a different initial thickness
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Figure 8-2: Projected surface area of a tablet in red

It can be seen that for the four tablets, the evolution of the projected surface area
is linear with time. It is logical that the tablets with a large thickness at the
beginning have a larger projected surface area. In addition, the slopes of the four
curves are parallel to each other showing that the rate of change in size does not
depend on the tablet surface area. It means that the dissolution in this case is
controlled by the external mass transfer, as shown in Chapter 4. The fact that the
tablets surface areas are changing linearly with time means that the tablets shape
remains the same during the dissolution process. It thus confirms that the

dissolution can only occur at the surface of the tablets by erosion in this case.

Figure 8-3 and 8-4 give further insight into the change in dimensions of the

tablets by looking at the evolution of the tablet thicknesses and diameter.
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Both Figures 8-3 and 8-4 reinforce the conclusions drawn from Figure 8-1. In
Figure 8-3 it can be seen that the thickness reduction is slow and the variations in
time for the four tablets are similar. In Figure 8-4, it can be seen that the reduction
in diameter is actually faster than the reduction in thickness. This can mainly be
explained by the fact that in the flow cell the water is flowing around the tablet as
demonstrated in Figure 8-5. Thus the water renewable around the tablet is faster
on the sides than on the top and bottom. As the dissolution is limited by an
external mass transfer depending on the water flow, dissolution is faster on the
circular side of the tablets. However, this is just an hypothesis; a flow dynamics

study could clarify this point.
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Figure 8-5: Possible explanation for the faster reduction in diameter than

thickness of the tablets
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If the measured tablet thicknesses and diameters are multiplied, then the results
should be similar to the measured projected surface area. The projected surface
area is obtained from an inbuilt function of the image analysis toolbox in Matlab,
while the code for the determination of the thickness and diameter has been
developed by the author. This provides an additional method to ensure that the
measurements are accurate. Figure 8-6 shows the comparison of the results for

tablets of porosity 0.27 and initial thickness of 2.4mm.
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Figure 8-6: Comparison between measured projected surface area and the

multiplication of the measured thickness and diameter
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From the same experiments, the size distribution of the particles which are
released during the tablet disintegration can be obtained. Even though it was
shown that disintegration only appears at the surface of the tablet, it is interesting
to see how large and numerous the solid fragments detached from the tablet are.
For ease of comparison, only the median equivalent diameters based on the
volume distribution are presented in Figure 8-7. It shows that the particles
liberated have a median diameter of 320 um for all the four tablets. It means that
the same type of behaviour is happening for the four tablets. In addition, it is
interesting to note that the median diameters of the particles released are larger to
the one of the raw powder before compression. This can be possibly due to the
creation of very strong bonds between primary particles during compression
which are more difficult to break down during dissolution. An additional more
plausible reason for this increase in size is the swelling of the particles in contact

with water.
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Figure 8-7: Median diameter of the total particles released during the dissolution

during 800s for the four different tablets

It should be mentioned that the results presented in Figure 8-3 are based on a
volume distribution, meaning that the median value is larger than if the results
were based on the number of particles. It means that even though it seems that
very large particles are detached from the tablets, in reality small particles are
also detached from the tablets. Figure 8-8 show an example of a picture acquired
during the dissolution of a tablet of porosity 0.27. Several particles can be seen
leaving the surface of the tablet. It can be seen that fairly large particles (around
300 um) for the large ones are detached but also smaller particles. The minimum

size of particle which can be detected is of 20 um.
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Figure 8-8: Example of an image obtained during the dissolution of a tablet of

porosity 0.27 with the flow cell apparatus

Figure 8-7 provides the Dso 3 equivalent diameter after 800s, which is the time of
interest for this study. However, it is possible to breakdown such data into several
time scales. Figure 8-9 shows the median equivalent diameter for 200s time
scales. It can be seen that the median diameter does not appear to change with

time for the first 800s.

In addition to the size of the particles, it is also possible to extract the average
number of particles which are released on each image taken. Figure 8-10 shows
the average number of particles which are released with time for the four types of
tablets. It can be seen that not only their size is similar (see Figure 8-7) but also
their number is similar for the four tablets. It confirms that for one tablet porosity

in the erosion regime, dissolution and disintegration behave the same.
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Figure 8-9: Median diameter of the particles released at different time scale: 0-

200 s, 200-400 s, 400-600 s, 600-800 s. The results were obtained for tablet of

porosity 0.27 and initial thickness of 2.4 mm
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Figure 8-10: Average number of particles released per image of the total

particles during the dissolution during 800s for the four different tablets
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Likewise to Figure 8-9, it is possible to breakdown the number of particles
released with time for the dissolution of one type of tablet. Figure 8-11 shows the
evolution of the number of particles released with time for the same tablet studied
in Figure 8-9. The results are interesting as they seem to suggest that with time
more and more particles are released. This could be due to a difference in density
within the tablet. It is well known that density is not uniform in a tablet (Sinka,
Cunningham et al. 2004). The sides, top and bottom are usually denser than the
central part of the tablet. This difference is the result of the force propagation
within the tablet during the compression. It is possible that the increase in
porosity or weaker inter-particles bonds result in more particles to be released
once the more dense outer part of the tablets have dissolved. However, the
increase in particle generated is only slight and the large error bars do not allow

to conclude about the trend of the data points.

However, the results presented in Figure 8-11 do not seem to match the results
obtained previously, mainly when comparing them to the evolution of the
projected surface area. It can be thought that if more and more particles are being
released with time, then the evolution of the tablets dimension should not be
linear. More and more particles released should mean a faster decrease in
thickness and diameter. The next paragraph should give us more insight into this
matter as it will describe the ratio of volume lost by the tablet due to

disintegration only.
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Figure 8-11: Average number of particles released per image at different time
scale 0-200 s, 200-400 s, 400-600 s, 600-800 s. The results were obtained for

tablet of porosity 0.27 and initial thickness of 2.4 mm

The results above have shown that the erosion regime described in Chapter 4 is
certainly present at least for the porosity of 0.27. However, it is possible to further
the discussion by separating the reduction of volume of the tablet due to
dissolution and due to disintegration. The total reduction in size of the tablet is

both due to dissolution and disintegration.

On one hand, the total number of particles and their volume are known from the
particle size distributions. The addition of all the volume of all the particles
corresponds to the reduction in volume of the tablet only due to disintegration. It
is also possible to know the addition of the particles volumes at different times as

well as suggested by Figures 8-9 and 8-11.
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On the other hand, the dimensions of the tablet are known at any time (see Figure
8-3 and 8-4). Thus, if we compare the tablet dimensions at a given time, t, with
the initial tablet volume, the volume lost by the tablet at that time can be
obtained. This volume is lost by both dissolution and disintegration, however, the
volume lost by disintegration is known. As a result, the disintegration and
dissolution effect on the volume reduction of the tablet can be obtained (Mesnier,

Althaus et al. 2013).
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Figure 8-12: Ratio of tablet volume lost due to the disintegration process
compared to the overall loss due to both dissolution and disintegration. The data
represents the average value for the different time scales: 0-200 s, 200-400 s,

400-600 s, 600-800 s
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Figure 8-12 shows that in general the ratio of volume lost by the tablet during its
reconstitution is mainly due to dissolution. Indeed, the disintegration is only
responsible for 30% of the volume reduction. It should mentioned that this result
IS based on the assumption that 100% of the particles which are liberated par
erosion are captured by the camera system. However, it confirms the fact that
there is an opportunity to promote the disintegration process. In addition, it
should be noticed that a slight increase in disintegration can be noticed in the last
two time scales studied. It could be the result of an increase in the number of

particles released in the same time scale.

The work presented in this chapter shows that erosion take place at the peripheral
surface of the tablet. This results is based on the specific type of flow occurring
within the flow cell. It can be assumed that if the tablet was placed on the
peripheral side within the flow cell, most of erosion would take place at both flat
surface of the tablet. This remark is important in relation to the finding of Chapter
4. A model was derived on the basis that erosion takes place on the upper and
lower surfaces, which contradicts the results from Chapter 8. However, it should
be kept in mind that for the dissolution tests carried out in Chapter 3, the tablet
was free to move within the basket and thus water could reach the tablet freely
from every sides. In the flow cell, the tablet’s position is controlled which thus

influences the water flow.

To conclude, it means that both conditions are not comparable as the water flow
conditions are very different. However, what is comparable is that in both cases
the erosion regime was obtained. The experiments and model from Chapter 3, are
more comparable to the conditions experienced by consumers in their kitchen

where they drop the tablet in hot water and stir with a spoon.
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In the next part of the chapter the same study is carried out on tablets containing

different concentrations of carrot fibres.

8.3 Influence of the introduction of carrot fibres

The evolution of the projected surface area of tablets of maltodextrin containing
different concentration of carrot fibres is shown on Figure 8-13. Carrot fibres
were chosen for this study as it was pointed out in Chapter 6, they present the best
dissolution time reduction capabilities. Only three concentrations are presented;
1, 5 and 10 % as no significant differences could be seen between 1 and 2%.
Furthermore, the tablets containing 20% of carrot fibres have a very low tensile
strength resulting in a rapid collapse of the tablet structure upon introduction of
water in the flow cell, making it very difficult to obtain reliable data. The results

are compared with a tablet of porosity 0.27 with an initial thickness of 2.4 mm.

178 |Page



40

E

v
£ 35 % %
CIU 30 v
O Vo g v %
< § v 1lgvy
Q 25 - vy
& % § 3
S 20 A v
. $4 ;i
©
9 15 1 ® Maltodextrin IT21 v g g é
S @ 1% Carrot fibre (wiw) g g
o 10 | v 5% Carrot fibre (w/w)
E Vv 10% Carrot fibre (w/w)

5 - : ;
0 200 400 600 800

Time - s

Figure 8-13: Evolution of the projected surface area of tablets of maltodextrin

containing different concentrations of carrot fibres (w/w)

It is interesting to notice that the evolution of the projected surface areas is very
similar for the tablets made of pure maltodextrin and the ones containing 1 and
5% of carrot fibres. However, it should be mentioned that the decrease in size is
faster for tablets containing carrot fibres and the more concentrated, the faster,
except for 10 % carrot fibres. However, the slope of the different curves is still
parallel for the three types of tablets; this means that the disintegration regime
was not reached by adding the disintegrants. The tablets still maintain their shape

during the tablet reconstitution, at least for the first 800 seconds.

The projected surface area for tablets containing 10% of carrot fibres presents an
interesting development, as an increase in size of the projected surface area can

be noticed. The swelling of the tablet is the result of the swelling of the
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individual particles of carrot fibres in contact with water. It can be seen that the
maximum size is reached in a short time, 100 seconds, which may correspond to
the time for all fibre particles to be wetted. This result is very interesting as it
shows that even though a large quantity of swelling carrot fibres are present in the
tablet, it does not induce the collapse of the tablet as Figure 8-16 shows later.
More information on the tablet dimensions can be obtained from the study of the

thickness and diameter in Figure 8-14 and 8-15.
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Figure 8-14: Evolution of the thickness of maltodextrin tablets containing

different concentrations of carrot fibres (w/w)

Figure 8-13 and 8-14 show the evolution of the thickness and diameters of the
different tablets under study. It is interesting to notice that the tablets at 0, 1 and
5% show similar trends and the same conclusion about the concentration effect

can be made. The swelling of the tablet containing 10% of carrot fibres is even
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more pronounced when examining at the increase in thickness. However, when
looking at the diameter, it shows that the diameter increases at the beginning but
then decreases rapidly. The reduction in diameter might be related to the flow of
water around the tablet’s side which may erode the swollen tablet sides. The
swelling induces weaker inter-particle bonds, possibly causing an increase in
tablet disintegration. More information should be obtained from the study of the

size and number of particles released from the tablet.
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Figure 8-15: Evolution of the thickness of maltodextrin tablets containing

different concentrations of carrot fibres (w/w)

Figure 8-15 shows a montage of several pictures taken every 10 seconds of the
dissolution of a tablet containing 10% of carrot fibres. The increase in size can be

clearly seen.
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Figure 8-16: Increase in size of a tablet of maltodextrin containing 10% of carrot

fibres in the flow cell. Each picture was taken at 1 second intervals

The study of the size distribution of the particles released in presence of carrot

fibres is described in the next section.

Figure 8-17 shows the median value for the size of the particles released. It can be
seen the size of the particles increases when a larger quantity of disintegrants are
present in the tablet The increase in average size could be due to the action of
disintegrants which help the breaking of larger aggregates of particles.
Furthermore, it should be remembered that carrot fibre particles are larger than
maltodextrin particles which would help increase the average size of the particles.
Finally, the particles of carrot fibres will swell when exposed to water, which will

result in the measurement of larger particles.
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It is difficult to conclude on the effect of the disintegrant as swelling does impact
the size of every set of data measured by image analysis. In the case of the tablet
size, it could be seen that 5% of carrot fibres do not have a very large impact on
size reduction. But it should be kept in mind that at this concentration, swelling
might occur and thus the resulting tablet dimensions are the results of the
competition between swelling and dissolution. Also it is very difficult to separate
each process. However, Figure 8-18 gives us more insight on the effect of the
carrot fibres on the disintegration of the tablets. It is indeed difficult to make a
conclusion regarding the size of the particles; however, the number of particles
released is not influenced by the particle swelling. Figure 8-18 shows that with
increasing the concentration of disintegrants, the average number of particles
released is increased. This can be linked with the swelling of the disintegrants

causing the breakage of inter-particle bonds.
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Figure 8-17: Median diameter of the total particles released during the

dissolution after 800s for the tablets at different concentrations of carrot fibres
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Figure 8-18: Average number of particles released per image of the total

particles during the dissolution after 800s for the different tablets

It can be concluded that carrot fibres do actually have an impact on the
disintegration as more particles are released with its presence. Unfortunately, the
fact that the increase in particle size may not only due to the action of the
disintegrants but also to their actual swelling, it is not possible to calculate the
ratio of volume lost due to disintegration alone. The volume of the particles
would as well be compared with the volume of the tablets which is also subject to

swelling which would result in misleading data.

8.4 Conclusion

This chapter introduced the results obtained with the novel technique developed
during this thesis.
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In a first part, it allowed to confirm that the erosion regime hypothesized in
Chapter 4 is valid. Futhermore, it was possible to quantify the part that
disintegration takes into the overall reduction in tablet volume, showing that
dissolution is the main process. However, it also highlighted that there is an

opportunityto improve the disintegration of tablets of maltodextrin.

In a second part, it showed that the incorporation of carrot fibres does not change
the dissolution regime from erosion to disintegration. The introduction of carrot
fibres does have an impact on the disintegration as more and more particles are
released, however it is difficult quantify it as swelling of the tablets and the

particles meant that quantitative data were unreliable.

However, overall, it shows that the new method can provide numerous
information about the dissolution and the disintegration of tablets. It can be
potentially used to investigate the difference in dissolution of different types of
materials; amorphous and crystalline. Furthermore, it could be used to investigate
the difference in dissolution of different molecular weight polymers such as

maltodextrin.

It should be mentioned that the work presented in this Chapter is based on tablet
dissolving by erosion. When tablets dissolving by disintegration, i.e. complete
disintegration of the structure from the inside upon penetration of water, the same
data are not possible to obtain. First the tablet size cannot be measured as the
code developed is based on the assumption that the cylindrical shape is kept
during the dissolution. Secondly due to disintegration, very large fragments of the
tablet are released. These large fragments are not carried upwards by the water

flow but tend to sediment which means they are not captured by the camera. It is
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one of the limitation of this novel method, but it could be argued that the already
disintegrating tablets do not require the same attention as their dissolution is

already very short.
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CHAPTER 9 - CONCLUSIONS
AND FUTURE WORKS

9.1 Conclusions
9.2 Future Work

9.1 Conclusions

The aim of this thesis work was to investigate the potential use of disintegrants in
food tablets. It was shown, in Chapter 4, that the reconstitution of food tablets in
water followed two types of regimes as a function of their porosity; the erosion
and disintegration regimes. At low porosities, the limited penetration of water
within the tablet induces the erosion regime during where the dissolution and
disintegration would only occur at the surface of the tablets. For high porosity
tablets, higher than 35% for maltodextrin tablets, the disintegration regime
predominates. The rapid liquid penetration induces the tablet disintegration and
fast dissolution. These two regimes were highlighted because of the
determination of the dissolution time teo of tablets at different porosities and
thicknesses. In the erosion regime, it was shown that the dissolution time can be
linked linearly to the tablet initial thickness for a given tablet porosity. Such
correlation can be explained by the fact that the shape of the tablets remain
constant during dissolution and that the kinetics of dissolution are the same for a
given porosity. It means that in this case dissolution was not limited by the
surface area of the solid-liquid interface. However, such correlation was not

found in the disintegration regimes.
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To further the analysis, a model based on the Noyes and Whitney equation was
develop to explain the interaction between the dissolution time, the tablets initial
thickness and the dissolution of the solvent. Such models provide a rapid tool to
predict the dissolution time of maltodextrin tablets based on easy to obtain
characteristics such as porosity, tablet thickness, temperature. It allows saving a
lot of experimental time. Further research into the effect of the stirring speed
during dissolution with the Sherwood and Reynolds numbers showed that the
dissolution was limited by the rate of the external mass transfer. It also showed
that the disintegration regime can be obtained when the Reynolds number is
increased further than a critical value at which the external mass transfer

increases dramatically.

Several food fibres were chosen and their possible uses as disintegrants were
studied in Chapter 5. It was found that carrot fibres are the best disintegrant to
promote a shorter dissolution time. However it was found that its incorporation
decreases the tablet tensile strength in Chapter 6. This is the result of an increase
in tablet porosity promoted by a higher elastic re-expansion post compression.
The trade-off between dissolution time and tensile strength was found to be
possibly bypassed by the smart spatial distribution of the disintegrants within the
tablet. This resulted in a more efficient channel of water into the tablet to target

specifically the disintegrants and ensure their swelling.

Finally, a novel method based on a flow cell and image analysis was developed to
provide useful information about the dissolution and disintegration of food tablets
in Chapter 7. This method which allows the overall reconstitution of tablets to be
analysed: dissolution and disintegration, can present information which has not

been provided elsewhere previously. It confirmed, in Chapter 8, that the
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hypothesis of the erosion regime, developed at the beginning of the thesis, is valid
and also showed the swelling of the tablets in presence of disintegrants. It also
concluded on the fact that disintegration is responsible for only 30% of the tablet
volume reduction in water for maltodextrin at porosity of 0.27. Indeed, the
addition of information collected about the tablet and the particles allow
separating the contribution to overall reduction in tablet volume from dissolution
and disintegration. This option offer many possibilities for the further

understanding of both processes and their interaction.

9.2 Future works

The work carried out in this thesis could be furthered by considering the

following points.

Firstly, this work is based on the use of a polymeric amorphous material,
maltodextrin. Maltodextrin comes in different types according to the chain length
of the polymers. It would be interesting to study the influence of the type of
maltodextrin on the transition between erosion and disintegration regimes.
Furthermore, a mono-carbohydrate such as glucose could also be investigated.
This would widen our knowledge in the dissolution of carbohydrates. In addition,
the influence of the water content in the tablets would also be interesting to
investigate as this may influence the tabletting step and the strength of the inter-

particles bonds.

Secondly, it would be possible to investigate the use of several other types of
ingredients as possible disintegrants for the food industry. This study was based

on five ingredients but many more could be studied. The sources of food fibres
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are almost limitless and it is probable that more efficient compounds can be

found.

Thirdly, the novel method developed in this work could be used to investigate the
dissolution and disintegration of numerous other types of tablets, both amorphous
and crystalline. In addition, as it was highlighted in Chapter 8, the size of the
particles detached from the tablet might be a signature of the inter-particles bond
strength. It would be interesting to deepen that relationship which would allow

further knowledge into this field.
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APPENDIX

Appendix Al: Dissolution profiles at different porosities
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This graph shows examples of the full dissolution profiles of tablets of

maltodextrin at different porosities.

203 | Page



Appendix A2: Dissolution profiles at different temperatures
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This graph shows examples of the full dissolution profiles of tablets of

maltodextrin for different water temperature conditions.
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Appendix A3: Dissolution profiles at different rotation speeds
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This graph shows examples of the full dissolution profiles of tablets of

maltodextrin at different rotation speeds.
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Appendix B: Matlab program for image analysis

clear all, close all;

o
o

tic

pixelspermm=370;% correspondance pixels to mm, to be adjusted
Menan

sum _particles=0;

files dir('*.JPG");

for i l:numel (files)

I=imread(files (i) .name) ;

$Il=imcrop (I, [386.5 14.5 4236 3240]);

%% Convert into grey scale

I2 = .2989*I(:,:,1)...
+.5870*I(:,:,2)...
+.1140*I(:,:,3);

%% image contrats enhancing
I imadjust = imadjust(I2);

oe

% binary image

%level = graythresh (I imadjust);
bw = im2bw (I _imadjust,0.25); S%replaced level by 0.09% to be
adjusted Menan

%% Image correction

% remove all object containing fewer than 50 pixels

ic = bwareaopen (bw,100); %% can improve this as it could be used
later after regionprops

oe

fill any holes, so that regionprops can be used to estimate
the area enclosed by each of the boundaries
ic2 = imfill (ic, "holes'");

o\°

%% Label objects
[labeled, numObjects] = bwlabel (ic2,8); % 8-connected
numpart=numObjects; %number of particles

RGB label = labelZ2rgb(labeled, @bone, 'b', 'shuffle'); %to show
the
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$different regions in different colors (good for presentation but
not use
%during the analysis to reduce the processsing cost...)

%% sumparticles
sum_particles=sum particles+numpart;

%% measurements area particles and tablet

Q

particlesdata = regionprops (labeled, 'area'); $'FilledArea',
'centroid', 'Perimeter’

allparticles = [particlesdata.Area];

o

max_ area= max(allparticles); % Find the maximum area of all the
particles which thus corresponds to the tablet area

realparticles=find(allparticles<max area); %gather all particle
different from tablet
arearp=[particlesdata (realparticles) .Areal;

% mean area of particles

Mean areas particles=mean (arearp);

% transform pixels2 to mm2

areas m=allparticles./ (pixelspermm*pixelspermm) ;

max area m=max_area./(pixelspermm*pixelspermm) ;

particles area m=arearp./ (pixelspermm*pixelspermm) ;

Mean areas_particles m=Mean areas particles./ (pixelspermm*pixelsp
ermm) ;

%% measurements tablet dimensions
I3=bwboundaries (labeled) ;

for x=1l:1length(I3); %$first check the length of the cells in I3 or
it is equal to numobjects

A(x,1)=length(I3{x,1});
end

B=max(A(:,1)); %Find the largest cell

for x=1:1length(I3);
A(x,1)=length(I3{x,1});

\o

if A(x,1)==B; % find which cell correspond to the largest and
select it as I4
I14=1I3{x,1};
end

end

%% determination of the width
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%separate in two parts left and right from the middle of the
image 2248

z=length (I4);

k=1;

1=1;

minx=min (I4(:,2));

maxx=max (I4(:,2));

meanx= (minx+maxx) /2; %$determination of the middle of the tablet
on the x axis to seperate the tablet into 2.

o)

% creation of I6 and I7 with, I6 contains coordinates of the left
part and
% 17 of the right part
for x=1:z
if I4(x,2)<=meanx
I6(k,1)=I4(x,1); I6(k,2)=I14(x,2);
k=k+1;
else I7(1,1)=I4(x,1); I7(1,2)=I4(x,2):;
1=1+1;
end
end

o)

% Determination of the ymin and ymax for the left part

o
o

I6

binsize=10;
bin=3300/binsize; %3300 is slightly larger than the photo size

jbin=zeros (bin,1l); S%create Jbin to contain data

[

% insertion of nbre of pixels per bin
for m=1:length(I6);
for j=1l:bin;
if I6(m,1)>=(j-1)*binsize && I6(m,1l)<j*binsize;
jbin(j,1)=jbin(j,1)+1;
end
end
end

% find the boundaries of the images, boundaries of jbin
to find out

% 1its centre. boundaries are found by beeing the first
bin where

% the values is different from O
flag=0;

for p=1l:bin
if flag==0;
if jbin(p,1)~=0;

jleft=p;
flag=1;
end

else flag=1l;
if jbin(p,1)==0;

208 | Page



jright=p;
flag=2;
end
end
end

jcentre=(jright+jleft) /2;
jcentrel=round(jcentre) ;

$define whether the derivative is whitin the treshold
+10/-10

Sbsup=10;
$binf=-10;

$Smoothjbin=smooth (jbin, 10, 'moving') ;

Difjbin=diff (jbin);

diffjbin=single (Difjbin); %convert to single precision
% plot (Diffjbin)

bsup=100;
binf=-100;

drapeau=0;

for w=jcentrel:-1:jleft
if drapeau==0;

if diffjbin(w)>=bsup || diffjbin(w)<=binf;
ym=w;
drapeau=1;
end
end
end

ymin=ym*binsize;
bandera=0;

for g=jcentrel:1l:jright
if bandera==0;

if diffjbin(q)>=bsup || diffjbin(w)<=binf;
ymx=q;
bandera=1;
end
end
end

ymax=ymx*binsize;
n=1;
for r=1:1length(I6)
if I6(r,1)>=ymin && I6(r,1l)<=ymax;

I8(n,1)=I6(r,1); I8(n,2)=I6(r,2);
n=n+1;
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end
end

meanleft=mean (I8 (:,2));

oo
o\

I7

binsizel=10;
binl=3300/binsizel;

jbinl=zeros (binl,1); %create jbin to contain data

o)

% insertion of nbre of pixels per bin
for a=l:1length(I7);
for j=1l:binl;
if I7(a,1)>=(3-1)*binsizel && I7(a,1l)<j*binsizel;
Jjbinl (3,1)=jbinl (j,1)+1;
end
end
end

flagl=0;
for d=1l:binl

if flagl==0;
if jbinl(d,1)~=0;

jleftl=d;
flagl=1l;
end

else flagl=1l;
if jbinl(d,1)==0;
jrightl=d;
flagl=2;
end
end
end

jcentrel=(jrightl+jleftl)/2;
jcentrell=round(jcentrel);

$define whether the derivative is whitin the treshold

+10/-10

Difjbinl=diff (jbinl);
diffjbinl=single (Difjbinl);

bsupl=100;

binfl=-100;

drapeaul=0;

for b=jcentrell:-1:jleftl
if drapeaul==0;

if diffjbinl (b)>=bsupl || diffjbinl (b)<=binfl;
ymr=b;
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drapeaul=1l;
end
end
end

yminr=ymr*binsizel;

banderal=0;

for c=jcentrell:1:jrightl
if banderal==0;

if diffjbinl (c)>=bsup || diffjbinl (c)<=binf;
ymrx=c;
banderal=1;

end

end
end

ymaxr=ymrx*binsizel;
e=1;
for f=1:1length(I7)
if I7(f£,1)>=yminr && I7(f,1)<=ymaxr;
I9(e,1)=1I7(f,1); I9(e,2)=17(f,2);
e=e+l;
end
end

meanright=mean(I9(:,2));

width=meanright-meanleft;

%% determination of the thickness

%separate in two parts left and right from the middle of the

image 2248
z=length (I4);
k=1;

1=1;

miny=min (I4(:,1));
maxy=max (I4(:,1));
meany= (miny+maxy) /2;

o)

bottom part and
% I18 of the top part

for x=1:z

% creation of I16 and I17 with, I19 contains coordinates of the
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if I4(x,1l)<=meany %is it I4(x,1) and change value

threshold: z axis/2
I16(k,1)=I4(x,1); Il6(k,2)=I4(x%x,2);
k=k+1;
else I17(1,1)=I4(x,1); I17(1,2)=I4(x,2);
1=1+1;
end
end

%% Il6c for top

binsizeB=10;
binB=5000/binsizeB;

jbinB=zeros (binB,1l); %create jbin to contain data
% insertion of nbre of pixels per bin
for m=1l:1length(I16);
for j=1:binB;

for

if I16(m,2)>=(j-1)*binsizeB && I16(m,2)<j*binsizeB;

JbinB (3, 1)=jbinB(j,1)+1;
end
end
end

% find the boundaries of the images, boundaries of jbin

to find out

[

bin where
Q

% the values is different from O
flagB=0;

for p=1:binB
if flagB==0;
if jbinB(p, 1) ~=0;

jleftB=p;
flagB=1;
end
end
end

for p=jleftB:binB
if flagB==1;
if jbinB(p,1)==0;
jrightB=p;
flagB=2;
end
end
end

jcentreB=(jrightB+jleftB) /2;
jcentrelB=round (jcentreB) ;

% its centre. boundaries are found by beeing the first
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DifjbinB=diff (jbinB) ;

diffjbinB=single (DifjbinB) ;
bsupB=75;
binfB=-75;

drapeauB=0;

for w=jcentrelB:-1:jleftB
if drapeauB==0;
if diffjbinB (w)>=bsupB
XM=W ;
drapeauB=1;
end
end

| diffjbinB(w)<=binfB;

end

xminB=xm*binsizeB;

banderaB=0;

for g=jcentrelB:1:jrightB

if banderaB==0;
if diffjbinB(qg)>=bsupB || diffjbinB(w)<=binfB;
XMX=J;
banderaB=1;
end
end

end
xmaxB=xmx*binsizeB;
m=1;

for r=1:1length(I16)
if I16(r,2)>=xminB && I16(r,2)<=xmaxB;
I18(m,1)=I16(r,1); I18(m,2)=I16(r,2):;
m=m+1;
end
end

meanbottom=mean (I18(:,1));
%% I17 for bottom part

binsizelB=10;
binlB=5000/binsizelB;

jbinlB=zeros (binlB,1l); %create jbin to contain data

[

% insertion of nbre of pixels per bin
for a=l:length(Il17);
for j=1:binlB;
if I17(a,2)>=(J-1)*binsizelB && Il7(a,2)<j*binsizelB;
JbinlB (3, 1)=jbinlB(j,1)+1;
end
end
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end

flaglB=0;

for d=1:binlB
if flaglB==0;
if jbinlB(d,1)~=0;

JleftlB=d;
flaglB=1;
end
end
end

for d=jleftlB:binlB
if flaglB==1;
if jbinlB(d,1)==0;
Jrightl1B=d;
flaglB=2;
end
end
end

jcentrelB=(jrightlB+jleftlB) /2;
jcentrellB=round (jcentrelB) ;

%define whether the derivative is whitin the treshold

+10/-10

DifjbinlB=diff (jbinlB) ;
diffjbinlB=single (DifjbinlB) ;

bsuplB=100;
binflB=-100;
drapeaulB=0;

for b=jcentrellB:-1:jleftlB
if drapeaulB==0;

if diffjbinlB(b)>=bsuplB || diffjbinlB(b)<=binflB;
xmb=b;
drapeaulB=1;
end
end
end

xminbB=xmb*binsizelB;

banderalB=0;

for c=jcentrellB:1:jrightlB
if banderalB==0;
if diffjbinlB(c)>=bsuplB || diffjbinlB(c)<=binflB;
xmbx=c;
banderalB=1;
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end
end
end

xmaxbB=xmbx*binsizelB;
e=1;

for f=1l:1length(I17)
if I17(f,2)>=xminbB && I17(f,2)<=xmaxbB;
I19(e,1)=I17(£,1); I19(e,2)=I117(f,2);
e=e+1;
end
end

meantop=mean (I19(:,1));

thickness=meantop-meanbottom;

widthmm=width/pixelspermm;
thicknessmm=thickness/pixelspermm;

dlmwrite ('output area.csv', areas m, '-append',6 'newline','pc');
dlmwrite ('output maxarea.csv', max area m, '-
append', 'newline', 'pc')

dlmwrite ('output partarea.csv',particles area m , '-
append', 'newline', "pc')

dlmwrite ('output numparticles.csv', numpart, '-

append', 'newline', 'pc')

dlmwrite ('output sumparticle.csv', sum particles,
append', 'newline', 'pc')

dlmwrite ('output thickness.csv', thickness, '-
append', 'newline', 'pc');
dlmwrite ('output width.csv', width, '-append', 'newline', 'pc');

dlmwrite ('output toc.csv', toc, '-append',6 'newline','pc');

o\°
o\°

$f = figure('Visible', 'off'");

figure

subplot (3,3,1), imshow(I),title('Raw
Image', 'FontWeight', 'bold', 'FontSize',8);

subplot (3,3,2),
imshow (bw) ,title('Objects', "FontWeight', '"bold', '"FontSize',8);
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subplot (3, 3, 3),
imshow (RGB_label), title('Objects', 'FontWeight', 'bold"', 'FontSize"',
8);

subplot(3,3,4), plot(I4(:,1),I4(:,2)),title('tablet
contour', 'FontWeight', 'bold', 'FontSize', 8);

subplot (3,3,5), plot(I8(:,1),I8(:,2)),title('left
part', 'FontWeight', 'bold', 'FontSize',8);

subplot (3,3,6), plot(IS9(:,1),I9(:,2)),title('right
part', 'FontWeight', 'bold', 'FontSize', 8);
subplot(3,3,7), plot(I18(:,1),I18(:,2)),title('top
part', 'FontWeight', 'bold', 'FontSize', 8);
subplot(3,3,8), plot(I19(:,1),I19(:,2)),title('bottom
part', 'FontWeight', 'bold', 'FontSize', 8);

filename = sprintf(files (i) .name,1i);

print ('-dtiff', ['analy' filename]);

close all;

toc

end
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Appendix C: Example of data obtained after image analysis

Y= b output_partarea.csv - Microsoft Excel = =
Home | Inset  Pagelaout  Formulas  Data  Review  View  Addlns @ - 1o x
=] & cut . A S = - )} ) e T B E autosum - A I
i Caliri 1 Aw [8-|  Siwrp et General 4 [ == e Z? }3
Paste ) B I U -|[m- & Merge & Center - | [~ 3 <& 83| Conditonal Format Cell | Inseri Delete Format Sort & Find &
T Format Painter =l el Merge & Conter | (B~ o | {8 Formatting « a5 Table « Styles= | - - B 2 ClearT  Filter- Select~
Clipbosard Fort Alignment Number Styles Cells Editing
AL - £ | 0.002847 v
2 B c D 3 F G H I J K L 1 N 0 F a R 3 K
0.002447 0,002264 0.000745 0.004739 0,001023 0.003112 0.004032 0.001088 0.000863 0.001651 0001373 0.059533 0000774 0000811 0001183 0.000752 0000833 0.000342 =

1
2 0000752 0.00214 0.004536 0.001213 0.000372 0.004309 0.003573 0.00141 0.00084 0.000738 0.002228 0.001454 0.001096 0.054186 0.000804 0.002104 0.000782 0.001476 0.005011 0.0
3 0.000825 0.001848 0.001163 0.00111 0.007224 0.00035 0.003214 0.001658 0.000811 0.000782 0.002411 0.000811 0.001125 0.001037 0.001227 0.061424 0.000745 0.001154 0.000898 0.0
4 0.001797 0.000818 0.0051%6 0.001067 0.00073¢ 0.002388 0.001015 0.001665 0.000964 0.001045 0.001314 0.055239 0.001987 0.000306 0.001417 0.00079 0003119 0.0011%1 0.001571 0
5 0.000335 0.007254 0.002512% 0,003287 0.001519 0.000842 0.001001 0.002155 0.00082 0.001335 0.050891 0.,001582 0000855 0001708 0.001125 0.004063 0001256 0.002126

6  0.001096 0.000855 0.001023 0.012353 0.002557 0.002316 0.001308 0.000862 0.001775 0.052923 0.001329 0.000364 0.000745 0.000333 0.001308 0.001045 0.003248 0.001337 0.002206 0.0
7  0.000862 0.001614 0.001103 0.003747 0.000891 0.006347 0.001227 0.004405 0.001008 0.002126 0.000855 0.000833 0.000877 0.002143 0.003083 0.052148 0.000913 0.002447 0.001446 0.0
8 0001161 0.000891 0.001249 0.001468 0.001804 0.001161 0.003433 0.005815 0.000862 0.004127 0.00176 0.000752 0.001227 0.001045 0.001163 0.002323 0001147 0.000891 0.001782 0.0
9 0.0012€ 0.000738 0.000204 0.001293 0.0012 0.001885 0.000957 0.004789 0005585 0.001328 0.002886 0,002352 0000745 0000752 0.000842 0.000232 0001461 0.000873 0.001524 0.0
10 0.001635  0.00084 0.002805 0.002243 0.001205 0.043043 0.003148 0.0013 0.000847 0.002118 0000328 0001015 0.001344 000082 0.003273 0.001125 0.002335 0.00121%

11| 0.022754 0.005931 0.001037 0.002264 0.002213 0.004887 0.005172 0.003455 0.001549 0.002438 0.000818 0.001037 0.00076 0.049606 0.001059 0.001958 0.001271 0.001067 0.000847 0.0
12| 0.000818 0.000818 0.000774 0.005048 0.001833 0.00366 0.001286 0.000898 0.002739 0.000825 0.000863 0.0S0117 0.001351 0.001278 0.001644 0.001161 0.00073  0.00084

13 0.000%1% 0.002425 0.000742 0.004405 0.001176 0.0056%8 0.003638 0.001037 0.001563 0.000347 0.001321 0.00086% 0.000738 0.00084 0.004127 000111 0003404 0.051746 0.001053
14 0001154 0.001205 0.000782 0.00301 0005661 0.002871 0.003331 0.000928 0001556 0.000774 0.000957 0.001163 0001001 0002738 0.001213 0.003711 0048422 0.00032 0.003572 O
15| 0.00035 0.001227 0.000898 0.001336 0.001213 0.000957 0.001191 0.003236 0.050066 0.001709 0.000972 0.001264 0.00282 0.00076 0.000891 0.000884 0.000942 0.001213 0.002425

16 0.00168 0.001242 0.000818 0.001388 0.000767 0.000913 0.002805 0.00111 0.002506 0.001176 0.047064 0.001001 0.001746 0.001315 0.010825 0.00141 0.00076 0.000804 0.000935 0
17 0.001154 0.000372 0.000774 0.001432 0.00141 0.001147 0.000979 0.003324 0002243 0.002411 0.000372 0.000913 0.048371 0.001154 0.002827 0.002425 0.40137 0.00111% 0.00084 O
12 0001746 0.000823 0.001022 0002402 0001454 000103 0.001717 0.002284 0002586 0.002082 0.001468 0.0011el 000111 0002571 0.001001 0.001253 0001161 0.052214 0.002438 0.0
19 0001023 0.001154 0.001832 0001163 0001243 000092 0.000774 0.001571 0002374 0000386 0.001074 0,001074 0002082 0001081 0.001532 0.000752 0001813 0.00035 0.000738 0.0
20| 0.001934 0.024974 0.00114 0.002016 0.001461 0.001437 0.00206 0.001863 0.001936 0.000862 0.001293 0.002374 0.000767 0.043744 0.002659 0.000306 0.000862 0.001812 0.002666 0.0
21 0.001636 0.002695 0.000825 0.00084 0.002776 0.001176 0.000738 0.000986 0001125 0.00206 0.001132 0.001928 0.000862 0003389 0.000811 0.04764& 0000942 0.001446 0.003303 O
22 0.001505 0.00095 0.00222& 0.000964 0.003234 0.001534 0.001578 0.001045 0.000855 0.00141 0.001797 0.050307 0.002031 0.002264 0.001001 0.00097% 0000825 0.000891 0.004047 0.0
23 0.0010%53 0.000979 00007 0.01046 0001125 0.000774 0.001943 0.000767 0001147 0.001437 0.001169 0.019635 0001468 0043426 0001286 0002834 0002366 0.00141 0.001205 0.0
24| 0.001585 0.00084 0.000913 0.00084 0.001067 0.001015 0.000393 0.00095 0.000825 0.004324 0.041717 0.000804 0.000364 0.001235 0.000855 0.000855 0.000811

25| 0.000833 0.000811 0.000738 0.001633 0.004332 0.001015 0.000855 0.005173 0.002316 0.001353 0.001768 0.000862 0.045172 0.002733 0.002462 0.001045 0.004603 0.001125 0.001753 0.0
26 0.00111% 0.001432 0.000364 0.001308 0.00488 0.000328 0.002067 0.002181 0.001036 0.00122 0.000818 0.0013  0.00092 0.000877 0.017838 0.046472 0.000891 0.000964 0.006706 0.0
27 0.001015 0.004845 0.001074 0000877 0.00085 0.001812 0.001272 0.001081 0000811 0.000833 0.000862 0,020842 0051237 0000328 0002104 0014127 0005262 0.002322 0.001001 0.0
28| 0.000877 0.000783 0.000782 0.001256 0.001161 0.001446 0.000738 0.000825 0.016413 0.045931 0.00143 0.000745 0.001877 0.001015 0.002579 0.001813 0.010665

29| 0.00111 0.00076 0.001059 0.001052 0.001556 0.000825 0.001775 0.00073 0.000847 0.001804 0.001125 0.00878 0.004777 0.000877 0.03973 0.001015 0.000738 0.002038 0.007435 0.0
30 0.001987 0.000796 0.001308 0.001709 0.001403 0.00092 0.0087 0.000373 0.001242 0.000964 0.000736 0.001183 0.0013 0001965 0.007831 0.007509 0.000838 0.04086% 0.005522 0.0
31 0.00108% 0.002761 0.001556 0.004535 0.000869 0.001242 0.001308 0.000847 0.001181 0.001373 0.001373 0.000964 0.012431 0.017151 0.025553 0.000738 0004763 0.001395 0.002257 0.0
32 0.001074 0.001125 000103 0001863 0.000372 0.001417 0.00075 0.001855 0.000335 0.000877 0.001437 0.00084 0.001571 00023 0.001278 0.003273 0003287 0015383 0.011437 0.0
33| 0.000863 0.001147 0.000738 0.004259 0.000847 0.003075 0.001417 0.001724 0.001658 0.003603 0.005683 0.000774 0.008481 0.00412 0.001461 0.006326 0.003733 0.000855 0.001665 0.0
34| 0.000306 0.001461 0.001023 0.001235 0.000964 0.000825 0.005208 0.001103 0.000767 0.001243 0.004332 0.001227 0.003265 0.000862 0.003192 0.003353 0.007159 0.003185 0.00176 0.0
35 0.000%1% 0.000364 0.00092& 0.001233 0.000774 0.001037 0.001461 0.001256 0.000736 0.00252 0.000774 0.00124%9 0.001768 0003535 0.00084 0.000831 0000906 0.00374 0.000752 0.0
396 0.00l001 0.002038 0.002723 0.00084 0.001002 0.000878 0.001244 0,001271 0001052 0.001021 0.001673 0,000857 0002189 0001058 0.001328 0.001e27 0006289 0.000204 0.002148 0.0
37| 0.003528 0.000964 0.001242 0.001366 0.001256 0.00114 0.001476 0.001135 0.001739 0.00141 0.000804 0.002228 0.00032 0.000783 0.001834 0.005873 0.002053 0.001841 0.000993 0.0
38| 0.00122 0.000804 0.00095 0.001132 0.001673 0.000767 0.000825 0.001651 0.000774 0.000855 0.000898 0.001359 0.000782 0.001337 0.002768 0.007422 0.002243 0.00282 0.001008 0.0

H 4 b M| output_partarea ¥ Kl >
Ready | EEE =S
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Appendix D: Fortran program to organise data from image

analysis

| | psd_large.f

900

999

998

implicit real#*8(a-h,0-2)

parameter(nx=2000,ny=5008,5izemin=0.0001,sizemax=1,ibin=108,
& imagestep=900)

parameter (MAXLINE=50080,5MALL=sizemin®*1d-5)

dimension::psd({nx,ny)

dimension::graph(ibin)

dimension::sizeclass(ibin)

character (MAXLINE) Lline

open(unit=7,file='output partarea.csv',status="'unknown")
open(unit=99,file="temp.txt', status="unknown")

psd=0

icount=8

icount=icount+1l

read(7,'(A)',end=998) line

read(line, *,end=999) (psd(i,icount),i=1,nx)

continue
write(6,#*) icount
Go to 900

continue
write(6,#*) icount

sizeincre=(sizemax-sizemin)/ibin

do m=1,ibin
sizeclass(m)=sizemin+(sizeincre*(m-1))

end do

idata=1

do n=1,icount
if(n.eq.1) then
call OUTPUT(idata)
graph=60
end if
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do i=1,nx
if(psd(i,n).gt.SMALL) then
do m=1,ibin
if((psd(i,n).gt.sizeclass(m)-sizeincre/2.).and.
(psd{i,n).lt.sizeclass(m)+sizeincre/2.)) then
graph(m)=graph(m})+1
end if
end do
end if
end do

if(n.gt.idata*imagestep) then
idata=idata+l
do m=1,ibin

write (70,*) sizeclass(m),graph(m)

end do
close(unit=78)
call OUTPUT(idata)
graph=0

end if

end do

do m=1,ibin
write(70,*) sizeclass(m), graph(m)
end do

close(unit=7)
close (unit=09)
close{unit=70)

stop
end
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EES E S R 35 F R E R R ER RS E]

* Making output file *
EEEEE RS RS R R L EE S E LSS 2

subroutine QUTPUT(k)

IMPLICIT NONE

integer kk,kk2,kkl,kkk,extime, k,kke
double precision delt

character*3 name

common/TIME STEP/delt

extime=k-1

kk=int({extime)

kk2=kk/180

kkl=kk-kk2z*100

kke=kkl/18

kkk=kkl-kke=18
name="'"'//char(kk2+48)//char(kk8+48)//char(kkk+48)//""'
write(6,*) name

open(70,file=". /output/output'//name//".csv")

return
end
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