
 

 

 

 

 

 

 

 

 

The effect of moisture during thermal 

treatment of directly compressed 

Eudragit ®RLPO matrices 

 

 

 

Chompak Pirayavaraporn 

 

 

 

A thesis submitted for the degree of  

Doctor of Philosophy  

at the University of Otago, Dunedin,  

New Zealand. 

 

July 2012 



ii 

 

Abstract  

 
Purpose: This thesis investigated of the effect of moisture on a polymeric matrix 

system. The effect of moisture on compaction and coalescence behaviours, which 

are major influences on drug release regulation, is of particular interest. Much 

emphasis has been placed on water as a plasticizer, but it may also act by other 

mechanisms to cause changes in mechanical properties thereby affecting drug 

release. Previous research mainly focused on thermal treatment of matrix tablets, 

and has not investigated the influence of water on coalescence to a great extent; 

therefore, a study on the role of water was required. Prior to studying the 

influence of moisture on coalescence, it was necessary to quantify moisture levels 

and to determine the types of water present in a model polymer under various 

storage humidities. 

 
Methods: Eudragit® RLPO powder was stored at various relative humidities (RH) 

of 33, 56, 75, 94%. Four water determination methods, [weight loss on drying 

(LOD), thermo gravimetric analysis (TGA), differential scanning calorimetry 

(DSC), and Karl Fischer titration (KFT)] were utilized to determine moisture 

content. DSC was used to study the thermal behaviour and identify the glass 

transition temperature (Tg) of moist and dry samples. The Gordon-Taylor 

Equation was used to calculate the amount of plasticizing water. Scanning 

electron microscopy was employed to examine the morphology of the polymer 

particles after thermal analyses. Fourier Transform Infrared spectroscopy (FTIR)-

DRIFTS was used to investigate molecular interactions between water and 

polymer, and water loss over time. Using a curve fitting procedure, the water 

region (3100-3700 cm-1) of the spectrum was analysed and used to identify water 

present, and to determine the water loss kinetics upon purging the sample with 

dry compressed air. Pure polymer tablets and binary mixture tablets containing a 

model drug (indomethacin) were compressed at 3 tonnes, with 2 minutes dwell 

time. After compression, the tablets were cured at 40, 55 or 70 C, at ambient RH 

or at the previous storage RH of the polymer for 24 hours. The diameter and 
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thickness of the tablets were measured using digital Vernier callipers. The 

mechanical properties were investigated using a texture analyser equipped with a 

250 kg load cell. A USP dissolution apparatus (I) was used to investigate drug 

release for each formulation (20-60% polymer) using 900 ml, 0.2 M phosphate 

buffer pH 7.2, at 37 °C. A UV/VIS spectrophotometer was used to quantify the 

amount of drug released at 318 nm (USP method). A first order model for 

percentage mass release versus time was fitted to estimate the rate constant, 

using PRISMTM (Graph pad ver5.0). The stability of indomethacin was studied 

using an HPLC (stability indicating assay). SPSS version 17.0 was used for 

statistical analysis, at the five percent level of significance. Scanning electron 

microscopy (SEM) was used to examine the coalescence behaviour of polymer 

particles and the appearance of the tablets after an 8 hour dissolution study. X-ray 

micro tomography (µ-CT) was used to inspect the effect of moisture on the pore 

structure and porosity of the pure polymer tablets.  

 

Results: By storing Eudragit RLPO powder at various RHs, the moisture content 

increased with time and reached equilibrium at different levels. The KFT was 

found to be an accurate measurement of total water content as all of the polymer 

powder was completely dissolved and subjected to the analysis. The thermal 

methods (LOD, TGA, and DSC) underestimated total moisture content, which 

could be due to the coalesced non-porous film covering the sample surface and, 

subsequently, inhibiting water evaporation (as seen in SEM images). DSC 

thermograms showed that there was no bulk water, and yet the Tg values of the 

moist samples were about the same (~55°C) for all RHs. In other words, not all 

moisture was plasticizing moisture. According to Gordon-Taylor prediction, for 

polymers containing 10% moisture, approximately 25% of the water is 

plasticizing water, reducing the Tg by 25°C. The FTIR analysis showed that there 

were four water bindings present in this polymer. The most tightly bound water 

(directly binding to the carbonyl groups) is believed to act as plasticizing water 

(~25%), consequently lowering the Tg, while the remaining water (~75%) is non-

plasticizing water and may influence the matrix formation in other ways.  
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The moisture sorption upon curing was found to support polymer compaction, i.e., 

strengthening of the tablets, in both pure polymer and binary mixture tablets. 

However, the stress-strain profile of the binary mixture tablets was slightly 

different from that of the pure polymer tablets, indicating that indomethacin 

influences bond formation. An increase in the tensile strength and work of failure 

were found in high moisture tablets, and these effects were enhanced when 

treating the tablets at or above the Tg. This was comparable with the dissolution 

study, for which a lower drug release was predicted from the moist tablets cured 

at 55 and 70°C, compared to 40°C treated tablets. A greater coalescence of moist 

polymer particles was apparent in the SEM images when the tablets were cured at 

the Tg or above. This could inhibit further drug release from the inside of tablets 

resulting in a lower drug release. These results present an enhanced effect of 

moisture upon curing around the Tg or above, at which the polymer chains are 

more mobile and could interact more with water, especially with the previously 

non-plasticizing portion. It may now plasticize the polymer during the long curing 

period. The newly arisen plasticizing water could further reduce the Tg, i.e. lower 

than 55°C, thus intensifying the interaction. In addition, the reduction of viscosity 

above the Tg results in a higher viscous flow, thereby increasing particle contact 

area and facilitating the inter-particle diffusion of polymer segments. Moisture 

enhancing coalescence led to a marked reduction in the porosity of tablets 

(particularly when moisture content exceeded 5%), as demonstrated using an X-

ray method. It also showed that the pore structure was remarkably altered at high 

moisture content, resulting in fewer but larger pores.    

 
Conclusion: Although the total water content of the polymer increased as storage 

humidity increased, the Tg was reduced from about 80 °C to 55 °C at all storage 

humidities. Thus it is concluded that different types of water (plasticizing/non-

plasticizing) are present in the polymer. Approximately one quarter (25 %) of the 

water in a sample of Eudragit RLPO, which is 10% water, was found to be 

‘plasticising’ water. The remaining water is probably dispersed in nano-domains 

which do not freeze on cooling to sub-zero temperatures. However, both 

plasticising and non-plasticizing water affect coalescence upon thermal treatment; 
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so it is not sufficient to understand coalescence as being affected only by the 

nature (rubber-glass) of the polymer, and hence a function of Tg. There are a 

number of potential mechanisms by which the non-plasticizing water could lead 

to the coalescence of polymer particles. These include 1) softening of polymer 

particles and creating more contact areas; 2) capillary force and liquid bridges 

pulling the particles closer together and into contact; and 3) the constrained water 

residing in the nano-domains of the polymer (mostly non-plasticizing water) 

could be released when the polymer chains become more mobile at the Tg, 

interacting more with the polymer and resulting in a multiplied effect of both 

water and temperature.   
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 1.1 Drug delivery systems and the oral route of 

administration  

 

The use of oral drug delivery systems (Oral-DDS) is favourable in many ways. More 

than half of the drugs on the market are administered orally. Due to its convenience 

and painlessness, it is the most accepted drug delivery route. The formulation of 

Oral-DDS does not require sterile conditions nor a specialist to administer, which 

makes it the simplest and safest route for drug delivery for the patient. However, 

Oral-DDS are inevitably exposed to the varying and at least partly harsh 

environmental conditions in the gastrointestinal tract (GIT). These varying 

environmental conditions include physiological pH changes not only in the stomach 

itself, varying between the fasted state (pH 1.5-2) and the fed state (pH 2-6), but 

also again altering in the lower part of small intestine, where the dosage form is 

subjected to a weakly basic fluid. Moreover, gastric motility, gastric emptying time, 

the changes in mucosa and absorbing surfaces along the GIT, have to be considered 

for any development of an oral dosage form (Deshpande, et al., 1996; Kumar and 

Kumar, 2001). 

 

Compared to conventional immediate release formulations, sustained or controlled 

release systems, in theory at least, show benefits for the use as oral-DDS, such as 

reduced toxicity, improved efficacy, higher patient compliance, and convenience 

(Uhrich, et al., 1999). The ideal oral-DDS may feature two main desired properties, 

including the single dose administration for the entire duration of treatment, and 

targeting the drug to the site of action. The former is referred to as a “sustained 

release” whereby the drug release is prolonged or delayed in the GI tract; hence the 

duration of therapeutic effect is extended (Deshpande, et al., 1996). This is also 

recognized as “temporal control” and is especially useful for fast metabolized drugs 

(rapid elimination from the body) (Uhrich, et al., 1999).  
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Targeting the drug to the site of action in the body, also referred to as “distribution 

control” benefits most patients in two main ways: firstly, the reduction of adverse 

reactions, which may compromise ongoing therapy, such as chemotherapy, and 

secondly, when the drug molecules cannot reach the site of action by natural 

distribution, such as in drug delivery to the brain (Uhrich, et al., 1999).  

 

Among the modified release oral-DDS, matrix systems are of specific interest due to 

their simplicity in formulation, compared for example to coated (“reservoir”) 

modified release oral-DDS (Figure 1.1). In order to design a matrix device with 

predictable release characteristics, understanding the processes which occur 

during matrix formation is essential.  

 

Figure 1.1: Diagram showing plasma drug concentration time profiles, comparing 
temporal controlled system (top), and distribution controlled system (bottom), 
(adapted from Uhrich, et al., 1999).  
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 1.2 Sustained release formulations and matrix systems 

 

The major groups of oral modified release systems to achieve sustained release 

include: 1) matrix systems, 2) coated or reservoir systems, 3) osmotic systems 4) 

ion-exchange systems, and 5) a combination of these systems (Charman and 

Charman., 2003). Among these systems, the matrix and reservoir types have been 

the most common formulation approaches for many years. Compared to the 

reservoir system, the matrix system is preferred because of its simplicity; cost-

effectiveness; lower chance of burst release (thus offering good  in vivo- in vitro 

correlation); and ease of scale-up and process validation (Huang and Brazel, 2001; 

Varma, et al., 2004; Maderuelo, et al., 2011).  

 

In reservoir systems, where the drug is enclosed by a release controlling or 

modifying membrane, burst release or dose dumping may occur as a result of 

coating defects, whereas in matrix DDS, where the drug is embedded in a release 

controlling or modifying excipient (most often a polymer), dose dumping may occur 

due to heterogeneity within the polymer matrices, or drug redistribution upon 

drying (Huang and Brazel, 2001).  However, these drawbacks can be overcome by 

ensuring a complete coalescence in the polymer network (Krajacic and Tucker, 

2003).  

 

Using different excipients, a variety of mechanisms for controlling drug release 

(such as diffusion, swelling, erosion or a combination of these mechanisms) can be 

achieved, making matrix systems the most common formulation principle amongst 

controlled oral-DDS of single unit dosage forms (Gandhi, et al., 1999). There are 

plenty of commercialized matrix-based formulations on the market ranging from 

simple monolithic systems, to bi-layers, and multi-layers, to programmable 

absorption systems (Varma, et al., 2004).  

 

By considering the chemical structure and the characteristics of the matrix forming 

agents,  matrix systems can be classified into five classes (Gandhi, et al., 1999):  
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1) Hydrophilic systems: in these systems drug delivery is controlled by 

limitation of the swelling property of the polymer which regulates drug 

release by diffusion control and/or surface erosion; polymer examples 

include: hydroxypropyl methylcellulose, xanthan gum, sodium alginate, 

polyethylene oxide, and derivatives of acrylic and methacrylic acid.   

2) Inert system: in these systems drug release is controlled by diffusion 

through an insoluble-non swellable polymer network; polymer examples 

include: ethyl cellulose.  

3) Lipidic system: in these systems drug release is controlled by diffusion and 

surface erosion; excipient examples include: carnauba wax, beeswax, 

Precirol®, glycerol palmito-stearate.  

4) Biodegradable system: in these systems drug release is governed by surface 

erosion of biodegradable substances which are non-lipidic in nature; 

polymer examples include: PLGA, poly-anhydrides. 

5) Resin matrices: in these systems drug is released from a drug-resin complex 

where its release depends inter alia on the ionic strength of the 

environment; examples include: ion exchange resins.  

 

Most researchers have focused on swellable hydrophilic matrices since they are 

more flexible and suitable for a wide range of drugs. Once the matrices absorb 

water, a gel layer is formed. Therefore the incorporated drug is required to diffuse 

through this barrier and/or through an eroded surface to be released (Varma, et al., 

2004). The gel layer is a “protective layer” in the matrix system, in which the 

polymer chains are strongly entangled.  As the swelling progresses, the chains 

become disentangled, and the polymer dissolves (Lee and Peppas, 1987).  Gelling 

behaviour and gel stability determine the release kinetics of swellable matrices. 

Thus some polymers, such as carboxymethyl cellulose, hydroxypropyl cellulose or 

tragacanth gum, which do not gel rapidly, are not used alone for this type of 

controlled release system (Colombo, et al., 2000).  
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 1.3 Polymers 

 

Polymers are extensively used for sustained release formulations in the 

pharmaceutical industry. The variety of polymer compositions offers a wide range 

of properties which can be specifically chosen to suit most drugs and meet most 

formulation requirements (Maderuelo, et al., 2011).  

 

A polymer is a large molecule, comprising small repeating units (monomers). The 

term “macromolecule”, which refers to any large molecule, was coined by Herman 

Staudinger in 1922. Thus polymers are one form of macromolecules. Generally, the 

chemical structure of a polymer is shown by the structure of the monomer unit 

followed by the letter “n”, which means the number of monomers used in the 

polymerization. This process connects monomers through unsaturated sites, such 

as double bonds, or through functional groups via the condensation method. If the 

product contains 2, 3, 4, or 5 monomers, it is called a dimer, trimer, tetramer, and 

pentamer, respectively. Bigger molecules of approximately 30-100 monomers are 

known as oligomers, whereas the term polymer refers to molecules containing 

more than 200 monomer units (Sinko and Singh, 2011).   

 

The structure of a polymer can be linear, branched, or cross-linked, which affects 

the properties of the polymer. For example, in a cross-linked polymer, where the 

chains are chemically linked, the mobility of polymer chains is strongly restricted, 

causing it to become a rigid polymer; whereas linear or branched polymer 

molecules can move more freely as the temperature rises. Linear or branched 

polymers are commonly thermoplastic, i.e. they can be melted upon heating and 

molded repeatedly. In contrast, thermosetting polymers are usually cross-linked 

polymers, and cannot be re-molded once they are formed. Compared to linear 

polymers,  cross-linked polymers have a greater swellability, but a lower solubility 

(Sinko and Singh, 2011). Examples of commonly used polymers for 

controlled/sustained release matrices are listed in Table 1.1:  
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Table 1.1: Examples of hydrophilic and hydrophobic polymers for controlled 
release matrices.  

Hydrophilic polymers Hydrophobic/ insoluble polymers 

Methylcellulose (MC) Ethylcellulose (EC) 

Hydroxypropylmethylcellulose (HPMC) Cellulose acetate (CA) 

Cross-linked high amylose starch Polyvinyl acetate (PVA) 

Chitosan Cellulose acetate propionate 

Sodium alginate Hypromellose acetate succinate 

polyethylene oxide Methacrylic acid copolymers 

Homo or co-polymers of acrylic acid  

 

Polymers can be divided into two classes based on their molecular orientation. If 

the chains are orientated systematically, and thereby stabilized into a crystal lattice 

by intermolecular forces, a sharp melting point is observable  (crystalline 

polymers). On the other hand, if the orientation is disordered, the polymer 

molecules form a glass instead of a crystalline solid (amorphous polymers). 

Amorphous polymers characteristically do not show a melting point, but soften 

with an increase in temperature (Sinko and Singh, 2011).  An abrupt change in the 

physical properties of amorphous polymers occurs at the glass transition 

temperature (Tg), above which the polymers are in the so-called rubbery state 

(super-cooled melt). This state can be considered as a viscous liquid with high 

segmental mobility, which facilitates the coalescence process in matrix formation. 

Therefore, the Tg is an important property of an amorphous polymer, and is 

discussed in more detail below.  

 

 1.4 Glass transition temperature 

 

In amorphous materials, where a short-range order exists in only a few molecular 

dimensions, the molecules are randomly distributed as if they were in a liquid state, 

but have a much higher viscosity, and in fact are considered solids at temperatures 
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below the Tg. At a temperature above the Tg, the polymer is in a “supercooled” 

liquid state, also known as the “rubbery state” (Figure 1.2). The main characteristics 

in this state are the rate of molecular motion and the viscosity, both of which are 

strongly temperature dependent.  Usually, the average time scale of the motions in 

a supercooled liquid is less than 100 s and the viscosity is in the range of 10-3 to 

1012 Pa·s  

 

Below the Tg, at which the material becomes “kinetically frozen”, an abrupt change 

in the enthalpy and volume – temperature relationship is observed. This is called 

the “glassy state”, where the molecular motions decrease and the viscosity 

increases (greater than 1012 Pa·s) (Hancock and Zografi, 1997). 

 

 

Figure 1.2: Schematic diagram of the change in volume and enthalpy with 
increasing temperature of  amorphous solids, (adapted from Hancock and Zografi, 
1997). 

 
 

The Tg value of a polymer is affected by many factors, most importantly the “free 

volume”, or empty space between the polymer chains. Comparing a low density to a 

high density polymer, the former one has a higher volume at a given weight and, 

therefore, molecules can move more easily, subsequently exhibiting a lower Tg. The 

specific characteristics of a polymer influencing the Tg value are as follows (Sinko 

and Singh, 2011):   
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 Shorter lengths of polymer chains or a lower molecular weight result in a 

lower Tg value.   

 A bulky side group creates steric hindrance which hinders the segmental 

motion in the polymer. A polar side group generates stronger 

intermolecular forces which also largely affect the segmental motion. These 

contribute to a higher Tg value.  

 Flexibility of the polymer may increase as a result of its components, i.e., 

phenyl, amide, sulfone or carbonyl groups residing either in the backbone or 

as a side chain. This results in a lower Tg value.  

 Linear polymer chains contain less free volume compared to branched 

chains, so a higher Tg value is expected for a linear polymer, but still lower 

than a cross-linked polymer (the cross-links inhibit polymer chain 

movements, hence less entropy). For some polymers with a high degree of 

cross-linking, the Tg value may not be able to be observed since the polymer 

decomposes before segmental motion occurs.  

A “rule-of-thumb” proposed to predict the fragility of a polymer is: if the ratio of 

Tm/Tg is less than 1.5, it is considered as “fragile” system. This fragile polymer will 

show a marked shift of heat capacity at Tg which is easily detected (due to non-

directional and non-covalent interactions) (Craig, et al., 1999). The Tg corresponds 

to a variation in molecular mobility, which is reflected in changes in the physical 

properties of materials, such as heat capacity, viscoelastic moduli, refractive index, 

density and volume at the Tg.  There are a number of methods that can be used to 

examine the Tg (Hancock and Zografi, 1997). However, the most common methods 

are thermal analytical methods:  

 Differential scanning calorimetry (DSC) measures the change in heat 

capacity during the glass transition.  

 Thermomechanical analysis (TMA) measures the change in dimension as a 

function of temperature.  

 Dynamic mechanical analysis (DMA) measures the change in viscoelastic 

properties as a function of frequency or temperature while an oscillatory 

stress is applied.  
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 Dielectric analysis (DEA) measures the change in dielectric permittivity as a 

function of temperature when a sinusoidal oscillatory electric field is 

applied (Craig, et al., 1999). 

It is important to note that the Tg value is affected by the processing rate of the 

investigation method. For instance, if a high heating or cooling rate is used, the 

polymer chains cannot respond fast enough to the changing temperature, which is 

reflected in a higher Tg reading that if a lower heating or cooling rate is used (Sinko 

and Singh, 2011). Additionally, the Tg of a polymer can be lowered by additives 

known as plasticizers, which can be dissolved in the macromolecule, subsequently 

making it more flexible.  

 

 1.5 Plasticization  

 

The plasticizing effect refers to a Tg lowering of the polymer due to additives, which 

may be intentionally added to an amorphous substance to improve the flexibility of 

polymers, enabling the manufacturing process to occur at a lower temperature. 

Plasticizers increase the mobility of polymer molecules, enhancing drug diffusion 

through the plasticized matrices. Examples of plasticizers used in the 

pharmaceutical industry are sodium lauryl sulphate, glyceryl monostearate, triethyl 

citrate, polysorbate, triacetin, and dibutyl sebacate (Sinko and Singh, 2011). In 

contrast, if the additive raises the Tg, it has an anti-plasticizing effect. Generally, a 

molecular mixture of two amorphous substances shows a single Tg value which lies 

in between the Tgs of the pure compound, and is proportional to its individual mass 

ratio (Hancock and Zografi, 1994).  

 

The relationship of the Tg of the polymer blends was discovered by Gordon and 

Taylor in 1952. The Gordon-Taylor equation is based on the free volume theory and 

on the assumption that there is no specific interaction between the two 

components (Craig, et al., 1999).  
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where  is the volume fraction of individual component. This relationship followed 

the mixing rule similar to the ideal solution behaviour. The volume fraction can be 

converted into weight fraction since  = ( ·w) /; where  is the thermal 

expansivity difference at Tg, w is the weight fraction, and  is the true density. 

Therefore, the equation above can be written as: 

 

 

where 

 

 

Subsequently this equation was simplified further by applying the Simha-Boyer 

rule, where  ·Tg is considered as a constant. As a result, the simplified Gordon-

Taylor / Kelley-Bueche equation calculates the K value from the density of the two 

components:  

 

 

For water, which has a very low Tg of -138C, (Chen, et al., 2000), it is practically 

impossible to identify the thermal expansivity. Therefore, the simplified Gordon-

Taylor / Kelley-Bueche equation is very useful. It has been reported in the 

literature that water is a strong plasticizer for various amorphous solids (Hancock 

and Zografi, 1994; Lechuga-Ballesteros, et al., 2002; Blasi, et al., 2005). Not only 

water can cause Tg suppression, but any miscible low molecular weight substances, 

including residual solvents, salts, buffers or other additives can also do so. The 

degree of plasticization is material-dependent and increases upon increasing 

plasticizer content. It has however, been suggested that the plasticization efficiency 

of water is more pronounced at a low water content (considering the change in free 
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volume per mole of water)and at a higher level of moisture, the plasticizing 

efficiency of water decreases, and eventually water associates with itself once a 

large amount of water is incorporated (Lechuga-Ballesteros, et al., 2002). 

    

Characteristics of a good plasticizer are that it is miscible with the polymer, and has 

a much lower Tg and viscosity than those of the polymer. Plasticizers act like a 

solvent, thereby disrupting the inter- and intra- molecular interactions of the 

macromolecule and increasing the distance between the polymer chains which 

decrease the activation energy of segmental motion. Water potently plasticizes 

polymers because of its capability of H-bonding with polar groups of the polymers, 

such as -NH2, -NH3, -OH, -COOH, -COO- groups. Hence the mechanism of water acting 

as a plasticizer is proposed as “shielding” of the main attractive forces in the 

polymer by water molecules, including weakening of hydrogen bonds, dipole-dipole 

interaction, and intra- and inter-molecular interactions (Matveev, et al., 2000).  

 

 1.6 Coalescence behaviour 

 

As stated above, polymer matrix systems are of interest in formulating controlled 

or sustained oral-DDS due to their simplicity in the manufacturing process. To 

achieve an effective controlled release and to protect the formulation from dose 

dumping, polymer particles are required to form a stable network through a 

coalescence process, which is explained in more detail below. 

Since latex polymers used in film coating are also applicable in matrix systems, the 

coalescence process of the polymer particles in these systems is comparable. 

Coalescence of polymer particles is a crucial process in film formation to achieve a 

homogeneous transparent film, and to produce a stable film which can resist 

physical and environmental stresses. (Billa, et al., 1998)   

 

The individual latex particles are initially set apart by stabilizing forces, such as 

steric and electrostatic forces, which protect these particles from deformation. The 
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film formation or the coalescence of the “wet” polymer particles can be divided into 

three steps (Steward, et al., 2000; Uğur, et al., 2003): 

 

1) Water evaporation: the particles are brought into a closer contact by 

capillary forces and particles slide to gradually fill the voids, until a dense 

packing is reached. In tableting, densely packed particles occur mainly from 

the compression force.  

2) Particle deformation stage: the area of contact with neighbouring particles 

increases by forces such as capillary forces and surface tension. It is also 

believed to be caused by the evaporation of bound water, resulting in a 

honeycomb-like structure of deformed particles.  

3) Inter-diffusion of macromolecules, or the so-called aging or annealing stage: 

at elevated temperature, i.e. above Tg where the molecular mobility is 

markedly increased, segments of the polymer chains may diffuse across the 

inter-particle boundaries. Thus the disappearance of the deformed particle 

boundaries occurs.  Water, which suppresses the Tg will influence the 

coalescence of polymer particles in the matrix system.   

 

The forces involving in the coalescence process are summarized in Table 1.2. 
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Figure 1.3: Schematic diagram of the coalescence processes of film formation of 
latex particles, (adapted from Routh and Russel, 2001).  
 

 

 

 

Table 1.2: Summary of forces involving in the deformation process (Brown, 1956). 

Assisting coalescence Resisting coalescence 

Surface tension of adjacent particles : 

forming a larger sphere 

Resisting force of the particle to deform 

Capillary pressure at water/ air 

interface: during water evaporation 

Coulombic repulsion of charged 

particles 

Van der Waal forces between particle: 

causing flocculation 

 

Gravitational force: causing 

sedimentation and increasing contact 

area of above and underneath particles 
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In order to explain the coalescence process, several mechanisms have been 

proposed. Sintering (the term is originally used in the ceramic and metal 

industries), has been used to describe the coalescence process of the polymer in the 

pharmaceutical field and is well recognized in the literature. Sintering is defined as 

the formation of a homogeneously fused mass from the coalesced solid particles 

caused by surface tension (Bellehumeur, et al., 1998). 

 

Dry sintering is driven by the air-polymer surface tension. Dillon et al (1951) 

explain the coalescence based on the viscous flow of the polymer. The decrease in 

the surface area of the polymer particles results in an increasing in the shearing 

stress, thus viscous flow occurs. The degree of the coalescence (or rate of 

coalescence) can be predicted by using Frenkel’s equation (Dillon, et al., 1951; 

Steward, et al., 2000): 

 

 

where  is the half-angle of contact;  is the surface free energy of the polymer; t is 

time;  is the viscosity of the polymer and R is the radius of the particle, as shown in 

Figure 1.4.  

 

 

 
Figure 1.4: Fusion of polymer particles during a dry sintering process, (adapted 
from Dillon, et al., 1951).  
 

 

Wet sintering is driven by the surface tension of the particles and the solvent (or 

water). Brown (1956) used wet sintering to explain the deformation behaviour of 

purely elastic spheres by investigating cross-linked polymers (not capability of 

viscous flow). He showed that film formation occurred simultaneously with water 

evaporation and was completed once all water has evaporated. Therefore, this 
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theory suggests that the polymer-water interfacial tension or capillary force is the 

main driving force for sintering (Brown, 1956). 

 

Capillary deformation occurs during water evaporation, which the atmospheric 

pressure compresses on the surface of close-packed spherical particles, creating the 

film. The criterion for film formation was proposed by Brown (1956), suggesting 

that this deformation behaviour depends on rheology of the polymer. Although 

various forces may be involved in the deformation process, the two main forces are 

the capillary pressure which acts against the resistance of the sphere to deform, 

leading to a suggested condition for film formation as follows (Brown, 1956; Routh 

and Russel, 2001): 

 

This equation assumes elastic particles with shear modulus G, interfacial tension of 

water/air interface wa, and the radius of the particle, R.  

 

Interparticle diffusion of the polymer chains can be predicted by using the 

Einstein-Stokes diffusion equation, which indicates that the diffusion is 

temperature dependent (being evaluated above the Tg, since at a lower 

temperature, the material is in its glassy state).  

 

 

where D is the diffusion coefficient; k is the Boltzman constant; T is temperature;  

is the viscosity and R is the radius of the polymer particle. Thus as the temperature 

increases, i.e., above the Tg, inter-particle diffusion is likely to occur more rapidly 

and more complex than a typical sphere.  

 

Voids closure during latex film formation is related to the time required to achieve 

optical transparency. This process is affected by temperature and viscosity, which 

governs the diffusion of polymer segments through the adjacent polymer particles. 

It occurs at temperatures where there is a higher free volume, i.e., above Tg. The 
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relationship between temperature (T) and viscosity () follows the Frenkel-Eyring 

theory: (Martins, et al., 2000; Uğur, et al., 2003). 

 

 

 

where N0 is Avogadro’s number; h is Planck’s constant; V is molar volume; k is the 

Boltzman constant; G is Gibbs free energy of activation of the flow and T is 

absolute temperature. Because it is known that G =H -TS, the Frenkel-Eyring 

equation can be written as: 

 

 

where H is the enthalpy of activation of the viscous flow; S is the entropy of 

activation of viscous flow, and C is referred to a constant of temperature 

independent factors. Therefore, it can be seen that higher temperatures relate to a 

much lower viscosity, resulting in a greater viscous flow, which enhances the 

coalescence process.   

 

Extensive reviews regarding the mechanisms and mathematical models of the 

coalescence process are available elsewhere (Routh and Russel, 2001; Uğur, et al., 

2003). However, it is noted that these theories discussed above are based on the 

assumption that the polymer particles are smooth spheres to simplify the models. 

In practice, they are in irregular shapes.  

 

As mentioned above the coalescence of polymer particles is essential to form 

tortuous polymer channels which sustain drug release. This process is facilitated by 

reaching the percolation threshold of the polymer and thermal treatment. The 

percolation threshold defines the minimum polymer concentration, which is 

required to form a stable polymer network, thereby preventing tablet 

disintegration and regulating drug release (Leuenberger, et al., 1987). Thermal 

treatment or annealing works by means of heating the polymer above its Tg, which 



Chapter 1 
 

18 

 

allows polymer chain movement, inter-diffusion of polymer chains, and re- 

distribution throughout the tablet (Omelczuk and McGinity, 1993). This process, 

also known as the curing process, has been reported to successfully retard drug 

release for both pre-compression granules (Billa, et al., 1998) and post- 

compression tablets (Shao, et al., 2001).  Other tablet properties governed by a 

suitable curing duration include reduction in porosity, increase in tensile strength 

of the tablet, and enhancement of tortuosity of the polymer network (Omelczuk and 

McGinity, 1993; Billa, et al., 1998). 

 

A number of studies have focused on the thermal treatment of polymers above the 

Tg, which affects the particle coalescence, thereby retarding drug release 

(Omelczuk and McGinity, 1993; Shao, et al., 2001; Azarmi, et al., 2002; Kojima and 

Nakagami, 2002; Krajacic and Tucker, 2003; Azarmi, et al., 2005; Abbaspour, et al., 

2007; Chatterjee, 2010). However, the Tg of a polymer is lowered by any agent 

which ‘dissolves’ in it (Ahlneck and Zografi, 1990); so, not only can excipients and 

drugs have a plasticizing effect on a polymer (Nair, et al., 2001; Gómez-Carracedo, 

et al., 2004; Siepmann, et al., 2006), but water also has been shown to suppress the 

Tg of amorphous pharmaceutical solids (Hancock and Zografi, 1994). If the Tg were 

reduced by sorbed water, the coalescence behaviour would therefore change 

accordingly. Consequently, it is important to understand the effect of water on the 

compaction behaviour, coalescence behaviour and other successive outcomes.  

 

 1.7 Poly-(meth) acrylate polymers 

 

Poly(methyl methacrylate), PMMA, exhibits a rigid structure with various 

preferable properties, including high breaking tensile strength, low specific gravity, 

and long term stability under environmental stresses (light, oxygen, and water). 

Moreover the ester groups in polymethacrylates make this polymer resistant to 

hydrolysis and saponification. To meet a number of pharmaceutical requirements, 

polymethacrylates have been modified by copolymerization with other methacrylic 

and acrylic acid ester, or inserting functional groups for different purposes 
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(Lehmann, 1997). These include modifying drug release, taste masking, and 

improving drug stability. PMMAs can be used as binder, coating systems, or to form 

matrix tablets by direct compression. (Gallardo, et al., 2008).  

 

Eudragit® is a commercial brand for polymethacrylates, which offers a wide range 

of modified release polymers demonstrating cationic, anionic, neutral, pH-

independent or pH-dependent characteristics (summarized in Table 1.3). 

Eudragit®L, S, and FS which are anionic pH-dependent polymers are suitable for 

gastro-resistant formulations (“L” and “S” types are suitable for enteric coating, 

while “FS” is for colonic delivery) (Gallardo, et al., 2008). These polymers contain 

carboxylic acid groups which are hydrolysed and converted to carboxylates in 

diluted acidic media (pH5-7). The pH, above which the polymer will dissolve, of 

Eudragit® L 100, Eudragit® S 100, Eudragit® L 30D are approximately 6.0, 7.0, and 

5.5 respectively (Lehmann, 1997). 

 

Table 1.3: Eudragit® types and their characteristics for modified release 
formulations (Lehmann, 1997; Gallardo, et al., 2008; Chatterjee, 2010; 
Evonik_Industries, 2012). 

Eudragit type MW Character Behaviour in GI tract Tg (°C) 

L 30D 250000 Anionic Soluble at pH > 5.5 - 

L 100 135000 Anionic Soluble at pH > 6.0 >150 

S 100 135000 Anionic Soluble at pH > 7.0 >150 

NE 30D 800000 Neutral 
Insoluble, medium 

permeable 
~9 

RS 100, RSPO 150000 Cationic 
Insoluble, low 

permeable 
~65 

RL 100, RLPO 150000 Cationic 
Insoluble, high 

permeable 
~55-70 

 

Eudragit®RL, RS and NE are pH-independent polymers, which are insoluble in 

water or digestive fluids over the physiological pH range, and are commonly used in 

sustained release dosage forms. Eudragit® NE is a neutral polymer with medium 
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permeability while Eudragit®RL and RS are cationic polymers with high and low 

permeability, respectively. The higher the ratio of quaternary ammonium groups in 

“RL” types make them more permeable compared to “RS” types [ 1:2:0.2 of poly 

(ethyl acrylate: methyl methacrylate: trimethyl ammonioethyl methacrylate 

chloride) for the RL types compared to 1:2:0.1 of that for RS types] (Lehmann, 

1997).  

 

It has been reported that Eudragit matrix tablets which are directly compressed 

exhibit a higher porosity, compared to tablets pressed from granules prepared by a 

wet granulation process (Gallardo, et al., 2008). Thus a faster drug release was 

observed from directly compressed tablets due to inferior polymer distribution. 

However, in general direct compression is preferred because of its simplicity and 

lower costs to the manufacturers. In order to observe the plasticizing effect of 

water and concurrently investigate the effect of water on the coalescence behaviour 

of a polymeric matrix system during thermal treatment, Eudragit RLPO was 

selected in the current work to be the model polymer. Reasons for this choice 

include the Tg value of 55-70°C, which is practically achievable during  thermal 

treatment, and the water permeability of the quaternary ammonium groups, 

allowing water-polymer interaction (apart from its suitability for the formulation of 

a matrix system by direct compression). 

 

 1.7.1 Eudragit® RLPO 

 

Eudragit RLPO or ammonio methacrylate copolymer (type A) is defined in USP32- 

NF27 as a fully polymerized copolymer of acrylic and methacrylic acid esters with a 

small amount of quaternary ammonium groups, which make this polymer 

permeable (Rowe, et al., 2009). The PhEur 6.0 calls this polymer poly (ethyl 

propenoate -co- methyl 2-methylpropenoate -co- 2-(trimethylammonio)ethyl 2-

methylpropenoate) chloride with the co-polymerization ratio of (1: 2: 0.2) and an 

average molecular weight of about 150000. This polymer is commercially available 

in the form of a white fine powder with a faint amine-like odour (Rowe, et al., 
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2009), which is suitable for a pH-independent matrix sustained release 

formulation, especially prepared by direct compression.  

 

 1.8 Tableting and the mechanisms involved  

 
Direct compression is desirable in the pharmaceutical industry because it requires 

fewer production steps, which means less equipment, lower space requirements 

and possibly shorter production times compared with tableting of granules, 

prepared by wet granulation. However, there are some limitations to direct 

compression, such as poor compressibility, poor flowability or low bulk density of 

high dose drugs, making them impossible to prepare by this method (amount of 

excipients is restricted to form a swellable-sized tablet) (Bolhuis and Chowhan, 

1996).  

 

The terms compressibility, tabletability, and compactibility are clarified below for a 

better understanding (Joiris, et al., 1998; Sun and Grant, 2001) 

Tabletability refers to the capability of a powder to be transformed into a 

tablet with a specified strength when a compression force is applied. It shows the 

efficacy of the applied pressure to increase the strength of a compact.  

Compressibility refers to the volume reduction capacity of the bulk powder 

resulting from the applied pressure. It represents a gradual change in the porosity 

of a tablet with an increase in compression pressure.  

Compactibility refers to the ability of powder to manufacture tablets that are 

strong enough under the effect of densification, as a function of tensile strength and 

porosity.  

 

By applying compression force to a powder, the particles are rearranged becoming 

a close packed compact, which creates a high frictional force preventing further 

particle movement. However, the compact volume can be further reduced if 

compression continues due to the deformation of particles, which can be divided 

into plastic (irreversible) or elastic (reversible) deformation (Bolhuis and 



Chapter 1 
 

22 

 

Chowhan, 1996). Purely elastic materials can only form a loose porous compact 

after decompression since its elastic recovery eliminates the bonding surfaces. 

Therefore, plastic deformation is a prerequisite for increasing the area of contact 

and is favourable in order to produce the desired tablet strength (Sun, 2011). 

The particles can also undergo fragmentation, creating smaller sized particles 

which aid compaction by reducing the compact volume and filling in the voids. 

Since the particles are brought in close proximity to one another, bonds are formed 

(Nyström and Karehill, 1996). Brittle materials especially need to deform plastically 

in order to increase the strength of tablets. The phases during compaction are 

summarised in Figure 1.5.   

 

Figure 1.5: Diagram showing the deformation effect after decompression of elastic 
materials (a), and plastic materials (b), (adapted from Sun, 2011).   

 

 

The following are five possible bonding mechanisms suggested to be involved in 

particle adhesion(Nyström and Karehill, 1996): 

1) Solid bridges: sintering, crystallization, melting, hardened binders 

2) Distance attraction forces: molecular and electrostatic forces 

3) Mechanical interlocking: between irregular shaped particles 

4) Bonding from mobile liquids: capillary and surface tension forces 
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5) Binder bridges (non-freely-movable): viscous binders and adsorption layers 

However, for dry powder compression, the bonding mechanisms involved are 

narrowed down to the first three (solid bridges, distance attraction force and 

mechanical interlocking), which are described below (Nyström and Karehill, 1996).   

 

 Solid bridges refer to the real area of contact between neighbouring 

particles at the atomic level, which influences the compact strength. These bridges 

occur due to recrystallization of soluble substances, melting, or diffusion of polymer 

chains.  

 Distance attraction forces include hydrogen bonding, electrostatic forces 

and Van der Waal forces, which are intermolecular forces. Van der Waal forces are 

dominant between solid surfaces, which can act up to a distance of 100-1000 Å.   

 

 Mechanical interlocking occurs when compressing irregular shaped 

particles, such as long needle-like particles, which are more likely to twist and hook 

together compared to spherical particles.  

 

 1.8.1 Mechanical characteristics and deformation behaviour 

of polymers 

 

Polymers respond to applied stress differently depending on their structure. An 

increase in molecular weight corresponds to higher intermolecular forces, resulting 

in higher resistance under stress, i.e. stretching, bending, and compression. For 

example, rigid polymers such as Eudragit RLPO resist compression force better 

than flexible polymers, but the latter are superior under stretching. The mechanical 

characteristics of a polymer can be investigated by observing the deformation 

behaviour using a stress-strain profile. Stress is the pressure applied to a tablet 

during compression (force per unit area), and strain is the resultant 

response/elongation under a given stress (Figure 1.6).  
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Figure 1.6: Stress-strain profile, (adapted from Sinko and Singh, 2011). 
 

 

For elastic materials, a linear relationship of the stress-strain profile occurs up to 

the breaking point. If the intermolecular force increases, such as in a high density 

cross-linked polymer, this material reveals a steeper slope (a higher modulus) 

(Sinko and Singh, 2011). The elastic deformation can be described by Hooke’s law:  

 

where  is the stress applied; E is the Young’s modulus of elasticity; and  is the 

strain. The elastic deformation results from a change in the space between 

molecules and is typically reversible (Amidon, 1995).   

 

Plastic materials do not show an abrupt change at the breaking point. Rather, after 

reaching a certain stress, these materials deform a little further under a lower 

stress before breaking. The area under the stress-strain curve shows the toughness 

of the materials (energy used to break them apart) (Sinko and Singh, 2011). Plastic 

deformation is related for example to the existence of crystal defects, for instance, 

dislocations and grain boundaries (Amidon, 1995).   

 

Viscoelastic materials show a time-dependent response occurring at molecular 

level under stress. With time, a rearrangement of atoms or molecules can occur 
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even in the elastic region when a low stress is applied. (Sinko and Singh, 2011). 

There are two methods commonly used to examine the viscoelasticity of a polymer. 

1) Creep testing: the polymer is subjected to a certain weight and the deformation 

is monitored over a period of time. 2) Stress relaxation test: the polymer is first 

deformed to a certain point and then the internal stress is monitored over time 

(relaxation behaviour) (Amidon, 1995).   

 

 1.9 Solid-state analytical techniques 

 

In order to characterize the polymer used in the current work and investigate 

matrix formation, several analytical methods were employed in this thesis to 

examine water binding, to study thermal behaviour, and to observe coalescence 

behaviour.  

 

A combination of various techniques has been commonly used to achieve an 

understanding of the solid properties of a material in order to evaluate the final 

product, monitor manufacturing processes, or examine raw materials. These 

techniques are classified into three categories based on their analytical levels 

(Brittain, 1995):  

 

Molecular level techniques: these techniques include UV/VIS diffuse 

reflectance spectroscopy, vibrational spectroscopy (i.e., Infrared, Near-infrared, 

Raman spectroscopy), and nuclear magnetic resonance.  

Particulate level techniques: These techniques include X-ray diffraction, 

optical and electron microscopy, and thermal methods (i.e., DSC, 

Thermogravimetric analysis, TGA).  

Bulk level techniques: These techniques include the analysis of 

micromeritics (specific surface area, porosity and porosity), water sorption, 

powder characterization (i.e., flowability or compaction behaviours), and solubility 

of the material.  
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 1.9.1 Infrared spectroscopy (IR)  

Infrared spectroscopy typically investigates the vibration of molecules responding 

to the electromagnetic field used in the range of 400-4000 cm-1 (mid- IR region). 

The sample absorbs the energy from the IR source, generating a change in the 

dipole moment during molecular vibration. The vibrational energy absorption of a 

molecule corresponds to the energy required to excite the molecule from the 

ground state to an excited state. If a strong change in the dipole moment occurs, the 

absorption intensity is high (i.e., vibrations involving polar bonds). Most molecular 

bonds have absorption energy of approximately 2-10 kcal/mole, which is equal to 

stretching and bending fundamental vibrational frequencies. However, not all 

molecules are IR-active. For a fundamental mode to be IR-active, the molecular 

vibration must create a change in the dipole moment of the molecule (chemically 

bonds between atoms with different electronegativity). Overall, asymmetric 

vibrations and vibrations of polar groups (i.e., N-H, C=O) are likely to show a strong 

IR-absorption (Colthup, et al., 1990; Brittain, 1995; Bugay and Williams, 1995).  

 

To collect a spectrum, an interferometer is installed, equally splitting the 

polychromatic light source into 2 beams, in which the first half is transmitted to a 

moving mirror (path length varied) and the other is reflected to the fixed mirror. 

The detector records an interferogram due to the path difference of the beams in 

the time domain. A helium-neon laser is necessary for a precise evaluation of the 

optical path differences in the interferometer. Then, the interferogram is converted 

into the frequency domain to generate a spectrum, by a Fourier transformation 

(Larkin, 2011).  
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Figure 1.7: Schematic diagram of the FTIR-DRIFTS. 
 

 1.9.1.1 Diffuse reflectance infrared spectroscopy 

This non-invasive technique is used to examine powder samples. Also known as 

DRIFTS (diffuse reflectance infrared Fourier transform spectroscopy), it is 

commonly used in the mid- and near IR spectral range. Compared to the 

conventional disc sample preparation method, the DRIFTS method is relatively easy 

to operate as it does not require complicated sample preparations. The sample is 

usually simply mixed with a non-absorbing substance, such as KBr or KCl (1-5% 

w/w of the active substance) before transferring into the sample cup. 

Approximately 10 or 400 mg of sample is needed to fill up the cup (depending on 

the cup size), in which the sample is recoverable for further investigation by other 

techniques (using the same sample). The IR beam irradiates the powder sample in 

the cup holder, and the radiation is absorbed, reflected, and diffracted by the 

sample particles (Figure 1.7). However, only the diffuse reflectance radiation 

provides the sample absorptivity information. The disadvantage of this method is 

that the result is influenced by the particle size of both the sample material and the 

diluent. Therefore, gentle grinding of powders may be required to obtain uniform 

particle size and reproducible results (Bugay and Williams, 1995).  
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 1.9.2 Thermogravimetric analysis (TGA)  

This technique is typically used to examine the de-solvation of hydrate polymorphs, 

decomposition behaviour of materials, and to determine volatile substances 

(including moisture) in the sample. TGA is based on the quantification of weight 

gain or loss as a function of a temperature programme. A very sensitive 

microbalance is used to detect the mass change during the measurement. TGA is 

commonly used to correlate the mass loss data at a certain temperature to other 

thermal events detected by other techniques, such as DSC (McCauley and Brittain, 

1995).  

 1.9.3 Differential scanning calorimetry (DSC) 

This technique is the most widely used thermal method as it is simple enough to be 

operated routinely in the pharmaceutical industry. This method measures the heat 

flow required to maintain the temperature of the sample and reference. The 

differential heating rate between the sample and a reference (i.e., in Joules/second 

unit) is plotted against temperature, whereby the area under the peak indicates the 

heat transferred by a thermal event (endothermic or exothermic) in the sample. 

The major drawback of conventional DSC includes the difficulty of interpreting the 

thermogram when multiple types of transition are involved, overlapping at the 

same temperature range (Verdonck, et al., 1999). For example, a relaxation 

endothermic peak may superimpose on the glass transition temperature. To 

separate transitions occurring at the same temperature range, the resolution can be 

increased (signal-to-noise) by reducing the sample size, or lowering the scan rate. 

However, these will also reduce the sensitivity to detect weak transitions 

(Verdonck, et al., 1999). 

 

 1.9.4 Modulated temperature DSC (MDSC) 

Modulated Temperature DSC (MDSC) overcomes the abovementioned limitations of 

conventional DSC. In MDSC, two independent heating rates are used: 1) the average 

underlying heating rate, and 2) a sinusoidal temperature oscillation (modulated 

temperature), which permits the measurement of heat capacity under isothermal 
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modes (average heating rate is zero). The total heat flow is deconvoluted by a 

Fourier-transformation, and can be separated into two components (non-reversing 

and reversing heat flow) (Craig and Royall, 1998), as shown in Figure 1.8. The total 

heat flow can be expressed as:   

 

 

 

where dQ/dt  is the total heat flow (the same as obtained from a conventional DSC); 

Cp refers to the heat capacity; dT/dt  is the heating rate, and  (T,t) is the heat flow 

from kinetic processes. With MDSC, the underlying heating rate can be zero to 

maximize the resolution, while increasing the modulated heating rate to obtain high 

sensitivity (Verdonck, et al., 1999). The non-reversing events (time dependent) 

include evaporation, crystallization, enthalpic relaxation, and partial melting. The 

reversing heat flow indicates Tg and partial melting (heating rate dependent). An 

example of a MDSC thermogram is shown in Figure 1.9, demonstrating that the Tg 

can be observed clearly in the reversing heat flow thermogram, whilst this is not 

possible from the total heat flow thermogram. 

 
Figure 1.8: Example of an MDSC thermogram, showing the signals of reversing 
and non-reversing heat flow, which are separated from the total heat flow, 
(adapted from Verdonck, et al., 1999). 
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Figure 1.9: Example of an MDSC thermogram, showing that the Tg of a material 
can be observed from the reversing heat flow, which is separated from the total 
heat flow, (adapted from Verdonck, et al., 1999).  
 

 

The parameters used in an MDSC measurement need to be adjusted carefully. 

Inappropriate parameter input can create artefacts which lead to misinterpretation 

of data.  For example, the underlying heating rate needs to be slow enough to allow 

a suitable number of modulations to occur in the transition range (Royall, et al., 

1998). It is recommended by TA instruments that 4-6 modulated cycles are 

required in a particular thermal event.  Additionally using a slow underlying 

heating rate in the MDSC experiment makes it is more time-consuming, resulting in 

higher operation costs.  

 

 1.9.5 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is commonly used to investigate the 

morphological appearance of a sample. A modern SEM produces an image with a 

resolution ranging from 1-10 nm, depending on the electron probe diameter. If the 

sample is conductive, there is no special treatment required before examination. 

However, most pharmaceutical substances are non-conductive, and may cause 

electrostatic charging when exposed to the primary electron beam. Therefore, these 

samples need to be thinly coated (10-20 nm) with metal or conductive carbon 
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under high vacuum, using a sublimation technique to give a clear and stable image. 

The common metals used for coating are gold, chromium, or gold/palladium. 

Alternatively, evaporated carbon is also used to minimize the granularity of the 

coating and avoid artefacts, which may occur when using a high magnification 

(Egerton, 2005). 

 

 1.9.6 X-ray microtomography (µ-CT)  

Recently X-ray microtomography (µ-CT) has become more popular in the 

pharmaceutical industry, after having been used extensively in the biological, 

medical and material sciences. It has been successfully used to investigate density 

variations and porosity of tablets (Busignies, et al., 2006), and to observe the 

internal structure of tablets during the dissolution process (Li, et al., 2012). µ-CT is 

a completely non-destructive method, passing an X-ray beam through the sample, 

which will respond to the sample differently depending on the density distribution 

in the object. This creates contrast differences in the 2D images which can be 

reconstructed to a 3D image by stacking up the 2D images. An industrial bench top 

CT scanner is conceptually comparable to the ones used in hospitals for many 

years, but it uses a higher intensity X-ray beam giving a higher spatial resolution. 

Therefore, it can be used to analyse very dense materials (Denison, et al., 1997). A 

schematic diagram of a µ-CT is shown in Figure 1.10.  The sample is precisely 

positioned on a turntable between an X-ray source and a detector. Systematically 

rotating the sample around its axis, angle-by-angle, in the X-ray beam creates a 

series of 2D scanned images in 360° view. Extensive reviews of the history, 

applications, and fundamental physics behind this technique are published 

elsewhere (Ritman, 2004; Landis and Keane, 2010). 
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Figure 1.10: Schematic diagram of a µ-CT (X-ray microtomography), (adapted from 
Busignies, et al., 2006).  
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 1.10 Aim of the thesis  

 

Previous research has focused on thermal treatment of matrix tablets, but has not 

investigated the influence of water on coalescence to a great extent. A better 

understanding of matrix formation and the role of water (and temperature) is thus 

required.  

 

Therefore, the primary aim of this thesis was to understand the effect of moisture 

on a polymeric matrix system during thermal treatment. Particularly, the major 

influences which regulate drug release, including the effect of moisture on the 

compaction and coalescence behaviour of matrix tablets.  

 

In order to investigate the effect of moisture, the specific aims of the thesis were:  

 
 To evaluate different moisture determination methods for the model 

pharmaceutical polymer Eudragit RLPO (Chapter 2) 

 To distinguish the types of water present in Eudragit RLPO and to 

investigate the water loss kinetics for the different types of water in 

Eudragit RLPO (Chapter 2) 

 To investigate whether moisture affects the coalescence behaviours of pure 

polymer tablets during thermal treatment at various temperatures (Chapter 

3) 

 To investigate whether moisture affects the coalescence behaviours of 

binary mixture tablets (containing indomethacin as a model drug) during 

thermal treatment at various temperatures (Chapter 4).    

 

 

 

 

 

 

  



Part of the work presented in this chapter has been published in the International 
Journal of Pharmaceutics: Pirayavaraporn, C., Rades, T., & Tucker, I. G. (2012). 
Determination of moisture content in relation to thermal behaviour and 
plasticization of Eudragit RLPO. 422(1–2), 68-74. 

 
And submitted to the International Journal of Pharmaceutics for publication, entitled: 

“Quantification of   the types of water in Eudragit RLPO polymer and the kinetics 
of water loss using FT-IR” by Pirayavaraporn, C., Rades, T., Gordon, K. C., & 
Tucker, I. G. 

 

Chapter 2:  
Water determination methods, 
and types of water sorbed in 
Eudragit RLPO polymer 
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   2.1 Introduction

 
Two pre-requisites for studying the effects of water on the behavior of 

pharmaceutical formulations are: robust methods to accurately quantify the water; 

and methods to determine the types (e.g plasticizing/nonplasticising) of water 

present. Thermal methods including oven drying, DSC and TGA have been used in 

the food and pharmaceutical industries for many years. In the food literature it is 

recognized that the most suitable method depends on the nature of the substances 

(Moro García, et al., 1993; de Angelis Curtis, et al., 1999; McMahon, et al., 1999; 

Saldo, et al., 2002; Artiaga, et al., 2005; Bengoechea, et al., 2007; Adam, et al., 2009) 

and that the types of water and the property of the dry mass itself affect the 

performance of the water determination methods (Yazgan, et al., 2006). However, 

how to choose the most suitable method for water determination in pharmaceutical 

polymers is not clear. 

 

In polymeric matrix systems  control of release can depend on the formation of a 

stable polymer matrix achieved through coalescence of the polymer particles 

(Krajacic and Tucker, 2003). Coalescence occurs above the glass transition 

temperature (Tg) of the polymer and thus thermal treatment of polymer matrices 

above the Tg of the polymer changes their release behaviour (Omelczuk and 

McGinity, 1993; Azarmi, et al., 2002; Azarmi, et al., 2005; Abbaspour, et al., 2007). 

However, the Tg of a polymer is lowered by any agent which ‘dissolves’ in it 

(Ahlneck and Zografi, 1990); so, not only can excipients and drugs have a 

plasticizing effect on a polymer (Nair, et al., 2001; Gómez-Carracedo, et al., 2004; 

Siepmann, et al., 2006), but water also has been shown to suppress the Tg of 

amorphous pharmaceutical solids (Hancock and Zografi, 1994). The water may 

comprise non-freezable bound water which is strongly interacting with the polar 

part of a polymer causing Tg suppression conforming to the Gordon-Taylor 
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prediction, and excess water, absorbed in the polymer as clusters, with no effect on 

Tg (Blasi, et al., 2005). Water may have other effects on interactions between 

particles thereby affecting flow and compaction behaviours or even weakening 

interparticle bonding (Bravo-Osuna, et al., 2007). Accurate assessments of water 

concentrations are therefore important in polymeric systems. 

 

Various types of acrylic polymers are used in the pharmaceutical field for pH-

dependent or pH-independent controlled or sustained release of drugs as well as 

for site specific release of drugs in the gastrointestinal tract (Semdé, et al., 2000; 

Zhu, et al., 2006; Albers, et al., 2009; Sauer, et al., 2009; Glaessl, et al., 2010). The 

acrylic polymer ammonio methacrylate copolymer type A, Ph. Eur./ NF (Eudragit 

RLPO) was chosen in this study not only for its pharmaceutical applications (e.g. as 

a pH independent  controlled release polymer for matrix tablets) but because with a 

Tg of 55-70°C (Zhu, et al., 2006) it is a useful model to study the effects of water on 

the coalescence behaviour of polymer particles. 

 

One of the most common methods to quantify water present in a solid is the 

determination of mass loss on drying; however, the sample size needed is relatively 

large (grams), and the results may overestimate water content due to volatile 

substances (Hinz, 2007). Conversely, moisture content can be underestimated 

when some tightly bound water is not eliminated during thermal treatment 

(Towns, 1995).  

 

The use of a highly sensitive balance in thermogravimetric analysis (TGA) allows 

the use of small samples (5-10 mg) and temperature programming means free and 

bound water, as well as water of hydration can be identified (Barnes, et al., 1993). 

Through differential scanning calorimetry (DSC), the Tg of the polymer and the 

mass of bulk water (from the freezing exotherm) can be estimated using a single 

small sample. In addition area under the water evaporation endotherm can be used 

to estimate water content of the sample based on the literature value for the molar 

enthalpy of vaporization, (ΔHv/mole), of water (Khankari, et al., 1992). 
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Chemical titration, most importantly the Karl-Fischer method established in 1935, 

is regarded as the gold standard in water determination.  Methanol or other organic 

solvents which stabilize the reaction, must completely dissolve the components of 

the matrix to ensure release of all water for analysis (Hinz, 2007). The typical 

mixture for a one-component system contains iodine (I2), sulfur dioxide (SO2), 

alcohol, and base mixture. In the presence of water, a redox reaction occurs in 

which an iodine-methyl sulfite complex is oxidized to methyl sulfate (Grünke and 

Wünsch, 2000).:   

[CH3OSO2]-...I+…I-   + H2O   -->   CH3OSO-
3 + 2 I- 

 
Water in polymers may comprise non-freezable bound water which is strongly 

interacting with polar parts of a polymer causing Tg suppression conforming to the 

Gordon-Taylor prediction, and excess water, absorbed in the polymer as clusters, 

with no effect on Tg (Cotugno, et al., 2001; Blasi, et al., 2005; Jin, et al., 2011). 

Moreover, water may have other effects on interactions between particles thereby 

affecting flow and compaction behaviour or even weakening interparticle bonding 

(Steendam, et al., 2001; Bravo-Osuna, et al., 2007). 

 

From the above it follows that from the determination of the total moisture content 

alone it is virtually impossible to elucidate the molecular interactions of water with 

the polymer and its consequences on the physical and mechanical properties of the 

polymer. Spectroscopic techniques such as NMR, FTIR, or dielectric spectroscopy 

have been used to elucidate water polymer interactions and several types of water 

binding in polymers have been discovered, including H-bonding between the 

hydrophilic groups of water and polymer; water clusters; and the surface sorption 

onto free volume microvoids in the polymer(Cotugno, et al., 2001). Confined into 

microvoids, clusters of water with no H-bonding to the polymer and water only 

weakly H-bonded with the polymer are likely to show high mobility but low 

plasticizing efficiency (Lasagabaster, et al., 2006). In contrast, tightly bound water 

results in a high plasticizing efficiency (Cotugno, et al., 2001). 
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In 1988, Zografi pointed out that, thermodynamically, there were at least two types 

of water in solids, namely “bound” and “solvent-like” water, of which the latter may 

dissolve some of the solid. However, this phenomenon can be prevented by 

maintaining the water level in which only bound water is formed (Zografi, 1988). 

Concerning the water sorption process, studies report that firstly, one or two 

molecules of water strongly interact (H-bonded) with the hydrophilic group of the 

polymer (specific hydration). Then additional water molecules associate with other 

water molecules (indirectly H-bonded) (non-specific intermediate binding). Once 

the interaction sites are filled, the water molecules can only reside in the 

microvoids and form clusters. Equilibrium is reached when all microvoids are 

occupied (Popineau, et al., 2005).   

 

Others have classified water into three species based on its thermodynamic 

properties: freezable free water, freezable bound water, and non-freezable bound 

water (Wartewig, 2003; Blasi, et al., 2005). The freezable free water exhibits an 

enthalpy of crystallization and melting not much different from that of bulk water. 

The freezable bound water is water distantly associated with the polymer (less 

tightly bound water), which shows thermodynamic events different from bulk 

water; for example, compared to bulk water, supercooling or a decrease in the 

enthalpy of both melting and crystallization is often observed. The non-freezable 

bound water (tightly bound water) does not show phase transitions (no 

crystallization exotherm or melting endotherm) during calorimetric investigations. 

The summation of the non-freezable bound and freezable bound fraction is called 

“bound water content” (Hatakeyama and Hatakeyama, 1998).  

 

In order to discriminate the different types of water binding, many studies have 

used spectroscopic techniques, which provide molecular level information and 

refer to the “four stage model”, which focuses on the O-H stretching vibration (the 

most susceptible region to H-bonding). The four stage model is generated from the 

decomposition of the broad O-H stretching band in the IR spectrum of water by 

mathematical models. The position of the decomposed bands (peak frequency) 

relates to the strength of H-bonding, which suggests types of water present in the 
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polymer (molecular interaction) (Sammon, et al., 1998; Cotugno, et al., 2001; 

Thouvenin, et al., 2002; Lasagabaster, et al., 2006).  Walrafen studied the 

temperature effect on pure water, and decomposed the O-H stretching of Raman 

spectra into four Gaussian components (Walrafen, 1967). He found an isosbestic 

point around 3460 cm-1 which divided the four components into two groups, 

scattering from H-bonded and non-H-bonded O-H oscillators. At frequencies lower 

than the isosbestic point, the intensity of water components decreased upon raising 

temperature; while the intensity of the other two components at higher frequency 

increased. The four stage model has since been commonly used to decompose 

water spectra in the O-H stretching region (Scherer, 1974; Georgiev, et al., 1983).  

 

 2.2 Chapter aims 

 

The aims of this chapter were to compare methods for the determination of total 

moisture content of a pharmaceutical polymer and to distinguish the types of water 

present in Eudragit RLPO polymer together with investigation of the water loss 

kinetics for these different types of water using Fourier transform infrared 

spectroscopy in the diffuse reflectance mode (FTIR-DRIFTS). 
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 2.3 Materials and Methods 

 2.3.1 Materials  

 
Figure 2.1: Chemical structure of Eudragit RLPO [Poly (ethyl acrylate-co-methyl 
methacrylate-co-trimethylammonioethyl methacrylate chloride) 1:2:0.2]. 
 

Eudragit RLPO (Figure 2.1) (ammonio methacrylate copolymer type A, Ph. Eur./ 

NF) was kindly provided by Evonik Industries (Darmstadt, Germany). The one-

component Karl Fischer reagent, CombiTitrant 5, and methanol (analytical grade) 

were purchased from Merck (NZ) Ltd (Auckland, New Zealand). Magnesium 

chloride, sodium bromide, sodium chloride, and potassium nitrate were of 

analytical grade and supplied from Biolab (NZ) Ltd, or Ajax Finechem, (Auckland, 

New Zealand). High-purified water was used for Karl Fischer calibration (ion 

exchanged, distilled, and passed through a Milli-Q water purification system) 

(Millipore, Bedford, MA).   

 

 2.3.2 Sample preparations  

A few millimetres thick Eudragit RLPO powder beds were exposed to different 

relative humidities of 33, 56, 75, 94%, which were generated from saturated salt 
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solutions (Rockland, 1960), kept in tightly closed chambers (~10g RLPO/ 900cm2 

exposure surface area). For dry samples, the same thickness of the polymer powder 

bed was stored over phosphorus pentoxide (P2O5) in a vacuum desiccator for a 

week prior to use. Temperature and relative humidity in the chambers were 

monitored with HOBO data loggers (Scott Technical Instruments, Hamilton, NZ).  

The polymer samples were monitored for moisture content by thermogravimetric 

analysis (TGA) until equilibrium was reached (100 days).   

 

These samples were then measured for moisture content by thermogravimetric 

analysis (TGA), differential scanning calorimetry (DSC), and Karl Fischer titration 

(KFT) for method comparison. In a separate study, samples from the humidity 

chambers were then stored in an oven at 120 C for 15 minutes (simulated TGA 

heating program). The surface area to mass ratio of samples was the same as those 

in the TGA pans. The samples were then investigated for moisture content by 

weight loss, KFT, and DSC. Additionally, thermal behaviours of the moist, and oven 

dried samples were studied by DSC. For all study, the polymer powder was quickly 

mixed before sampling to ensure homogeneity, and weighed by a 5-digit analytical 

balance.    

 

 Moisture content determination 2.3.3

 

 2.3.3.1 Loss on drying (LOD) 

 

The samples were accurately weighed (~100mg of sample size used, n=1) before 

and after oven drying. Moisture content (MC) was calculated as: 

b

ab

W

WW
MC

100).(
(%)




 

 

where Wb = weight before drying and Wa = weight after drying 
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 2.3.3.2 Thermogravimetric analysis (TGA) 

 

Polymer samples (15-20 mg) were heated at 20C min-1 up to 150C in a Q50 TA 

instrument (USA), with TA instrument universal analysis 2000 software. Moisture 

content (%) was determined by the stable weight loss (%) at the temperature 

around 100 C, (n=3).  

 2.3.3.3 Differential Scanning Calorimetry (DSC)  

 

For DSC (calibrated for temperature and enthalpy with indium), polymer (about 8 

mg) was filled into sample pan and closed with a pin-holed lid. The sample was 

cooled to -90 °C then heated (first heat) to 80 °C at 50 °C /min (first heating to 

eliminate the relaxation endotherm of the Tg).  The sample was then cooled to -

75 °C, nominally at -20 °C /min, then heated (second heat) to 170 °C at 50 °C /min 

in order to determine the Tg of moist polymer and the moisture content. The 

sample was then cooled to -75 °C, nominally at -20 °C /min, and reheated (third 

heat) at 50 °C /min to 170 °C to determine the Tg of dry polymer. The Tgs are 

reported at the transition inflection point. The moisture content was estimated 

(n=1), from the sample mass, the area under the endotherm due to evaporation of 

water and assuming a water evaporation enthalpy of 2257 J/g (O’Neil, et al., 2001).  

A Q100 TA instrument (USA), with TA instrument universal analysis 2000 software 

were used for the DSC studies. 

 

 2.3.3.4 Karl Fischer volumetric titration (KFT) 

 

The sample (100-200 mg) was titrated using a 736 GP Titrino, Metrohm, (n=3). The 

one-component Karl Fischer reagent, CombiTitrant5 was used as a titrant, and 

methanol was used as a solvent. The mixture was calibrated against pure water 

prior to study. 
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 2.3.4 Morphology study 

 

After mounting onto aluminium stubs with double sided carbon tape and coating 

with a 25 nm gold palladium layer (Emitech 575X High Resolution Sputter Coater, E 

M Technologies Ltd, England), the surface of the sample was investigated by field 

emission scanning electron microscopy (SEM, JEOL JSM-6700F, JEOL Ltd, Japan). 

The accelerating voltage was 3 kV and the lower secondary detector (LEI) was 

used. 

 

 2.3.5 Types of water and kinetics of water loss by Fourier 

Transform Infrared Spectroscopy (FTIR) 

 

  2.3.5.1 Sample preparation and spectra collection

 

For each IR measurement, 5% of the sample was geometrically mixed with ground 

dried KBr and filled into a cup holder. The powder surface was then levelled by 

using a razor blade.  The sample holder was loaded into the IR chamber and the 

first spectrum was recorded immediately using the Diffuse Reflectance IR Fourier 

Transform Spectroscopy (DRIFTS) measuring mode with dry air purging (Varian 

Excalibur 3100 FT-IR (Varian Inc., USA) equipped with Pike Technologies Easidiff 

accessories (Madison, WI, USA)). Subsequent spectra were recorded every minute 

from one to ten minutes, then at 15, 30, 45, 60, 90, 120 and 150 minutes. The 

average of 32 scans (from 400 to 4000 cm-1), at 4 cm-1 resolution was recorded in 

triplicate for each sample (n=3).  

 

 2.3.5.2 Data manipulation  

 

OPUSTM software (Bruker Optik, Ettlingen, Germany) was used to analyse the water 

region (3100-3700 cm-1) of the spectra after converting the recorded spectra to 
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Kubelka-Munk units and KBr background subtraction. Of the entire range of the 

spectra (400-4000 cm-1, Figure 2.12) the wavenumber region from 2650 to 3750 

cm-1 was manually selected to perform normalization against dominant/stable C-H 

stretching peaks (around 3000 cm-1). In this study, “Min-Max normalization” was 

used to scale the minimum value to zero and the maximum value to two absorbance 

units (Figure 2.13a). Then the spectra were cut to the region of interest (3100-3700 

cm-1), smoothed by a Savitzky-Golay algorithm (13 points) to reduce noise, and 

baseline corrected manually to be ready for the curve fitting procedure (Figure 

2.13b) (Wartewig, 2003).  

 

 2.3.5.3 Data evaluation (curve fitting procedure) 

 

The Fourier self deconvolution and second derivative function were used to assist 

overlapping peaks-shoulder differentiation and to guide peak positioning (Figure 

2.14). The Levenberg-Marquardt algorithm was used for the curve fitting of the 

spectra. The band parameters (peak position, intensity and width) and band shape, 

including Lorentzian, Gaussian, or a mixture of both functions, were introduced to 

create a curve fitting model (Figure 2.16) which showed the lowest residual RMS 

error (< 0.007). Straight baseline integration was used to calculate the area under 

the curve (AUC). The AUCs for each peak were plotted as a function of time using 

PRISMTM (Graph pad ver 5.0). Various models were fitted by non-linear regression 

to the kinetic data and the Runs test was used to select the appropriate model. SPSS 

version 17.0 was used for statistical analysis. One-way ANOVA (analysis of 

variance), followed by Tukey’s pairwise comparison, at p-value < 0.05 was 

performed to test the differences of the kinetic parameters (k-values). 
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 2.4 Results and Discussion 

 

 2.4.1 The effect of humidity on moisture content determined using 

TGA 

 

A typical TGA thermogram from which the moisture content was calculated by 

determining the weight loss at 100 °C is shown in Figure 2.2. The polymer powder 

absorbed moisture to a level dependent on the RH of storage and reached 

equilibrium moisture content within 100 days. The level was the same after one 

year, p > 0.05 (Figure 2.3). However, the equilibration period would be expected to 

vary depending on, for example, hydrophilicity of the polymer, thickness of the 

powder bed, and temperature.   

Figure 2.2: A typical TGA thermogram, a single phase water loss was observed. 

 

4.682% 
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Figure 2.3: Change in moisture content over time of Eudragit RLPO stored under 
various relative humidities. Moisture content was determined by TGA. [33%RH (■), 
56%RH (●), 75%RH (▲), 94%RH ( )] Data are means ± SD (n=3). 
 
 

 2.4.2 The effect of humidity on moisture content and thermal 

behaviour determined using DSC 

 

Corresponding to the TGA results, the preliminary DSC studies (Figure 2.4) showed 

that the moisture uptake of the polymer increased with the increase in relative 

humidity under which the samples were stored. Further 3-heating cycle DSC 

experiments were carried out to examine thermal behaviour and to determine 

water content from the evaporation endotherm of the second thermogram (Figure 

2.5).  

 

During the first cooling step to -90 C (data not shown), no freezing exotherm was 

observed nor was a melting endotherm of water at around 0 C found during 

heating, suggesting an absence of bulk water (freezable water). The first heating 

showed evidence of the relaxation endotherm of the polymer separated from the 

evaporation endotherm. 
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Figure 2.4: DSC thermograms of Eudragit RLPO powder stored under different RH 
conditions (1st heating at the rate of 10°C/min).     

 
Figure 2.5: An example of a DSC thermogram of the polymer powder stored at 
94%RH (3 heating cycles at the rate of 50°C/min), in which the amount of water in 
the sample was estimated from the evaporation endotherm (2nd heating). 
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Subsequently the sample was cooled and then reheated and the Tg of the moist 

polymer determined in this second heating (Table 2.1; 2nd heat). In this run, 

moisture content of the polymer was calculated from the area under the 

evaporation endotherm using a value of 2257 J/g for the water evaporation 

enthalpy (O’Neil, et al., 2001).  

 
The third heating revealed the Tg of the supposedly dry sample, when no 

evaporation incident was observed (Table 2.1; 3rd heat). These Tgs were 

considerably higher than those of the moist polymer acquired from the second 

heating, suggesting that some of the water was having a plasticizing effect. 

However, the Tgs from the 2nd heat remained stable irrespective of the relative 

humidity or moisture content. It is hypothesized that different “types” of water 

exist in the polymer. 

 

 

Table 2.1: Glass transition temperature detected by DSC, and moisture content 
determined by four methods. Note: KFT* was performed immediately after loss on 
drying (LOD). Data are mean ± SD (n=3), except DSC and LOD (n=1).  
 

Treatment 

Tg (C) 
(Inflection point) 

Water content 
(%w/w) 

2nd 
heat* 

3rd heat* KFT TGA DSC LOD KFT * 

Silica gel 54.3 78.8 
0.90 

± 0.03 
1.06  

± 0.04 
0.50 
N/A 

0.86 
N/A 

1.08 
± 0.03 

33% RH 54.6 67.5 
2.68 

± 0.06 
1.81      

± 0.10 
0.45 
N/A 

1.58 
N/A 

1.38 
± 0.02 

56% RH 55.3 68.3 
4.46 

± 0.05 
2.45 

± 0.14 
0.90 
N/A 

3.57 
N/A 

2.15 
± 0.01 

75% RH 54.6 69.6 
6.30 

± 0.03 
2.91 

± 0.21 
1.40 
N/A 

3.90 
N/A 

2.09 
± 0.02 

94% RH 53.9 71.6 
9.88 

± 0.07 
4.73 

± 0.33 
3.41 
N/A 

8.57 
N/A 

2.05 
± 0.07 

 
*DSC samples were exposed to three heating cycles: the first to eliminate the 
relaxation endotherm, the 2nd to determine the Tg of the ‘moist’ sample, and the 3rd 
to determine the Tg of the ‘dry’ sample 
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 2.4.3 The effect of humidity on moisture content determined using 

KFT and method comparison  

 

The KFT method gave higher values for moisture content than those obtained using 

TGA and DSC (Figure 2.6). The chemical method, KFT, entails complete dissolution 

of the polymer, thereby releasing all water for the reaction suggesting this to be an 

accurate measure of total water content.  

 

 
Figure 2.6: Moisture content of Eudragit RLPO powder stored under various 
condition of RH for 100 days, determined by KFT (●), TGA (■), and DSC (▲). Data 
are means ± SD (n=3), except DSC data (n=1).   
 
 
 

Since the samples used in the TGA and DSC methods were too small to be analysed 

for residual moisture by the KFT method, larger samples, with the same surface 

area to mass ratio as the TGA samples, were put in an oven at 120 C for 15 

minutes, to simulate the TGA conditions. These samples were then analysed for 

moisture content by KFT (Figure 2.7a) and by DSC (Figure 2.7b). No evaporation 

endotherm was observed for these samples (Figure 2.7b) yet the KFT titration 

showed that there was still moisture in the samples. The sum of the moisture lost 
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during drying in the oven plus that detected by KFT is in reasonable agreement 

with the moisture content of the samples determined by KFT alone (Figure 2.7a) . 

 

 

 
Figure 2.7: A simulation of TGA method followed by KFT to reveal residual 
moisture, together with DSC analysis for comparison. (a) Moisture content 
determined by loss on drying (LOD), followed by KFT (stacked bar), in comparison 
with the previous KFT data alone (blue dotted bar). (b) DSC thermograms of oven 
dried samples (2nd heating), with an absence of evaporation endotherm for all 
conditions.   
 
 
 

It is apparent that some moisture was trapped in the oven heated polymer but no 

evaporation endotherm was observed in DSC thermograms (Figure 2.7b).  As 

shown in Figure 2.8, after completing thermal analysis by TGA, the polymer powder 

transformed into a transparent solid, suggesting that coalescence of the polymer 

particles occurred.  
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Figure 2.8: Typical appearance of a 94%RH sample in a platinum TGA pan, after 
completing the TGA analysis at 150ºC. Bar is 1 mm.  
 

 

The SEM images (Figure 2.9) of the polymer before and after TGA, confirm that the 

coalescence occurred during TGA analysis for both dry and moist samples, but to a 

greater degree with the moist samples (Figure 2.9 c and d). Even though there is no 

impervious layer covering the entire surface area of the pan, a non-porous film was 

formed around fused particles as shown in Figure 2.10 where the post-TGA moist 

sample was examined at very high magnification. It is postulated that this 

coalescence phenomenon prevents or limits water evaporation, leading to an 

underestimation of the amount of water present in the sample. The greater 

coalescence at higher relative humidity is consistent with the greater degree to 

which moisture content is underestimated.   
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Figure 2.9: SEM images of untreated dry polymer (a), untreated 94%RH polymer 
(b), post-TGA dry polymer (c) and post-TGA 94%RH (d). Bar is 100 µm.  
 

 

Similar SEM images  were found in the DSC samples (data not shown) confirming 

that coalescence occurred during the DSC scan, resulting in a lower value of 

moisture, even though the heating rate was faster than that of the TGA experiment. 

At the higher heating rate it might be expected that more moisture would evaporate 

before a complete coalescence occurs. This may be why TGA and DSC gave different 

values for the moisture content, but other factors such as, sample size and pan 

geometries/closures could be important. 
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Figure 2.10: SEM images of post-TGA 94%RH sample (Fig.9d) investigated at high 
magnification, showing a non-porous layer covering fused polymer particles. Bar is 
10 µm for (a) and 1 µm for (b-d).  
 

It is proposed that the thermal methods underestimate the moisture content of the 

polymer sample, and that there are various types of water in the polymer, some of 

which is tightly bound to the polymer requiring a dissolution process to free it for 

analysis. 
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Figure 2.11: Glass transition temperature (Tg) predicted by the Gordon-Taylor 
equation; when the difference of water content determined by DSC and KFT was 
used to calculate Tg of the dry polymer, at 81.5°C. The arrows show water content 
(%) corresponding to the average Tgs from DSC 2nd and 3rd heating data.   
 
 

 

 2.4.4 Gordon-Taylor equation and amount of plasticizing water 

 

The simplified Gordon-Taylor / Kelley-Bueche equation (Hancock and Zografi, 

1994) was used to predict the Tg of the polymer at a given water content, assuming 

the Tg of water to be -138°C (Chen, et al., 2000). 
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where Tg1, Tg2, Tgmix  correspond to Tg of the dried polymer, water, and mixture, 

respectively. w1 and w2 refer to mass fraction of the polymer and water. 1 and 2 

represent densities of the polymer and water.   
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The Tg of the sample dried over silica gel was 54.3 °C (2nd heating - Table 2.1). This 

sample lost 0.5 % water in this 2nd run leading to a Tg in the 3rd run of 78.8 °C. 

However, KFT showed that the sample dried over silica gel contained 0.9 % water 

and therefore the water remaining after the 2nd run was 0.4% (0.9% - 0.5% = 

0.4%). Assuming that this remaining water is plasticizing water, the Tg of the 

completely “dry” polymer, based on the Gordon-Taylor theory, is 81.5°C obtained 

by extrapolation from 0.4% to 0% moisture (Figure 2.11). The Gordon-Taylor 

equation predicts that the sample stored at 94% RH with a Tg of 53.9 °C  (Table 2.1) 

contains 2.8 % of plasticizing water (Figure 2.11). But the KFT indicates that this 

sample contains 9.88 % water; so only about one quarter of the total water is 

plasticizing water. Similarly, the 3rd run Tg of 71.6 °C (Table 2.1), corresponds to a 

plasticizing water content of 1.1 % (Figure 2.11) whereas the total water content is 

6.47%. In spite of the observation that about 75 % of the water is non-plasticizing 

water, there was no exotherm observed due to the freezing of bulk water when the 

sample was cooled to -90 °C and no melting endotherm on heating of the cooled 

sample.  

 

The concept of plasticising and non-plasticising water has been discussed by 

Campillo-Fernández et al (2008) who suggested that water can induce re-

organization of polymer chain conformations leading to hydrophobic aggregation 

and phase segregation at a nanoscale.  They found that the difference in Tg between 

dry and very wet polymer samples was only 7°C and largely independent of water 

content. No freezing exotherm was observed in thermograms suggesting the water-

rich nanodomains do not behave like bulk water (Campillo-Fernández, et al., 2008). 

A more recent study, which supports this finding (Krakovský and Székely, 2011), 

investigated water distribution in an epoxy network by DSC and small-angle 

neutron scattering (SANS). They also witnessed an absence of water crystallization 

in samples containing up to about 50% water, and attributed this to the isolated 

nano-sized domains (Krakovský and Székely, 2011).  Recently, the mean size of 

water filled domains was reported to be 4 nm (with a distribution of 1-1000 nm) 

(Hwang, et al., 2011).  
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This has important implications for understanding the role of water in the 

behaviour of polymeric matrix systems undergoing thermal treatment. During 

thermal treatment, it is understood that polymer particles undergo coalescence to 

form a stable matrix and thereby affect the release of drug (Krajacic and Tucker, 

2003). This coalescence is thought to occur provided the polymer is in the rubbery 

state (i.e. temperature > Tg) but the Tg is dependent on the level of plasticizing 

water present, not the total water present. However, the situation is further 

complicated by the possible role of nonplasticizing nanodomain water which may 

affect particle interactions by other mechanisms. It may also be that on heating 

above the Tg, the expansion of the polymer allows nanodomain water molecules to 

enter the polymer and become plasticizing water. This cooperative effect would 

reduce the Tg further and would lower the viscosity of the polymer.  Therefore, it is 

important to use complementary methods to quantify the water content of 

pharmaceutical polymers and to determine the types of water which may be 

present. 

 

 2.4.5 Types of water and kinetics of water loss by FTIR-DRIFTs  

 

 2.4.5.1 Types of water 

 

For each sample, the FTIR scan over time showed a clear reduction in intensity of 

the water region/ OH stretching area (3100-3700cm-1) upon dry air purging 

(Figure 2.12). This result suggested that sorbed water was evaporated and 

removed by dry air circulation in the FTIR chamber. Therefore the intensity of the 

“water” region gradually decreased. In order to differentiate and identify the types 

of water in the polymer and investigate water-polymer molecular interaction, a 

curve fitting procedure was used. This required several steps of data preparation as 

described in Section 2.3.5.2. 

 

To differentiate overlapping bands, a curve fitting procedure was introduced to 

decompose the area of interest by using a least-squares minimization algorithm. 
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Variables included: number of bands, band position, band intensity, band width, 

and band shape. Since the calculations depend on the selected model, it is crucial to 

create a sensible model with expected number of bands and an appropriate 

baseline, based on chemical viewpoints, literature reviews, and experimental data 

(Wartewig, 2003).     

 

 

 
Figure 2.12: Example of an FTIR scan over time (1-150 minutes) of Eudragit RLPO 
(stored at 94%RH) showing a reduction in intensity of the water region/ OH 
stretching area (3100-3700cm-1) upon dry air purging.   
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Figure 2.13: The intensity of the water region spectra decreased upon drying the 
sample in the FTIR chamber: (a) after normalization, (b) after smoothing, cut and 
baseline correction.  
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Figure 2.14: Example of the appearance of the spectra after derivatisation (Eudragit 
sample stored at 94% RH). 

 

 



Chapter 2 

60 

 

 

Figure 2.15: Optimal curve fitting model showing 5 underlying peaks with the 
respective peak position numbers. 
 

The 2nd derivative data (Figure 2.14) suggested that at least four underlying peaks 

and shoulders were present in the water region. Taking into account the “four state 

model” reported in a number of studies (Sammon, et al., 1998; Cotugno, et al., 2001; 

Thouvenin, et al., 2002; Lasagabaster, et al., 2006), the preliminary spectra were 

fitted with the four peak model. However, the residual RMS error was very high, 

and it was obvious that the calculated model could not represent the actual spectra 

(data not shown). Subsequently, a 5 peak model was used to fit all spectra, and it 

gave a reasonable low residual RMS error (0.003-0.007), suggesting that the model 

represented the spectra well (Figure 2.15). Next, the changes in AUCs of each peak 

over the time were investigated (for 150 min). The results showed that the AUC of a 

distinct peak with a peak maximum at 3442 cm-1 was constant over the period of 

time. It is proposed that this peak does not correspond to the water signal. 

According to its position at 3442 cm-1 and the polymer structure, this peak was 

assigned to an NH-stretching band, presumably from an amine residue from the 

polymerization process.     
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An important variable in curve fitting is the shape of the fitted curve. The spectral 

line shape results from absorption or scattering of the molecules which individually 

interact with their environment. The transition from the ground state to the excited 

state occurs when the IR beam hits the sample. The relaxation time which 

molecules require to return to the ground state is called the amplitude correlation 

time (a). If this time is substantially less that the coherence time (c), the excited 

molecule relaxes before incoherence develops, and the spectral line has a Gaussian 

profile. This typically applies to solids. Conversely, if c  a such as for molecules 

in the gas phase, incoherence becomes dominant, producing a Lorentzian profile. In 

the case of a liquid, the molecules are more likely to generate a mixed type 

Gaussian-Lorentzian profile (Bradley, 2010).  Thus, in the curve fitting process, for 

each spectrum, the NH-stretching peak was fixed as a Gaussian curve model, 

whereas the other (water related) peaks were fixed as a variable mixed type. 

 

The results from the curve fitting procedure shown in Figure 2.16 confirmed that 

the peak shape described above produced a reliable model and the NH peak was 

still stable over time. It can be seen that four water-related peaks in the OH 

stretching region (3100 -3700 cm-1) were detected and that their AUCs gradually 

decreased until only one type was left after 60 minutes.    
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Figure 2.16: Curve fitting models showing 5 underlying peaks.  The peak at 3442 
cm-1 was stable upon dry air purging and most likely corresponded to the NH 
stretching band of an amine residue from the polymerization process; (a-h) refer to 
the individual spectra after purging with dry air for  1, 5, 10, 15, 30, 60, 90, and 150 
minutes, respectively.  
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For peak identification, the weakest band at 3240 cm-1 was assigned to a dipole 

interaction of water with quaternary ammonium groups of the polymer, accounting 

for ~10% of the total water (Zhao, et al., 2007). The cluster (bulk-like) water peak 

was assigned as 3371 cm-1 (Thouvenin, et al., 2002). This represents the largest 

portion (45-50%) of the total water in Eudragit RLPO for all treatment conditions  

(Ide, et al., 2003; Lasagabaster, et al., 2006), the bands at 3480 cm-1 (25-30% of the 

total water), and at 3600 cm-1 (about 15% of the total water) were assigned to 

water molecules indirectly binding to the carbonyl groups, and those directly 

binding to the carbonyl groups of the polymer. The water which is indirectly 

binding is envisaged to bind to the polymer through other water molecules.  

 

A schematic diagram of different types of water interaction in this polymer is 

depicted in Figure 2.17, in which clusters of water reside in the microvoids between 

particles, and or in the nanodomains between polymer molecules. For instance, 

considering the mean diameter of the nanodomains to be 4 nm (Hwang, et al., 

2011), there would be approximately 1000 water molecules in this nanovoid, in 

which the water molecules in the middle of the nanodomain would become cluster 

type water rather than loosely bound water, because of its distance from the 

carbonyl group.  

 

The directly bound water (with the carbonyl group) presents as a monolayer, while 

the indirectly bound water is distantly associated with polymer through other 

water molecules (perhaps a few layers); thus it is less tightly bound. The dipole 

interaction of water with quaternary ammonium groups is also shown in the 

schematic (Figure 2.17).  
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Figure 2.17: Schematic diagram showing the postulated different types of water 
interaction in Eudragit RLPO polymer. Cluster water resides in the microvoids 
between particles, and in the nanodomains between polymer molecules at distance 
from the carbonyl groups. The directly bound water (with the carbonyl groups) 
presents as monolayer, whereas the indirectly bound water is associated with the 
polymer through other water molecules. The dipole interaction of water with 
quaternary ammonium groups is also shown. 
 
 
For quantitative analysis of the FTIR spectra, it has been assumed that the molar 

absorptivities are similar for all water species. Then the relative peak area can be 

used for quantification, according to Beer’s Law. However, it is possible that the 

molar absorptivities are dependent on the wavenumber in the O-H stretching 

region (Feng, et al., 2004). As the molar absorptivities for the H-bonded and non-H-

bonded species are unknown, the quantitative analysis and comparison in this 

study was performed based on the integral areas under the curve (AUCs) only.  
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  2.4.5.2 The kinetics of water loss      

 

The loss kinetics of all four water-related peaks were investigated by analyzing the 

decrease in AUCs over time. The water loss data (up to 150 minutes) were firstly 

fitted with a two phase decay model as shown in Figure 2.18 a. and b. However, due 

to its complexity and the fact that the model was not adequate (nonrandom 

residuals), the early stage of water evaporation (the first 10 minutes) was 

subsequently used to compare the kinetics of water loss of each type of sorbed 

water in the polymer by fitting first data with a one phase decay model (Figure 2.18 

c. and d.). This model described the data adequately as shown by the randomness of 

the residual plots (Figure 2.19).  

 

 
 
Figure 2.18: Kinetics of water loss over 150 minutes of the “dry” sample (a) and 
sample stored at 94%RH (b). Kinetics of initial water loss (the first 10 min) of "dry" 
sample (c) and sample stored at 94%RH (d). The insert indicates the approximate 
peak positions for each band.  
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Figure 2.19: Examples of an individual fit of the four water peaks obtained from the 
sample stored at 94%RH, modeled by a one phase decay, and its residual errors 
shown on the right. The W number in the box represents peak position (cm-1). 
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Table 2.2: Kinetic constants (k-value, min-1) of the initial water loss during the first 
10 minute of dry air purging (one phase decay) was used to model the decrease in 
AUCs of four water related peaks over time). The “W number” represents peak 
position (cm-1). Data are means ± SD, n=3. 
 

 

 

In the water loss kinetic analysis, the initial AUC (t = 0 min) for each water related 

peak was different; however, the initial decreasing rate constant (first 10 minutes) 

was the same for all states of water in the polymer (p>0.05). 

 

 

Figure 2.20: A possible model for the loss of water from the moist polymer powder 
upon dry air purging. WB = bound water and WF= free water. The model suggests 
that water in the surface layer into which the IR beam penetrates (1-10 µm), is 
replaced by water from the sublayer.  
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Initially it was expected to see differences in the kinetics of water loss in the moist 

samples on the assumption that, for example, cluster water (labeled WF (Figure 

2.20)) might be lost more rapidly than directly and indirectly bound water (WB). 

However, the water loss was similar for all types of water; there was no significant 

difference (P > 0.05) between the rate constants (Table 2.2). This may be due to the 

fact that the IR penetration into the sample is limited (1-10 µm, (Smith, 1996) or 

0.5-2 µm, (Sammon, et al., 1998)) and it is postulated that as some of the loosely 

bound/free water near the surface is lost, the equilibrium between the different 

types of water near the surface is rapidly re-established (Figure 2.20). A further 

complication is that there is diffusion of water from the sublayers to the surface. 

Consequently, the observed kinetic rate constant is dependent on multiple factors, 

not just the proportions of the different types of water present.  

 

 

Figure 2.21: Areas under the curve (AUCs) at time zero of the four types of waters 
under different humidity conditions (extrapolation of the one phase decay model). 
W 1,2,3,4 represent the four types of water with peak maxima at 3600, 3486, 3371, 
3244 cm-1 respectively. 
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The intercepts from the one-phase decay model provide estimates of the different 

types of water in the polymer after storage under different humidity conditions 

(Figure 2.21) There is an increase in total water sorbed in the polymer as the 

relative humidity of storage is increased, in agreement with the  Karl Fischer results 

(Table 2.1). The majority of sorbed water, identified as cluster water (W3), is 

thought to be in nanodomains, since our previous work using thermal techniques 

failed to observe any freezing exotherms (Pirayavaraporn, et al., 2012), and others 

have reported that water-rich nanodomains do not behave like bulk water 

(Campillo-Fernández, et al., 2008; Krakovský and Székely, 2011). 

 

In Section 2.4.4, it was reported that about 75% of the total water is non-

plasticizing water in Eudragit RLPO polymer kept at 94% RH, and this polymer 

contained 10% of total moisture, analysed by Karl Fischer titration 

(Pirayavaraporn, et al., 2012).  Thus 25% of the water is plasticising water. This 

corresponds to W1, the water peak at 3600 cm-1 , that is water directly bound to the 

carbonyl groups of the polymer, and presumably part of the indirectly bound 

fraction (W2, 3486 cm-1). At 94% RH, W1 is ~15% of the total water and W2 

accounts for 25% (Figure 2.21). What is clear from Figure 9c & d is that even 

nonplasticizing water affects the coalescence behaviour of Eudragit RLPO on 

heating. This is investigated in Chapter 3. 

 

The study of the kinetics of water loss from the FTIR sample is complicated by the 

limited penetration depth (1-10 µm) of the IR beam and the likelihood of diffusion 

of moisture from the powder bed to the powder surface. Apparently, the kinetics of 

water movement between the different types of water is rapid compared with 

diffusion from the bed making it impossible to show any differences between the 

rates of loss of the different types of water 
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 2.5 Conclusion 

 

It is concluded that different methods for the determination of water content of 

Eudragit RLPO produce different results. The reasons for the differences are (1) 

due to morphological changes in the polymer during thermal treatment thereby 

restricting the evaporative loss of water, and (2) due to the different types of water 

(plasticizing/nonplasticizing) in the polymer mass. It is cautioned that similar 

observations may be made on other pharmaceutical polymers but this will depend 

on the behaviour of the moist polymer on heating and its ability to interact with 

water. Only about one quarter (25 %) of the water in a sample of Eudragit RLPO 

which contains 10% water is ‘plasticising’ water. The remaining water is probably 

dispersed in nanodomains which do not freeze on cooling to sub-zero 

temperatures.  

 

Knowledge of the amounts and the different types of water present in a polymer is 

important in understanding the behaviour of polymeric matrix systems on thermal 

treatment. FTIR-DRIFTS can be used to distinguish between differently bound 

water in Eudragit RLPO and also to investigate the kinetics of the water loss. Four 

environments of water could be identified though it was not possible to determine 

if the different forms were lost from the powder at different rates. It is suggested 

that water was trapped in the polymer in different forms, which might have 

different effects on the “bulk”, physical/ mechanical, properties of the polymer and 

that both plasticising and nonplasticizing water affect coalescence on thermal 

treatment. 

 

The results of this chapter lead to investigations on the effect of water on the 

behaviour of polymer compacts on thermal treatment.  These investigations are 

reported in Chapter 3. 



Chapter 3:  

Effects of sorbed water and 

temperature on the compaction 

behaviour of Eudragit RLPO 

polymer  
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 3.1 Introduction 

 

Water can associate with pharmaceutical solids in various ways, such as crystal 

hydrate formation, deliquescence, mono- and multilayer adsorption onto the 

surface, and capillary condensation into microvoids. For amorphous solids, it is 

assumed that gaseous water is sorbed into the solid by two mechanisms: dissolving 

into the solid, following Henry’s law, and microvoid filling, in which the solid 

becomes saturated and reaches equilibrium when all voids are occupied (Zografi, 

1988).  

 

Moisture sorption influences the physical and chemical stabilities of the drug, 

excipients and the solid dosage. Moisture sorption affects flow, compaction 

behaviour, and hardness of both granules and tablets. Water interacts with 

pharmaceutical excipients in almost all manufacturing processes. Consequently, 

water-polymer interactions are a vital factor in pre-formulation, manufacture, and 

storage (Nokhodchi, 2005b). 
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Figure 3.1: Schematic diagram showing the classification of water sorbed in a 

polymer. 

  

This chapter reports on an investigation of the effect of water content and 

temperature on the compaction behavior of Eudragit RLPO. However, the literature 

ambiguously describes various types of water, often without definition. Since 

different types of water may affect compaction is different ways,  

Figure 3.1 is an attempt to clarify the terms which are used to describe the types of 

water associated with polymers in this study. 

 

Much of the literature on thermal treatment of matrix tablets and compaction 

considers the effect of plasticizing water (i.e. Tg effects) (Cotugno, et al., 2001; 

Steendam, et al., 2001; Blasi, et al., 2005). However, in Section 2.4.4 it was 

suggested that only 25% of the total water is plasticizing water (based on the 

Gordon-Taylor prediction) for Eudragit RLPO which had been stored at 94% RH. 

The FTIR results supported this with 15% being plasticizing water (Section 2.4.5). 

Therefore, an important question is what the effect of the other 75-85% water, 
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loosely bound or micro/nano domain water, is on compaction of polymer matrices 

particularly upon thermal treatment. 

The literature suggests a number of mechanisms by which this non-plasticizing 

water may affect compaction: as a lubricant; by softening particles; bridging 

between particles; by providing a capillary force; by smoothing microirregularities, 

and the disturbance of inter-molecular attractions by excess water. These are 

reviewed briefly below. 

 

 As a lubricant - Water sorbed in the particles lubricates the die wall, thus 

assisting transmission of the applied force through the tablet by the upper 

punch, and decreasing density variation (Rees and Shotton, 1971; Rees and 

Hersey, 1972).  The lubrication effect of water is believed to occur only 

during very high humidity conditions, i.e., more than 80% RH, when the 

friction between particles themselves and the friction between particles and 

the die wall reduces, assisting compression (Ahlneck and Alderborn, 1989a). 

 By softening particles - The nonplasticizing water may soften the surface 

of the particles so that when high pressure is applied, the contact area 

between particles increases due to plastic deformation, enabling more 

interparticle bonding, thus, increasing tensile strength (Nokhodchi, 2005b).  

 Bridging between particles – Tightly bound layers can be recognized as 

the part of the particles which reduce the distance between particle 

surfaces; hence increasing the intermolecular attraction forces (Coelho and 

Harnby, 1978b). In addition, the adsorbed layers can also penetrate the 

neighboring particles as a result of the increase in attraction forces (Turner 

and Balasubramanian, 1974).  

 Capillary force – Nonplasticizing water may condense at contact points 

between particles, creating liquid bridges (Coelho and Harnby, 1978a) and a 

capillary force due to the surface tension of the liquid bridges (Laplace 

pressure) (Cheong, et al., 2005). On thermal treatment, the particles would 

be drawn into closer contact due to evaporation of the water as is reported 

to occur in film formation during aqueous film coating (Steward, et al., 

2000).  
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 Smoothing microirregularities – Monolayer water which is tightly bound 

to the polymer smoothes out the surface irregularities, thus promoting 

compaction by reducing particle separation, and therefore increasing the 

Van der Waals forces (Nokhodchi, 2005b). 

 Disturbance of inter-molecular attractions - Multilayers of water which 

are understood to be loosely bound (due to being distantly associated with 

the polymer: binding through other water molecules), cause a decrease in 

tablet strength. This is attributed to the disturbance, and/or reduction of 

intermolecular attraction by multilayers of sorbed water at the particle 

surface when a large amount of water is present (Ahlneck and Alderborn, 

1989b; Nokhodchi, et al., 1995; Nokhodchi, 2005b). A decrease in tensile 

strength due to a reduction of contact area was found when the excess 

moisture filled the inter-particle voids (Garr and Rubinstein, 1992). 

 

The influence of moisture on the mechanical strength of compacts has been shown 

for a number of powders (Malamataris, et al., 1991; Garr and Rubinstein, 1992; 

Nokhodchi, et al., 1995; Nokhodchi, et al., 1997) and was attributed to the combined 

effect of inter-particle and inter-molecular forces. The monolayer bound water 

showed a positive effect supporting inter-particular bonding; however too much 

water was suggested to show a negative effect (Malamataris, et al., 1991). However, 

determining the effect of water on the physical properties of a polymer is 

complicated and largely depends on the nature of the substance itself, such as 

hydrophilicity and the possibilities for H-bonding. Differences in the level of 

interaction lead to changes in physicochemical properties of the polymer, i.e., 

viscoelasticity, mechanical moduli, deformation behaviour, and degradation 

(Cotugno, et al., 2001). 

 

The experiments reported in Chapter 2 suggest that based the Gordon Taylor 

prediction not all of the water is plasticising water. According to the FTIR study the 

majority of non-plasticizing water is cluster water (~50% of the total AUCs, Section 

2.4.5), which is suggested to reside in isolated nano-domains in the polymer and 
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does not behave like bulk water (no thermal events observed) (Campillo-

Fernández, et al., 2008; Krakovský and Székely, 2011; Pirayavaraporn, et al., 2012).  

 3.2 Chapter aims 

 

The aim of this chapter was to investigate the effect of moisture content of the 

polymer, together with the moisture and temperature of the curing atmosphere, on 

the compaction behaviour of Eudragit RLPO.  

 

 3.3 Materials and methods 

 3.3.1 Materials 

 

As described in Section 2.3.1. 

 

 3.3.2 Eudragit RLPO preparation 

 

A few millimetres thick Eudragit RLPO powder beds were exposed to different 

relative humidities of 33, 56, 75, 94%, which were generated from saturated salt 

solutions (Rockland, 1960), kept in tightly closed chambers (~10g RLPO/ 900cm2 

exposure surface area). For dry samples, the same thickness of the polymer powder 

bed was stored over phosphorus pentoxide (P2O5) in a vacuum desiccator for a 

week prior to use. Temperature and relative humidity in the chambers were 

monitored with HOBO data loggers (Scott Technical Instruments, Hamilton, NZ).  

The polymer samples were monitored for moisture content by thermogravimetric 

analysis (TGA) until equilibrium was reached (100 days).  Polymer samples were 

analysed for water content by Karl Fischer titration (Section 2.3.3.4). For all study, 

the polymer powder was quickly mixed before sampling to ensure homogeneity, 

and weighed by a 5-digit analytical balance. 
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 3.3.3 Tablet compression  

 

Eudragit RLPO tablets (200 mg) were prepared using a laboratory press (F. Carver 

Inc, USA), compressed at 3 tons and 2 min dwell time (13 mm round flat punch set). 

To avoid chipping, the punches were brushed with magnesium stearate powder 

and wiped off. After compression, tablets were heated at 40, 55 or 70 C, at ambient 

RH or at the previous storage relative humidities of the polymer (Section 3.3.2) for 

24 hours. (HOBO data loggers was used to monitor temperature and relative 

humidity) Then the tablets were kept in tightly closed containers at ambient 

temperature prior to further studies.    

 

 3.3.4 Water content determination  

 

Karl Fischer volumetric titration was used. Tablets were crushed and weighed 

accurately before being titrated with Karl Fischer reagent, using a 736 GP Titrino 

(Metrohm), which was calibrated against Milli-Q water (Millipore, Bedford, MA.), 

(n=1). In addition the tablets were weighed before and after curing (presumably, 

the change in tablet weight is directly related to the moisture gain or loss).  

 3.3.5 Thickness, diameter and volume of tablets 

 

The diameter and thickness of the tablets were measured using a digital Vernier 

callipers (Gudgen digital Vernier Calliper, China) at three different positions for 

each tablet (n = 5 tablets). The volume of the tablet was calculated by: 

 

   (
  

 

 

) 

where V = volume (mm3), h = thickness (mm), and d is the diameter of the tablet 

(mm)  
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 3.3.6 Mechanical properties  

 

A texture analyzer (TA HD Plus Texture Analyzer, Stable Micro Systems), equipped 

with a 250 kg load cell was used to study the mechanical properties of the tablets 

(n=5 tablets for each condition). Tablets were diametrically compressed at a rate of 

0.05 mm/s. Tensile strength of the tablets was calculated as:  

 

   
      

       
 

 

where TS = tensile strength, Fmax =the maximum force required to break the tablet, 

d = the average diameter, and h = the average thickness of the tablet after curing. 

Work to first fracture was also calculated from the area under the stress-strain 

curve (AUC) to the maximum force required to break the tablet.  

 

 3.3.7 Morphology of tablets 

 

 3.3.7.1 Scanning electron microscopy (SEM) 

 

After mounting onto aluminium stubs with double-sided carbon tape and coating 

with 15 nm gold palladium (Emitech 575X High Resolution Sputter Coater, E M 

Technologies Ltd, England), the surface and cross section of the tablets were 

investigated by field emission scanning electron microscopy, SEM, (JEOL JSM-

6700F, JEOL Ltd, Japan). The accelerating voltage was 3 kV and the lower secondary 

detector (LEI) was used.   

 3.3.7.2 X-ray micro tomography (µ-CT) 

 

A high resolution system was used (Skyscan, Kartuizersweg 3B, 2550 Kontich, 

Belgium) with a source voltage of 59 kV and the image pixel resolution of 3.2 µm. 
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The tablets were attached to a sample holder which was placed between a cone 

beam fixed X-ray source and the detector (11Mp, 12-bit cooled CCD fiber-optically 

coupled to scintillator).  Image J software was used for the 3D reconstruction and 

investigation of pore structure and porosity of tablets from a series of cross-

sectional images.  

 

The porosity (%) of the tablet was averaged from 350 slices of 2D images by using 

the Image J programme on the basis of the contrast difference of images. Because of 

the shrinkage of some tablets, an analytic 10 mm circle was created for each tablet 

to standardize the area of quantification.   

 

 3.3.8 Opacity of tablets 

  

Tablets were cut to an appropriate size and placed into a quartz cuvette (10 x 10 x 

35 mm), perpendicular to the light source. The UV/Visible spectrophotometer 

(Ultrospec 2000, Pharmacia Biotech) was used to quantify the transparency of the 

tablets at a wavelength of 600 nm at three points on each tablet (upper, middle and 

lower part, n=3 tablets for each condition).  

 

 3.3.9 Statistical analysis 

 

SPSS version 17.0 was used for statistical analysis. One-way and Two-way ANOVA 

(analysis of variance), followed by Tukey’s pairwise comparison, at p-value < 0.05 

was performed. 
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 3.4 Results and discussion 

 
The various experimental conditions used and corresponding results are shown in 

Figure 3.2.  

 

Figure 3.2: Summary of experimental conditions used in this chapter (Chapter 3), 
and the corresponding results.  
 

 

 3.4.1 The effect of humidity during curing on the physical 

properties of the tablets 

 

After compressing the dry (0.9% moisture by KFT) RLPO polymer into tablets, the 

samples were cured at 70°C in various humidity conditions for 24 hours in order to 
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examine the effect of relative humidity during curing.  After cooling, tablets (n=5) 

were tested by texture analyser (Figure 3.3). 

 

Figure 3.3: The effect of relative humidity (Dry-94%RH) during curing on the 
mechanical properties of polymer tablets made from dry polymer when the tablets 
were cured at 70°C for 24 hours. The curves were selected from each condition to 
show an example of typical responses in the force-time profile.   
 

From Figure 3.3 it is clear that the presence of moisture in the humidity chamber 

resulted in a marked increase in the tensile strength of the tablets. Fmax was up to 6 

times higher in the tablets cured in the 94%RH condition, compared to those cured 

in the dry condition. Therefore, during the curing period, the atmospheric moisture 

sorbed into the dry tablet facilitated coalescence and compaction processes, thus 

producing a stronger compact.  

 
At 70°C, which is above the polymer Tg of approximately 55°C (see Section 2.4.2) 

the polymer is in the rubbery state, thus the chance of water interacting with the 



Chapter 3  

82 

 

polymer during curing may increase due to an increase in the mobility of the 

polymer chains. Similarly for crystalline materials, it has been reported that during 

storage, exposure to humid air markedly alters the strength of sucrose and sodium 

chloride tablets (Alderborn and Ahlneck, 1991), thus highlighting the importance of 

moisture control during both curing and storage.   

 

Based on these findings, subsequent experiments were designed to investigate the 

effects of different moisture levels (ranging from about 1 to 4.5% moisture content, 

Section 2.4.2), and curing temperatures (40, 55, or 70°C in dry or moist conditions), 

on tablets made from the “moist polymer”. Firstly, the effect of moisture in the 

humidity chamber on the moisture content of the cured tablet was investigated. 
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Figure 3.4: The effect of curing at various temperatures and relative humidities on 
the moisture content (a) and weight (b) of tablets.  The y-axis shows the change in 
the variables expressed as a percentage of the weight before curing. The moist 
tablets were cured either under dry condition (the shaded bar), or at previous 
storage RH (striped bar), at 40, 55 or 70°C for 24 hours. Data are mean ± SD, n=5 
for weight change study. 
 

 

When looking at the overall trend, the change in moisture content (n=1), (Figure 3.4 

a) of the tablets trended with the change in weight of tablets (n=5), (Figure 3.4 b). 

Thus the weight changes which correspond to moisture gain or loss during the 

curing period are used to define the effect of humidity in the curing process. Note 

that some of the moisture may be lost into the atmosphere during the preparation 

period (crushing the tablet into powder by pestle and mortar) before titration 
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(KFT). Thus the moisture detected by KFT underestimated the moisture content in 

the moist tablets, and the percentages of weight and moisture changes were not 

identical. 

 

Results show that the moisture loss from these moist tablets on curing under dry 

conditions was relative to their previous moisture content, and was dependent on 

temperature. Alternatively, curing the tablets under their previous storage 

humidities may protect the moisture loss from the sample, especially at high 

temperatures (the moisture content of tablets cured at 70°C under a given relative 

humidity was approximately the same, with moisture contents of 2.2% at 33 %RH, 

4% at 56 %RH, and 4.5% at 75 %RH). However, the experimental data suggest that 

a small amount of moisture gain can occur, as seen in the 56%RH sample despite 

the fact that the humidities were the same as in polymer preparation (monitored by 

HOBO® data loggers). This might be due to an uneven distribution of moisture 

sorption in the polymer powder during storage (although the powder bed was very 

thin), which permitted more moisture to sorb into the dryer parts of these tablets.  

 

Alternatively, it is suggested that the binding of water with the polymer is 

temperature dependent leading to a shift in the equilibrium moisture content 

versus RH profile (Figure 3.5).  
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Figure 3.5: Equilibrium moisture content of Eudragit RLPO tablets at various curing 
temperature (40, 55, 70 C) compared to that before curing (20C). Karl Fischer 
titration was used to analyzed moisture content (n=1).  
 

 

Overall these results suggest a tendency to lose more moisture under dry curing, 

especially at high temperatures. Therefore, it is concluded that maintaining the 

relative humidity during the curing process is a crucial step when investigating the 

effect of sorbed moisture. Next, the changes in physical properties, including 

diameter, thickness, volume, and density, were investigated and compared between 

dry and moist curing conditions.  

 

Looking at dimensional changes of the tablets, it is seen (Figure 3.6 a) that after 

curing the thickness of the tablets increased for all conditions due to vertical 

relaxation of the compression created during tableting.  Moreover, these tablets 

reduced in diameter after curing above the Tg (70°C) for all samples in both dry 

and moist curing (Figure 3.6 b). This phenomenon occurred to a greater extent 

when more moisture was present in the high humidity chamber. Additionally, 

shrinkage was also found in the 75%RH sample cured at the Tg (55°C), 

representing about 4.5% in moisture content. Change in tablet volume was 

calculated from diameter and thickness changes. For this variable, only the 75%RH 
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sample, which was cured under moist condition at 70°C, showed a decrease in 

volume. This may be due to a superior coalescence occurring above the Tg in the 

presence of high moisture content (as seen in Figure 2.9, Section 2.4.3 where no 

compression pressure was applied).  

 

The density of the tablets was calculated from weight and volume. In the highest 

humidity and highest temperature curing condition (75%RH/ 70°C), the tablet was 

denser, which implied a lower porosity, whereas in all other conditions density was 

reduced (Figure 3.7). It is suggested that under thermal treatment, relaxation of the 

compact occurs (thickness increases, (Figure 3.6 a)) and coalescence of the polymer 

particles causes a reduction in diameter (Figure 3.6 b) so that the resultant density 

is dependent on the magnitude of these events. High coalescence at 75%RH/ 70°C 

results in an increase in density (Figure 3.7). This is discussed later in Section 3.4.3 

(see Figure 3.13).  
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Figure 3.6: The effect of curing at various temperatures and relative humidities on 
the thickness, diameter, and volume of tablets.  The y-axis shows the change in 
these variables expressed as a percentage compared to that before curing. The 
moist tablets were cured either under dry conditions (the shaded bar), or at 
previous storage RH (striped bar), at 40, 55 or 70°C for 24 hours. Data are mean ± 
SD, (n=5).  
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Figure 3.7: The effect of curing at various temperatures and relative humidities on 
the density of tablets. The y-axis shows the change in density expressed as a 
percentage of the density before curing. The moist tablets were cured either under 
dry condition (the shaded bar), or at previous storage RH (striped bar), at 40, 55 or 
70°C for 24 hours. Data are mean ± SD, (n=5). 
 

 

 3.4.2 The effect of moisture on the mechanical properties of the 

tablets 

 

A texture analyser was used to acquire the stress-strain profile for each tablet. 

Figure 3.8 illustrates how the tablet was placed against the loading force. A 

camcorder was also used to capture and study the breaking behaviour and the 

stress-strain profile.  
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Figure 3.8: A tablet was placed perpendicular to the 10 mm cylindrical probe in the 
mechanical testing by TXHD texture analyser. The peak of the stress-strain profile 
appeared when the first diametrical crack occurred.  
 

Examples of the stress-strain profiles can be found in Figure 3.9, which compares 

dry versus moist curing conditions, where all samples were cured above the Tg of 

the polymer. Firstly, it can be seen that the tablets were stronger in the high 

moisture curing condition as the force to break a tablet increased (the Fmax was 

measured at ~200 N for 56%RH condition and ~300 N for 75%RH condition, which 

were twice as much compared to the dry curing of the moist tablets). The initial 

part of the force-displacement profile, where a lower force is applied to the tablet 

(20% of Fmax; shown as region 1 to 2 in Figure 3.9), represents the tangent modulus 

(slope), also called Young’s modulus, and indicates the stiffness of the elastic 

material. There was no obvious alteration observed in this region; however, the 

profile pattern changed in the high stress region (80% of Fmax; shown as region 3 to 

4 in Figure 3.9). In this region, the stress-strain profile of high RH, moist curing 

samples was no longer linear (56 and 75% RH), indicating a change in deformation 

behaviour from elastic to plastic deformation. This data suggests that, in a very high 

moisture environment, stronger inter-particular bonds form, characterised by a 

strain hardening region opposing the applied force in the plastic region prior to 

fracture. This phenomenon did not occur in the dry curing of the same RH samples, 
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which was probably due to the moisture lost upon curing at high temperature 

(70°). It is therefore confirmed that maintaining moisture during the curing process 

is essential to investigate the effect of sorbed moisture of the tablets. Consequently, 

further mechanical investigations were performed on the moist cured tablets only 

(curing under the previous storage humidities). 

 

The combined effects of moisture content and curing temperature on tensile 

strength and work required to break the tablets are presented in Figure 3.10. The 

tensile strength and the work required to break the tablet were calculated as stated 

in Section 3.3.6.  
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Figure 3.9: Examples of typical stress-strain profile of RLPO tablets cured at 70°C 
for 24 hours, under dry and moist condition, in which the previous storage 
humidity was used as moist atmosphere.  The label 1 and 2 indicate the range of the 
curve responding to 20% of Fmax, and the label 3 and 4 indicate the range of the 
curve responding from 80% to the Fmax, which were used to study elastic-plastic 
behaviour. The Fmax values are displayed at the top-right corner of each profile.   
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Figure 3.10: Tensile strength of the tablets (top), and work to the 1st fracture 
(bottom) after curing at different temperatures and relative humidities, in relation 
to the moisture content. Data are means, (n=5).  
 
 

In the control condition at 40°C (i.e below the Tg of approximately 55°C for all 

conditions, which was acquired from the 2nd heating in the DSC analysis, Section 

2.4.2), where the polymer is in its glassy state and the segmental mobility is low 

(Zografi, 1988), there was virtually no alteration in the tensile strength and the 
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work required to break the tablets when moisture increased. At 55°C (= Tg), when 

the segmental mobility is higher (Zografi, 1988) compared with that at T < Tg, there 

was a marked increase in both tensile strength and work to fracture at 4.5% 

moisture (75%RH) (Figure 3.10). Lastly, at 70°C ( Tg), there was a dramatic 

increase in both tensile strength and work to fracture, which was augmented when 

the moisture content reached 4% (56%RH and 75%RH conditions).  

 
It is concluded that, when there is adequate moisture, moisture promotes 

interparticular diffusion, whereby the polymer segments diffuse and interchange at 

the contact surface of the adjacent particles, and thus produces a stronger compact. 

This effect appears to be more noticeable after the polymer segments start to move 

at around Tg (in addition to its plasticising effect on the Tg suppression).  

 

 

Figure 3.11: The slope of the initial stress-strain profile which was analysed to 20% 
of Fmax (region 1 to 2 as shown in Figure 3.9).  Tablets were cured at different 
temperatures and relative humidities. Data are means ± SD, (n=5).  
 

 

Figure 3.11 shows the slope of the stress-strain profiles, which were divided into 2 

parts (as illustrated in Figure 3.9) and analysed. Figure 3.11 represents the slope of 

the stress-strain profile (Young’s modulus) from the beginning up to 20% of the 
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applied force, in which presumably the pressure was low enough to cause elastic 

deformation. The results show that Young’s modulus increased considerably 

(steeper slope) when the tablets were cured at 75%RH for both temperatures (55 

and 70C). This suggests that tablets become stiffer after curing at or above the Tg 

in the presence of moisture.  

 

At high compression force (80% of the Fmax), the stress-strain profiles of the 

samples containing high moisture (56, 75%RH/ 70°C) lost their linearity (as shown 

in Figure 3.9), due to an increase in the plasticity in which strain hardening 

occurred. Therefore, the actual slopes were not taken into account. However, the 

curvature of the profile toward the end of the applied force indicates a change in 

the deformation behaviour and the samples to be plastically deformed at the high 

humidity conditions. Alternatively, by considering the ratio of the slopes which 

obtained from the elastic region (low applied force) over those from the plastic 

region (high applied force), the results also revealed that there was a change in the 

deformation behaviour (ratios increased with increasing humidity). Moreover, 

these samples were markedly tougher as shown in Figure 3.10 (a remarkable 

increase in the work required to break tablets), which could be related to the 

plastic deformation mediating the bond formation of the tablets (Malamataris, et al., 

1996).  
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 3.4.3  The effect of moisture on the morphology of the tablets 

 

Coalescence of polymer particles leads to less light scattering. Therefore, greater 

translucency takes place with curing (Steward, et al., 2000). It is obvious that as the 

moisture content increased, more transparent tablets were formed (Figure 3.12)  

 

 

Figure 3.12: Absorbance at 600 nm of RLPO tablets cured at 70 °C for 24 hours with 
different moisture conditions. Data are mean ± SD (n=3).  
 

Remarkably, after curing the 94%RH sample, which contained approximately 10% 

moisture, the tablet almost transformed into a clear tablet with some pores or 

pockets trapped inside, as shown in Figure 3.13. These could be clearly seen with 

the naked eye. From the SEM images, major coalescence at 70°C for both 75%RH 

and 94%RH was found; however, this was limited at 56%RH, and at 33%RH there 

was little obvious coalescence.  
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Figure 3.13: Tablet morphology from a digital camera image (left hand images) and 
SEM images of tablets cured at 70 °C for 24 hours, under different relative 
humidities (bar = 100 µm).  
 
 

Even though all of these tablets were cured above Tg of the polymer, the effect of 

moisture can still be observed. The particle microirregularities were smoothed out 

until no boundary was perceived with increased moisture, suggesting that 

coalescence among adjacent particles occurred. 
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It is proposed that the higher degree of coalescence achieved is not due to the 

plasticizing effect of water, since the Tgs of moist polymers were found to be the 

same (Section 2.4.2). Consequently, this amplified effect of water on the coalescence 

results from a combination of other mechanisms.  

 

Firstly, internally absorbed water softens the particles, making them easier to be 

compressed, and creating a greater true contact area which facilitates inter-particle 

diffusion of segments of the polymer chains (Nokhodchi, 2005b). Secondly, liquid 

bridges between particles may pull them close together by capillary force due to 

evaporation of the water (Coelho and Harnby, 1978b; Ahlneck and Alderborn, 

1989a). Once the particles are in contact (or close enough), the water layers can 

penetrate into the neighbouring particles (Turner and Balasubramanian, 1974), 

promoting inter-particle diffusion of segments of the polymer chains. Thus the 

coalescing process of pseudolatex polymers can be referred to as film formation, 

and is described below.  

 

It is certain that moisture drives the coalescence process up to another level, 

especially at the Tg. The effects of moisture at temperatures around Tg are due to 

increases in mobility of both the polymer and water at temperatures above the Tg 

(Taylor, et al., 2001). At T < Tg, the polymer is in the glassy state, hence the water is 

somewhat restricted. However, when the mobility of the polymer increases with 

temperature, the constrained water is presumably released and becomes more 

active, therefore enhancing the interaction. This can be clarified by the Einstein-

Stokes diffusion equation, which states that the diffusion coefficient is proportional 

to the temperature but inversely proportional to the viscosity. At high temperature 

at which the diffusion of polymer segments occurs (i.e. at and above the Tg), the 

viscosity reduces exponentially, resulting in a greater viscous flow, supporting the 

coalescence of polymer particles (according to the Frenkel-Eyring theory (Martins, 

et al., 2000; Uğur, et al., 2003)).  It is possible that the previous non-plasticizing 

water residing in the voids transforms to plasticizing water during this stage and 

drives the coalescing process even further. 
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Another factor which influences drug release is the tortuosity of the channels 

within the polymer meshwork. Drug particles must go through these channels in 

order to be released into the dissolution medium. This is especially true for 

hydrophobic polymers. These channels can be examined by using an X-ray 

tomography as reported in the next section.   

 

 3.4.4 The effect of moisture on the porosity and the change in pore 

structure as determined by X-ray micro-tomography 

 

As stated above, the pore structure is a factor to regulate the drug release. Thus X-

ray tomography was employed to investigate the pore area throughout the entire 

tablet. The reduction in porosity of the Eudragit meshwork during curing which 

prolongs the drug release has been reported (Azarmi, et al., 2005). The porosity () 

of a tablet can be calculated as:  

    

      


    

 

where true  refers to the true density of a material and tablet refers to the density of 

a tablet (Douglas, 1947)  

 

Theoretically, true density is calculated from the molecular weight and the 

crystalline lattice acquired from X-ray powder diffraction. Practically, the true 

density is commonly measured by helium pycnometry, which gives comparable 

results to the X-ray method. Since helium can penetrate into all the minute pores 

and crevices, the true volume of the solid can be measured; as a result, an accuracy 

of 0.02% can be obtained under optimal conditions (Viana, et al., 2002). However, a 

systematic error occurs when helium pycnometry is used for a water-containing 

powder (Sun, 2004, 2005a). Moisture sorption interferes with the true density in 

two ways: firstly, the mass is increased by sorbed water and secondly the measured 

volume is underestimated because of the water vapor occupying the headspace, 

and ultimately altering the pressure of the gas phase in the measuring chamber of 

the pycnometer.  It has been reported that the true density of moist 
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microcrystalline cellulose, MCC was overestimated in the literature by 3.6-14.2 % 

(Sun, 2005b).  Thus an alternative to helium pycnometry is of interest. 

 

X-ray tomography is a promising solution to investigate not only the pore structure, 

but also the approximate percentage pore area, that is the porosity. 

 

 
Figure 3.14: An example of a 3D reconstructed image of an Eudragit RLPO polymer 
tablet by using the X-ray micro-tomography. This method enables both surface and 
cross-sectional observation.   
 

 

The tablet was X-ray scanned at a high resolution of 3.2 micron, and more than 400 

cross-sectional 2D images were obtained per tablet, before reconstructing them 

into a 3D image as shown in Figure 3.14. Observing the pore structure alterations 

can be simply achieved by dragging the red line in Figure 3.15A down for different 

cross-sectional depths, and the image of the tablet will continuously change slice by 

slice as shown in Figure 3.15B. The pore area is shown in black while the polymer 

area is shown in grey due to the differences in density. Thus the pore area can be 

calculated using image analysis software (Image J, see Section 3.3.7.2). As shown in 

Figure 3.16, because of the shrinkage of some tablets, a 10 mm circle was created 
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for each tablet to standardize the area of quantification.  It is apparent that the RH 

upon curing influenced the overall pore area and the pore size (as the humidity 

increased, the number of pores decreased, but larger pore sizes were observed) 

           

Figure 3.15: The samples were placed in the X-ray micro tomography (µ-CT 
scanner) and stacked on top of one another using silicone (A). Examples of X-ray 
tomographic images of tablet 1 (94%RH) show a slight change in pore structure 
from the top slice to bottom slice of the same tablet (B).   
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Figure 3.16: X-ray micro tomography images from the centre of each tablet cured at 
70 °C for 24 h, under different relative humidities (A-Dry, B-33%RH, C-56%RH, D-
75%RH, E-94%RH). The 10 mm red circle shows the standardized area for analysis. 
 

 

Using this technique, it is possible to move from the tablet surface down through 

the tablet, calculating the pore area in each of the cross-sectional images, and 

thereby observe changes in the pore structure with distance from tablet surface 

(Figure 3.17). From these X-ray images, it is apparent that the pore structure varied 

in relation to the moisture content (Figure 3.16), and with a closer look into the 

fluctuation of these pore areas, it can be seen that the distribution of the pores 

varies with distance from the tablet surface. For instance, in the 33%RH sample 

(Figure 3.17B), the pores are approximately uniformly distributed throughout the 

tablet, whereas in the 94%RH sample (Figure 3.17E), there is a marked difference 

in the pore area throughout the tablet. 
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Figure 3.17: The graphs show the fluctuation of the pore area (%) in each tablet 
cured at 70 °C for 24 h, under different relative humidities (A-Dry, B-33%RH, C-
56%RH, D-75%RH, E-94%RH). The 350 images were analysed from top to bottom 
of a single tablet. 
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Figure 3.18: Average pore area (%) in the samples with different moisture content, 
showing a sharp decrease in the “visualized porosity” of the tablets containing more 
than 5% of moisture. Data are averaged from 350 cross-sectional slices per tablet.   
 
 
Figure 3.18 reveals that the average pore area percentage, “visualized porosity”, 

decreased sharply when more than 5% of moisture existed in the sample, with 

about 15% of pores in the 75%RH and only 5% of pores in the 94%RH condition 

(approximately 50% and 80% reduction in porosity when compared to that of the 

dry condition). It is suggested that moisture not only influences pore size and 

distribution, but also has an impact on the porosity. 

 

Abdel-Hamid and Betz (2011) reported that the porosities of compacts reduced as 

water activity increased for lactose, mannitol, and calcium hydrogen phosphate 

dihydrate (Emcompress®). They suggested that upon an increase in moisture, the 

condensed water at the contact area of the powder promotes cohesion between 

particles by the formation of liquid bridges (Abdel-Hamid and Betz, 2011). There 

are however, various other possible mechanisms in which sorbed moisture affects 

the bond formation and the coalescence of polymer particles:  
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By reducing the friction between particles, particle slippage and re-arrangement 

are promoted, which in turn assists powder compression (Abdel-Hamid and Betz, 

2011). Furthermore, a softening effect of water on the surface of polymer particles 

could take place when polymer powder is subjected to the high pressure, thereby 

increasing the area of contact (Nokhodchi, 2005b). Similar to the film formation, the 

capillary force arising from water evaporation during the curing process, can cause 

particles deformation and, as a result, the increase of contact area. Subsequently, 

the annealing of the particles leads to void closure, then inter-diffusion of polymer 

chains, followed by healing at the polymer-polymer interface. When the healing 

process is complete, the boundaries of particles disappear and are indistinguishable 

within the bulk material (Pekcan and Arda, 1999; Arda and Pekcan, 2001). It was 

that the moist Eudragit RLPO tablets showed a denser meshwork after curing at or 

above its Tg. The remarkably higher degree of coalescence at high humidity was 

also observed from the SEM images.  

 

It is proposed that heating the polymer in the presence of water will have a 

synergistic effect on the coalescing polymer meshwork. As the segmental mobility 

of the polymer increases with a much lower viscosity above the Tg, the water 

previously residing in the nano-domains may be released resulting in a higher 

degree of coalescence. This water now actively interacts with the polymer which 

may reduce the Tg even lower during the curing period, increasing the resultant 

coalescence.    

 

 3.5 Conclusion  

 

In conclusion, moisture sorbed in the Eudragit RLPO polymer influences tablet 

formation and the physical properties of the tablet. This occurred at high humidity 

and at curing temperatures around or above the Tg. Moisture control in the entire 

manufacturing process is therefore crucial, as moisture sorption during curing has 

been shown to support powder compaction. 
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The non-plasticizing water appears to have a remarkable effect on polymer 

coalescence behaviour, as a higher degree of coalescence is achieved with 

increasing moisture, despite similar Tgs reported for all samples in Chapter 2. 

Furthermore, it is possible that the non-plasticizing water at the beginning is able 

to plasticize the polymer further after the increase in mobility of the polymer 

chains at the Tg during the long curing period (24 hours), which results in a 

number of changes to the physical properties of the tablets.  

 

The mechanistic evaluation illustrates that moisture enhances the compactibility, 

reflected as a profound increase in the tensile strength and work of failure. These 

consequences are intensified with high amounts of moisture, and start to be 

perceived at the Tg. The change in deformation behaviour from elastic to plastic 

deformation was also found when high pressure was applied in very moist samples.  

 

The morphology investigation indicates a higher degree of coalescence in the 

presence of moisture. Tablets turned into a transparent solid with low light 

scattering. In the very moist sample, SEM images show coalesced particles, from the 

loss of edges of particles, to the disappearance of the particle boundary. A marked 

decrease in porosity was found in 94%RH sample which contained 10% of 

moisture (80% reduction comparing to the dry sample).  

 

X-ray- micro tomography can be used to examine the porosity and pore structure 

inside the sample. Specifically, it is useful for moisture containing samples, where 

the conventional Helium Pycnometry may in inaccurate true density values.  

 

The profound effect of moisture and temperature on the compaction and 

coalescence behaviour of Eudragit RLPO seems to be a synergistic action, starting to 

occur at the Tg. The change in the mechanical properties and the tortuosity of the 

tablets suggest that the release profile of a model drug would alter accordingly. This 

is investigated in the next chapter, Chapter 4. 

  



 

Chapter 4:  

Effects of sorbed water and 

temperature on a binary mixture 

formulation 
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 4.1 Introduction 

 
The use of a direct compression matrix for sustained release has increased in 

popularity due to its simplicity in the manufacturing process, and its effectiveness 

in controlling drug release from a stable polymer network. Coalescence of polymer 

particles is the key to construct the continuous tortuous polymer channels which 

retard drug release. This process is governed by the percolation threshold and 

thermal treatment.  

 

The percolation theory, first introduced into the pharmaceutical industry in 1987, 

demonstrates that major changes occur in the solid dosage form at the percolation 

threshold of a binary system (i.e. the disintegration time and intrinsic dissolution 

rate) (Leuenberger, et al., 1987). The percolation threshold defines the minimum 

excipient concentration for a dominant excipient (here the polymer) to become a 

continuous infinite phase preventing tablet disintegration, eventually regulating the 

major properties of the system. On the other hand, a minimum concentration of 

drug is also required to form connected tunnels to be gradually released from the 

insoluble matrices. Otherwise the isolated clusters of drug may be trapped inside 

the insoluble matrices and cannot dissolve in the dissolution medium. 

(Leuenberger, et al., 1987; Caraballo, et al., 1993; Melgoza, et al., 2001).  

 

The thermal treatment process, also known as the annealing process, works by 

means of heating the polymer above its Tg, allowing polymer chain movement and 

coalescence. The strengthening of the polymer network, by ensuring a complete 

coalescence, strengthens the compact and retards the drug release, especially in 

pseudolatex polymers (Omelczuk and McGinity, 1993). Since coalescence occurs 

above the Tg of the polymer, thermal treatment of polymer matrices above the 

polymer’s Tg changes their release behaviour (Omelczuk and McGinity, 1993; 

Azarmi, et al., 2002; Azarmi, et al., 2005; Abbaspour, et al., 2007) It was found that 
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the duration of curing is vital as, over the curing time, the release rate continues to 

decrease to a certain point before stabilizing. A satisfactory curing duration will 

reduce the porosity and enhance the tortuosity of the polymer network. It was 

suggested that this effect is similar to what happens in the film formation, in which 

thermal treatment after coating accelerates the coalescence procedure of the film 

and ensures a complete film formation (Billa, et al., 1998).    

 

Additionally, sorbed water interacts with a polymer differently as described in 

Chapter 3 (see Figure 3.1). Apart from the plasticizing effect, water may assist the 

coalescence process by other mechanisms. The non-plasticizing water can play an 

important role in the compaction and coalescence behaviours by: lubrication, 

softening particles, bridging between adjacent particles, smoothing surface of 

particles, and lastly the capillary effects due to water evaporation. An optimal water 

content has been reported to be essential for drug development in order to improve 

powder compressibility as a result of the changing in the mechanical properties of 

the particles (Bravo-Osuna, et al., 2007). 

 

A previous study performed in our group reported that at a high polymer content, 

curing matrices above the Tg of the polymer (Eudragit RLPO) increases the bond 

strength and disintegration time, slows the drug release, and suppresses the effect 

of excipient properties (brittle or plastic excipients has no effect on the tablet 

properties, i.e., tensile strength and drug release) (Chatterjee, et al., 2010). 

However, the effect of humidity on this polymer matrix was not investigated. It has 

been reported that moisture has an impact on the elasticity/ plasticity of chitin 

compaction whereby an upward U-curve is obtained from the plasticity-moisture 

content relationship, whereas the elasticity moisture curve is an inverted U (García 

Mir, et al., 2011). This change in the deformation behaviour of polymers is likely to 

affect inter-particular bonding, thereby affecting the polymeric network in the 

tablets. Subsequently, the drug release profiles are expected to vary accordingly.  

 

Studies in Chapters 2 and 3 show that an increasing water content of the polymer 

sample had little effect on the Tg. However, water exhibits a synergistic effect with 
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the curing temperature on the coalescence and mechanical properties of the pure 

polymer tablets. This leads to an investigation of the polymer tablets containing a 

model drug exposed to various humidities and treated at different curing 

temperatures in this chapter in order to observe the drug release behaviour in 

relation to the mechanical properties of the tablet.  

 

 4.2 Chapter aims 

 
The aim of this chapter was to investigate the effect of moisture content, polymer 

concentration, and curing temperature on the release kinetics of a model drug.  
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 4.3 Materials and methods 

 

 4.3.1 Materials 

 
Indomethacin (-form, AR grade) was used as received from DHY Pharmaceutical 

Co., Ltd (Ningbo, China). A plate-like structure, a melting point of 160.5°C, and 

volume mean diameter of IMC were investigated in our laboratory, the size was 

reported to be approximately 80 μm (measured by laser diffraction). Acetonitrile 

and methanol (analytical and HPLC grade) were purchased from Merck (NZ) Ltd 

(Auckland, New Zealand). The other chemicals were described in Section 2.3.1.  

 4.3.2 Sample preparation 

 
The preparation of polymer powder and water content determination was 

conducted as described in Section 3.3.2.  

 

 4.3.3 Water content determination  

 

The determination for water content of tablets was conducted as described in 

Section 3.3.4.  

 4.3.4 Tablet compression  

 

 4.3.4.1 Percolation threshold study 

 
Binary mixtures of 10, 20, 30, 40, 50, 60, 70, 80, or 90% w/w dry Eudragit RLPO 

and indomethacin for each tablet, were individually prepared by geometric dilution 

using a mortar and pestle. Tablets (200 mg) were prepared by a laboratory press 

(F. Carver Inc, USA), compressed at 3 tons and 2 min dwell time (13 mm round flat 

punch set). To avoid chipping, the punches were brushed with magnesium stearate 

powder and wiped off. After compression, the tablets were heated at 70 C for 24 

hours and stored in tightly closed containers under ambient condition prior to 

further studies, (n=3).  
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 4.3.4.2 Release study 

 

The binary mixtures of indomethacin and 20, 30, 40, 50, or 60% w/w Eudragit 

RLPO stored at different relative humidities (Dry, 33, 56, 75, 94 %RH) were 

prepared individually by geometric dilution using a mortar and pestle. Tablets 

(200mg) were prepared immediately (as described in 4.3.4.1) to avoid moisture 

loss and stored at their specific relative humidities before the curing process, which 

involved treatment at 40, 55 and 70C for 24 hours (at the previous storage relative 

humidities of the polymer).  After completion, the tablets were kept in tightly closed 

containers at ambient temperature prior to further studies, (n=3). 

 4.3.5 Mechanical properties  

 

The mechanical properties of tablets (n=5) were investigated as described in 

Section 3.3.6, except the diametrical compression rate was 0.1 mm/s. 

 

 4.3.6 Morphology of tablets (Scanning electron microscopy (SEM)) 

 

The SEM operation was conducted as described in Section 3.3.7.1. 

 

 4.3.7 Release study (Dissolution testing) 

 

A USP dissolution apparatus I (Erweka DT 600, Germany) was used to investigate 

drug release for each formulation in triplicate, at the rotation speed of 100 rpm 

using 900 ml USP medium (0.2 M phosphate buffer pH 7.2) at 37 °C. Samples (5 ml) 

were collected at 15, 30, and 60 minutes, then at 2, 3, 4, 5, 6, 7, and 8 hours with the 

replacement of buffer, (n=3). A UV/VIS spectrophotometer (CARY® Varian, 

Australia) was used to quantify the amount of drug released at a wavelength of 318 

nm (USP method). The amount of indomethacin released was calculated using the 

equation from a standard curve which demonstrated a linear relationship between 

absorbance and concentration (see Appendix I, R2=0.9997).  A first order model for 
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percentage mass release (Y) versus time (t) was fitted to estimate the rate constant, 

k (min-1), using PRISMTM (Graph pad ver5.0):  

 

                    

 4.3.8 Mass balance study 

 
After dissolution testing, selected tablets were left to dry at room temperature, then 

weighed and ground. An aliquot (25 mg) was dissolved in methanol (20 ml) then 

made up to 100 ml with water/methanol (50% v/v) The appropriate dilution was 

made up with phosphate buffer pH 7.2 prior to the UV assay as described in Section 

4.3.7. The percentage of lost indomethacin was calculated using the following 

formula: 

 

% loss = 100 – [% of drug released in 8 h + % of drug remaining in the tablet at 8 h] 

 

 4.3.9 HPLC assay for degradation products 

 

A Shimadzu LC-10AT system (Shimadzu, Japan) was employed to investigate drug 

degradation during the curing period. An Agilent Eclipse XDB-C18 column (150 mm 

x 4.6 mm, 5µm) was used for the modified HPLC assay (Xu, 2003; Nováková, et al., 

2005).  The mobile phase consisted of acetonitrile: 0.2% phosphoric acid (60:40 

v/v) at a flow rate of 1.0 ml/min. The UV detector was set at 237 nm, following a 

validated HPLC assay for indomethacin to be able to detect the degradation 

products (Nováková, et al., 2005). The injection volume was 20 µl. A standard curve 

for indomethacin was generated from 2.5 - 50 µg/ml (See Appendix III-Figure C).   
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 4.3.9.1 Standard solution preparation 

 
The stock solutions of indomethacin were prepared by accurately weighing 50 mg 

indomethacin (n=3) and firstly dissolving with 50 ml of 50% methanol in 100 ml 

volumetric flasks. These were then sonicated for 30 minutes and the volume 

adjusted with 50% methanol. The necessary dilutions were made to achieve the 

concentrations of 2.5, 5, 10, 20, 40, 50 µg/ml (using the mobile phase as the 

diluent).  

 4.3.9.2 Sample preparation 

 

Tablets containing indomethacin and 50% of dry or moist (94% RH) Eudragit RLPO 

were compressed as described in Section 4.3.4.2, and treated at 70C for 24 hours. 

After completion, the tablets were crushed in a pestle and mortar (n=3). The 

powder (50 mg) was transferred to a 100 ml volumetric flask, dissolved in 50 ml of 

methanol, and sonicated for 30 minutes, after which the volume was adjusted. A 

ten-fold dilution for injection was prepared by using the mobile phase as the 

diluent.  

 

 4.3.10  Statistical analysis 

 
SPSS version 17.0 was used for statistical analysis. One-way ANOVA followed by 

Tukey’s pairwise comparison and two-way ANOVA, were performed at a five 

percent level of significance.  
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 4.4 Results and discussion  

 

Indomethacin (a non-steroidal anti-inflammatory) was chosen as a model drug 

because a previous study in our group has shown that there was no interaction 

between indomethacin and Eudragit RLPO at a temperature up to 70°C (1:1 ratio), 

according to FT-Raman data (Chatterjee, 2010).  

 

 4.4.1  The identification of the percolation threshold of the polymer

 

The ratio of polymer (dry RLPO) to indomethacin was varied to initially identify the 

percolation threshold of the polymer from a release study. This binary system was 

selected in an attempt to avoid the complexity of other excipients.  

 

Figure 4.1: Effect of polymer (Eudragit RLPO) content on cumulative release of 
indomethacin in phosphate buffer pH 7.2 at 37°C. Tablets were post-compression 
treated at 70°C for 24 hours. Data are means ± SD (n=3). 
 

 

From the release profile (Figure 4.1), there was no dramatic difference in the shape 

and slope of the curves (all of them did not reach complete release in 8 hours). It 

was also noted that, at a low polymer content (10-30% polymer) some tablets lost 
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their integrity, resulting in relatively high standard deviations, whereas from 40% 

polymer content and above, the tablets remained intact over the eight hour 

dissolution period.  

 

Figure 4.2: Total indomethacin released in 8 hours versus % Eudragit RLPO 
content (dry condition). Data are means ± SD (n=3).  
 

By considering the amount of indomethacin released in 8 hours with increasing 

polymer content (Figure 4.2), it can be seen that there were 2 step-changes at 

around 40% RLPO and 70% RLPO. Therefore, it is suggested that the percolation 

threshold of the polymer in this binary system was approximately 40% Eudragit 

RLPO polymer, where the amount of polymer reached its requirement to form a 

stable meshwork to be able to sustain integrity of the tablet during dissolution 

period.  This is in accordance with a previous study, where the percolation 

threshold of Eudragit RLPO from a direct compression method was predicted to be 

around 30-40% polymer (Chatterjee, et al., 2010).  However, the reason why 

another step-change occurred at 70% RLPO remains unknown, but could be due to 

very high content of this insoluble polymer trapping the drug inside and possibly 

forming a partial coat of polymer over the drug surface. This however, was not 

investigated further.   
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The incomplete drug release observed could be due to the inaccessibility of drug 

particles entrapped in an insoluble polymer, slow dissolution of indomethacin, 

degradation of indomethacin, or binding of the drug to the polymer (Oth and Moës, 

1989). The solubility of indomethacin in a buffered solution of pH 7.2 is 0.768 

mg/ml at 25°C (Nokhodchi, 2005a), so that all studies were conducted within the 

solubility range of indomethacin (i.e., in the worst case 180 mg indomethacin in 900 

ml buffer (0.2 mg/ml) corresponds to ~25% saturation solubility). The mass 

balance and possible degradation of indomethacin were investigated and will be 

discussed later in Section 4.4.3.  

 

Further research focused on differing proportions of polymer (20 to 60 percent), in 

order to investigate the effect of moisture and temperature below, at, and above the 

percolation threshold of the polymer.  

 

 4.4.2 The effect of humidity and temperature on mechanical 

properties (Texture analyser) 

 
 
In this section, the matrix tablets of binary mixtures containing indomethacin and 

20, 30, 40, 50, or 60% w/w Eudragit RLPO were thermally treated at 40, 55, or 

70°C, under dry condition and at 33, 56, 75, 94 %RH.  The samples in each 

formulation (n=5) were then tested for strength (maximum force required to break 

the tablets), and toughness (work to the 1st fracture). 

 

A typical stress-strain profile, where the diametrical compression rate was 

constant, is shown in Figure 4.3.  For these tablets (comprising of 60% RLPO), 

which were treated at 70°C (above the Tg) for 24 hours, the results showed that the 

Fmax increased dramatically above 56% RH of storage, which emphasises the effect 

of moisture in this binary system. Furthermore, it is observed that this stress- strain 

profile differed from that obtained from the pure RLPO tablets (Figure 3.3), 

indicating that the presence of indomethacin influences the coalescence and bond 

formation of the polymer matrix.  
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Figure 4.3: An example of a stress- strain profile of tablets containing 60% Eudragit 
RLPO, cured at 70°C for 24 hours, under varying humidity conditions. A constant 
diametrical compression rate of 0.1 mm/sec was applied.  
 
 

The effect of moisture together with differing temperatures seemed to have both 

increasing and decreasing effects on the tablet strength (Figure 4.4). Since the force 

and work required for breaking a tablet was highly correlated (i.e., R2 > 0.9 for most 

cases), only the work-moisture relationship is shown (Figure 4.4).  
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Figure 4.4: Work required to break the tablets (20-60% Eudragit RLPO) containing 
differing amounts of moisture and thermally treated at 3 different temperatures 
(40, 55, and 70°C). Data are means ± SD, n=5. Note: different y-axis scales are used.  
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Firstly, at 40°C for uncured tablets, increasing the moisture content of the polymer 

resulted in a decrease in tablet strength. This effect appeared to dominate in 

samples treated at 40°C and 55°C. In contrast, at 70°C assuming that polymer 

particles were well coalesced, the small amount of moisture (<5%) seemed to have 

no effect on this binary system. However, when the moisture level exceeded 6% in 

the polymer rich tablet (50 and 60% RLPO) the work required to break it increased 

remarkably to more than double.   

 

These results from the binary mixture formulation are in a good agreement with 

the observations in Chapter 3 (pure polymer tablets), where moisture sorption 

seems to show a synergistic effect with the curing temperature. This moisture effect 

strengthens the compacts and enhances the coalescence process at temperatures 

above the Tg. Moisture sorbed in pharmaceutical solids has been reported to show 

considerable consequences on mechanical and compaction properties, especially in 

amorphous materials, for which explanatory mechanisms have been proposed and 

were previously described in Chapter 3 (Malamataris, et al., 1991; Garr and 

Rubinstein, 1992; Nokhodchi, et al., 1995; Bravo-Osuna, et al., 2007; García Mir, et 

al., 2011).  

 

However, incorporating an excess of water into the system causes the opposite 

effect, where the excess water disrupts the bond formation and weakens bond 

strength. This could be an explanation of why the moist tablets cured at 40 and 

55°C were softer (as a result of bonding disruption from high amounts of water; 

with no temperature effect assisting the coalescing process). Interestingly, for the 

tablets containing 60% polymer cured at 55°C, when the moisture content 

exceeded 6%, the strength of tablets increased again, which could be due to the 

effect of moisture enhanced coalescence that overcomes the softening effect in 

these polymer rich tablets.   

 

The variation in the mechanical properties, which represents the strength of bond 

formation in matrices, is expected to show a direct influence on drug release.  
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 4.4.3 The effect of moisture and temperature on drug release  

 

Release profiles showing the effect of temperature, relative humidity, and 

polymer content are shown in Figure 4.5. A first order model estimating the rate 

constant, k (min-1) was fitted to the 8 hour-dissolution data obtained in 0.2 M 

phosphate buffer pH 7.2 (as described in Section 4.3.7).  The first order model fitted 

all data adequately. The rate constants were analysed by ANOVA (see Appendix II). 

For clarity Figure 4.6, shows the results for the lowest (1%  Dry) and highest 

moisture contents (10%  94%RH). 

 

Figure 4.5 shows that temperature had little effect on drug release from the dry 

polymer formulation (moisture content less than 1%), but the samples cured at 

70°C did release slightly slower. When the polymer content was low (20%) or high 

(60%), most of the k- values for tablets cured at 55 and 70°C were not different 

from those cured at 40°C, (p >0.05), (see Appendix II- Table A). This may be due to 

the fact that at 20% the amount of polymer present was too low to form a stable 

meshwork, whereas at 60%, the insoluble polymer meshwork was too dense to 

release the drug out of the tortuous channels.  

 

Focusing on 30-50% RLPO tablets, almost all of the k- values for tablets cured at 55 

and 70°C were different from those cured at 40°C, (p <0.05), showing a significant 

temperature effect. When a high amount of moisture was incorporated into the 

system (at the humidity of 75 and 94%), the release curves of 55°C almost 

superimpose on the 70°C curves, in most cases (Figure 4.5), with no statistical 

differences of the k values (p > 0.05, Appendix II- Table A), suggesting that the 

moisture enhances coalescence even at 55°C. This is also apparent in the SEM 

images (Figure 4.12 and Figure 4.13 E).  
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Figure 4.6: Effect of moisture content on the rate constant, k (min-1) of the release 
for tablets containing 20-60% Eudragit RLPO. A comparison of 3 curing 
temperatures (40, 55, and 70°C) is shown. Data are means ± SD (n=3).  
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Considering k values with increasing moisture content to approximately 10%, 

(Figure 4.6), at 40°C, which is considered as a control treatment (i.e., below the Tg), 

there was no change in the k values for all polymer levels. On the other hand, when 

thermally treated at 70°C, the k values increased when the moisture increased. At 

55°C curing the results were variable. At 40% polymer, (i.e., at the percolation 

threshold), the k values decreased considerably, showing a slower release rate, 

whereas at 50-60% polymer, the k values increased, following the 70°C trend. To 

emphasize whether the effect of humidity and temperature related to the 

percolation threshold, the k values were grouped for each polymer level. The two-

way ANOVA indicates a significant interaction between humidity and temperature 

at and above the percolation threshold (40% polymer (p <0.0001); although it was 

marginal at 60% polymer (p = 0.0120)), see Appendix II- Table B.  

 

It is suggested that the reason why the k values increased (i.e. faster release) with 

increasing moisture content for the samples cured at 70°C and for polymer rich 

samples cured at 55°C is due to the faster release occurring in the initial stage of 

dissolution from the drug particles residing at the surface of tablets. However, the 

greatly coalesced matrix subsequently retarded the total amount of drug released 

later on, as seen in Figure 4.7.   
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Figure 4.7: Total drug release (%) predicted by the 1st order model (plateau), 
comparing dry and moist (94%RH) conditions among 3 curing temperatures (40, 
55, and 70°C). Data are means ± SD, n=3. 
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When focusing on the total amount of indomethacin released from these tablets, 

(i.e., predicted as the plateau from 1st order model), it is seen that the overall trend 

of indomethacin release decreased under moist conditions if the tablets were 

thermally treated at or above the Tg (Figure 4.7; p < 0.05 for 30, 50, and 60% RLPO 

treated at 55°C , and p < 0.01 for 20-40% RLPO, or p < 0.005 for 50, 60% RLPO 

treated at 70°C). It is possible that the denser matrix obtained from the moist 

tablets (i.e., larger extent of coalescence, see Figure 4.11) traps the indomethacin 

inside and only the particles embedded at the surface of the tablets are released. 

Conversely, in the dry condition, looser structures could allow the drugs to be 

dissolved diffusing from the inner pores of these tablets, resulting in a higher drug 

release. On the other hand, at 40°C (i.e., below the Tg), it appeared that moisture 

had no effect on the total drug release. The model predicts more of indomethacin 

released from 60% RLPO moist tablets, which could be due to the tablet softening 

effect in a non-coalesced meshwork (as also shown in the mechanical testing; Figure 

4.4), facilitating the dissolution of indomethacin. It can be concluded that in 

addition to the temperature factor, moisture also plays an important role in this 

binary matrix system, exhibiting a synergistic effect with temperature to further 

prolong drug release.  

 

Nonetheless, in this release study the amount of indomethacin released over 8 

hours was incomplete (less than 50%) for all formulations (Figure 4.5). An 

incomplete release of indomethacin was reported earlier for Eudragit RL and RS co-

evaporated formulations. The adsorption of indomethacin in Eudragit RL was found 

to be saturable, reversible and temperature independent (Oth and Moës, 1989). The 

maximum amount of indomethacin adsorbed by Eudragit RL was reported to be 

180 mg/g, which could cause incomplete drug release in vitro (Oth and Moës, 

1989). 

 

The fact that an incomplete release occurred in these studies may be due to the 

degradation of indomethacin, indomethacin trapped inside the polymer network, or 

a problematic assay.  Therefore, it was important to conduct a short stability study 

to examine if degradation was the reasons for the low release.  
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The hydrolysis of indomethacin has been reported at 70°C (Krasowska, 1979).  It 

was the most suspicious reason for an incomplete release. Therefore, an HPLC 

assay for indomethacin and its degradation products was used to test for stability at 

70°C and 94%RH. Modification of a validated HPLC assay for indomethacin 

(Nováková, et al., 2005), which was designed for detecting degradation products 

was developed (the method was simplified to be able to use a typical C-18 column).  

This method was shown to be a stability indicating method by inducing degradation 

(pH10), and observing a decrease in the indomethacin peak and the appearance of 

several new peaks. Furthermore, the indomethacin peak remained as a single peak 

on changing the mobile phase (See Appendix III-Figure A and B). Subsequently, a 

standard curve to quantify the amount of indomethacin remaining in the tablet was 

created from the area under the peak of 6 concentrations (2.5-50 µg/ml) (see 

Appendix III-Figure C).   

 

Figure 4.8 shows that approximately 90% of the indomethacin was detected during 

the curing period of 24 hours (this was time-independent). It is seen that the 

amount of recovered indomethacin from the dry tablets was slightly higher than 

that from the moist tablets. However, there was no statistical difference at 24 

hours, p > 0.05.  

 

The chromatograms exhibited a single indomethacin peak for all mobile phase 

systems. It was concluded that indomethacin was stable over the curing period 

under the most stringent condition (70°C, 94%RH). Therefore it was assumed that 

the drug remained stable also under other curing conditions. Next potential 

problems with the UV assay were evaluated.  
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Figure 4.8: Percentage of indomethacin obtained from a 1:1 (RLPO: indomethacin) 
formulation over the curing time (70°C), comparing dry and moist (94%RH) 
conditions. Data are means ± SD, n=3, (using the stability indicating HPLC assay).   
 

 
Figure 4.9: UV scans of indomethacin solution (blue), 1:1 mixture (w/w) of 
indomethacin and Eudragit RLPO (red), and Eudragit RLPO solution (black). 
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Entire range UV scanning was performed for indomethacin, Eudragit RLPO and a 

1:1 mixture solution (Figure 4.9).  Problems with the UV assay were ruled out since 

all UV scans of the 1:1 polymer-drug mixture were similar to the spectrum of the 

drug alone, and the polymer solution does not absorb at 318 nm.  Subsequently, the 

mass balance calculation was performed in order to investigate if a problem 

occurred during the dissolution period.  

 

The diagram below shows the work flow, and the arrows indicate where the 

samples were acquired for the mass balance study.  

 

 
 

The mass balance calculation (as described in Section 4.3.8) showed that the 

percentage of indomethacin remaining in the tablets (after dissolution testing), 

together with the percentage of indomethacin released in the buffer media over 8 

hours was 100 % ±10%.   

 

Taking the above mentioned results together it can be concluded that the release 

data were reliable. Instead, the low drug release is likely to be related to the fact 

that the insoluble polymer network trapped indomethacin inside the tablets, at 

least for tablets cured at or above the Tg. However, those containing a small amount 

of polymer (i.e., 20%) treated at 40°C were actually predicted to reach the plateau 

of 100% (considering the upper limit of 95% confidence intervals). This is 

considered in Section 4.4.4. 
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 4.4.4 The effect of humidity and temperature on the coalescence 

behaviour (morphology study) 

 

 
Results from the mechanical and release studies indicate that moisture enhances 

the bonding strength and retards the release of indomethacin. Presumably, this 

influence mainly results from the moisture effect on the coalescence behaviour of 

the polymer. Therefore, it is of interest to see how the tablet surface appears after 

completing the dissolution process.  

 
 
Figure 4.10: SEM images of an “uncured” tablet surface (40°C condition) after an 8 
hour dissolution study, comparing 2 polymer levels at 20 and 60%, and 2 humidity 
conditions, namely dry (silica gel) and moist (94%RH). Bar is 100 µm.  
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Figure 4.10 illustrates that at 40˚C (below the Tg), both below and above the 

percolation threshold of the polymer, coalescence of polymer particles does not 

occur under dry or moist conditions. This is in accordance with the release study, 

which found that the k values and plateau values of the release kinetics were 

unchanged (Figure 4.6 and Figure 4.7). However, it is not clear why the plateau 

values were low. Note that at 20% RLPO (dry and moist) the upper 95% confidence 

limit for the plateaux exceeds 100%, that is, at least for this formulation the 

plateaux are not significantly less than 100%. But for the 40 and 60% RLPO, the 

plateaux were significantly less than 100%. The reasons for this are unknown but 

are perhaps due to trapping of indomethacin in the matrix.  

 

On the other hand, the coalescence of polymer particles is clearly observed in the 

60% dry RLPO formulation when thermally treated at 70C (above Tg) 

 (Figure 4.11). It was noted that at 40% dry RLPO, which is at the percolation 

threshold, some agglomeration occurred and this appeared to be rounding of the 

edges of particles. The SEM images of the moist samples (10% moisture) treated at 

70C particularly illustrate the effect of moisture on the coalescence progression. 

These images show that the boundaries of polymer particles were fused and 

eventually disappeared in the moist samples, indicating an enhancement of the 

coalescence in a presence of moisture.  It is suggested that the curing temperature 

above the Tg stimulates the non-plasticising water which may reside in the nano-

domains, to interact more with the polymer and become plasticising water. This 

interaction may cause Tg suppression further during the 24 hour curing period. 

Since the viscosity is a function of temperature, as described in Section 1.6, less 

viscous polymer could then flow to create more particle-particle contacts, and then 

segments of polymer could diffuse into the adjacent polymer particles.  

 

This concept has also been proposed earlier by Taylor et al (2001). They suggested 

that below the Tg where the polymer is in the glassy state and thus highly viscous, 

the mobility of the water and polymer is rather limited. In contrast, above the Tg, 

where the polymer is in the rubbery state and subsequently less viscous, the 

mobility of both molecules is enhanced (Taylor, et al., 2001). 
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Figure 4.11: SEM images of a “cured” tablet surface (70°C condition) after an 8 hour 
dissolution study, comparing various polymer contents at 2 humidity conditions, 
namely dry (silica gel) and moist (94%RH). Bar is 10 µm. 
 
 

At the glass transition temperature (55°C), moisture modifies the surface of the 

samples (Figure 4.12). Compared to dry curing, the moist samples showed fewer 

irregularities and a droplet-like structure was observed. Also noted was the high 

degree of coalescence occurring in some areas. A beehive structure with no 

apparent boundaries of adjacent particles was observed, as shown in Figure 4.13 

(E) in the sample which contained 40% polymer (94%RH).  
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Figure 4.12: SEM images of a tablet surface (55°C conditions) after an 8 hour 
dissolution study, comparing various polymer contents at 2 humidity conditions, 
namely dry (silica gel) and moist (94%RH). Bar is 100 µm.  
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Figure 4.13 B and E show that at the 55C curing conditions (E), the polymer 

particles to some extent coalesced in a similar manner to that of the 70C 

conditions (B). This is consistent with the release data (Figure 4.5 and Figure 4.6) at 

55C where an adequate amount of moist polymer was present, so the k values and 

the release profile from these tablets became similar to 70C. The dry RLPO 

polymer coalesced when the polymer was above the percolation threshold only if 

the curing temperature was above the Tg (Figure 4.13 F). The moist polymer 

coalesced at much lower polymer contents, i.e., 30% RLPO (Figure 4.13 A), and at 

lower curing temperature, such as 55C (Figure 4.12 and Figure 4.13 E). The higher 

magnification of the SEM micrographs shows that particles fused with loss of 

particle boundaries resulting in a smooth rigid structure containing and/ or 

integrating the model drug. As a result, the drug was likely to be trapped inside the 

structure, and therefore the total drug release was low.  
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Figure 4.13: SEM images of the tablet surface after an 8 hour dissolution study at 
high magnification illustrating a pronounced degree of coalescence.  A-D samples 
contained 30, 40, 50, and 60% of the 94% RH stored polymer, respectively. All 
samples were cured at 94%RH-70°C. Sample E contained 40% of 94%RH polymer 
and was cured at 94%RH-55°C. Sample F contained 60% of dry polymer and was 
cured at dry-70°C. Bar = 1µm for A to E, and bar = 10 µm for F.   
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 4.5 Conclusions 

 
The percolation threshold of Eudragit RLPO polymer of 40% was estimated based 

on a step change of the total amount of drug release in 8 hours of dissolution and 

based on the disintegration behaviour of the tablets. The stress-strain profile of the 

binary mixture tablets was different from that of the pure polymer tablets (Chapter 

3), suggesting that indomethacin affects the bond formation of these tablets.  

 

In this binary system, moisture typically softened the tablets below and at the Tg 

(40°C, 55°C), but strengthened the tablets above the Tg (70°C). However, if a high 

amount of moisture was present in the polymer-rich tablets (60% RLPO) and these 

were cured at the Tg, the strengthening effect of moisture seemed to overcome the 

softening effect, thereby leading to an increasing tablet strength.   

 

Incomplete drug release was observed, which is probably due to the coalesced 

matrix trapping the indomethacin inside, or dense packing of the insoluble polymer 

inhibiting the dissolution of drug. In the case of non-coalesced tablets (20% RLPO, 

40°C), the upper 95% confidence limit of the plateau was greater than 100%. The 

release curves of tablets cured at 55°C almost superimposed on the 70°C curves 

with no differences in the rate constants in most cases when high amount of 

moisture was present. This indicates that a lower temperature thermal treatment 

can be used to sustain the drug release in the presence of moisture. Similarly, the 

total drug release suggested that less amount of drug will release from samples 

cured above or at the Tg when an adequate amount of moisture is present. Two-

way ANOVA indicated that the interaction between temperature and humidity 

influenced the rate constants at or above the percolation threshold, and there was 

an interaction between humidity and polymer content if the tablets were cured at 

55 or 70°C. 

 

The SEM micrographs supported the findings, indicating an enhancement of 

coalescence in the presence of moisture at 70°C, and highlighted the consequences 

of moisture in the polymer network at 55°C. It is proposed that the non-plasticising 
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water interacts more with the polymer (due to a lower viscosity and a higher 

mobility of polymer at the Tg) and becomes plasticising water, which may cause Tg 

suppression further during curing. Overall, the data reveals that moisture has a 

great impact in facilitating the coalescence process at and above the Tg.  

  



 

Chapter 5:  

General discussion and future 

directions  
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A stable tortuous polymer network regulates the drug release from a polymeric 

matrix system. This can be achieved through the coalescence of polymer particles, 

facilitated by the formulation at which the percolation threshold of the polymer is 

reached, forming connected channels, and thermally treating the formulation after 

compression, the so called “curing”. It is known that at the Tg, the segmental 

mobility of the polymer is increased, but the viscosity is decreased, resulting in an 

increase in the contact areas and subsequently facilitating interparticular diffusion, 

thereby enhancing particle coalescence.  Thus thermal treatment of polymer 

matrices above the Tg of the polymer changes their release behaviour. A number of 

studies have focused on thermal treatment in the matrix system, but have not 

thoroughly investigated the influence of water. Importantly, water which has a very 

low Tg, is known to suppress the Tg of amorphous pharmaceutical solids, including 

polymers. Hence moisture incorporated in such a polymer is expected to modify the 

mechanical properties of the polymer and the drug release accordingly. Hence, the 

main aim of this thesis was to understand the effect of moisture on a polymeric 

matrix system, particularly, the effect of moisture on the compaction and 

coalescence behaviours, which are major influences on drug release regulation. 

 

In order to understand the effect of water in a polymer matrix system, two 

prerequisite investigations are required. These are finding the most reliable and 

robust method for water determination and identifying the types of water 

associated with the polymer (Chapter 2).  By storing Eudragit RLPO powder at 

various RHs (dry, 33, 56, 75, and 94%, as described in Section 2.3.2), the moisture 

content increased with time and reached equilibrium at different levels 

(corresponding to the increasing RH) within 100 days (Figure 2.3). However, 

different analytical methods reported varying water contents, with Karl Fischer 

titration (KFT) giving the highest values for all RHs, compared to those analysed by 

TGA or DSC. Since KFT entails complete dissolution of the polymer, all water is then 

subjected to chemical titration, and therefore it is believed to be an accurate 

measurement of total water content. In contrast, the thermal methods, i.e., TGA and 
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DSC, underestimated total moisture content. From the SEM images, it is apparent 

that coalescence occurs during these thermal analyses, causing a non-porous film to 

form, covering the sample surface which could prevent water evaporation. A 

greater degree of coalescence is observed in polymer powder stored at the higher 

RH. The thermal behaviour obtained from DSC thermograms shows that even in the 

very moist samples (approximately 10% moisture content), no sign of bulk water 

was observed. To investigate the Tgs of polymer stored at various RHs, modulating 

temperature DSC (MDSC) was the first considered technique because of its high 

sensitivity and the fact that the total heat flow can be separated into non-reversing 

and reversing signals; therefore the Tg should be able to be clearly detected from 

the reversing heat flow. However, there are many factors to be justified to obtain 

sensible results, including the underlying heating rate, the modulation amplitude 

and the frequency. Artefacts can occur if inappropriate parameters are used, 

leading to misinterpretation of data.  

 

Despite an understanding of parameter adjustment, the obvious step change of the 

Tg could not be obtained from these samples. Despite a reduction of the underlying 

heating rate, ensuring 4-6 modulating cycles to occur in the Tg range (as 

recommended for this thermal method), and the modulated amplitude, the Tg 

signal was difficult to detect or showed high variability. Therefore, a conventional 

DSC was used in this study. A three-heating cycle programme was designed in order 

to, firstly, eliminate the relaxation endotherm of the polymer, by heating to a 

temperature below that of water evaporation so that the Tg of the polymer can be 

revealed in the next heating (while sorbed water remained inside the sample).  

Secondly, in the 2nd heating the Tg of the sample -containing water is to be detected, 

along with the evaporation event, and then the sample is dried ready for 

investigating the Tg of the “dry” sample in the third run.    

 

The results show that all samples containing a moisture content of 1-10% (by KFT) 

presented the same Tg values of approximately 55C, and about 70C when the 

samples were dried (no further evaporation endotherms were observed). As the 

Tgs did not conform to the Gordon-Taylor prediction, instead remaining constant 
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with increasing moisture content, it is suggested that various types of water do 

exist in these samples, one of which is plasticizing water (reducing the Tg), and 

others are non-plasticizing waters (no Tg effect). Types of water binding were then 

distinguished using FTIR-DRIFTs (Chapter 2).  

 

FTIR is widely used to examine water-polymer interactions since the water 

molecule is highly polar, and thus strongly IR-active. The moist polymer samples in 

the IR chamber were subjected to dry air purging for approximately two hours. The 

reduction of the spectral signals in the water-region (OH stretching area, 3100-

3700 cm-1), was obviously related to the drying time. A curve fitting procedure was 

utilized to identify the types of water binding within the polymer, in which the 

broad water peak was decomposed into four possible types of water binding 

modes. These peak positions were matched with the water bindings reported 

earlier, in which a higher wavenumber corresponds to a higher amount of binding 

energy. The four water related peaks can be identified as: water molecules directly 

and indirectly bound to the carbonyl groups of the polymer (peaks at 3600 and 

3480 cm-1, respectively); cluster (bulk-like) water (3371 cm-1); and, lastly, a peak 

at 3240 cm-1, assigned as the dipole interaction of water with quaternary 

ammonium groups in the polymer. Indirectly bound water is predicted to bind to 

the polymer through other water molecules.  

 

The loss kinetics of all four water-related peaks were investigated by analyzing the 

decrease in the AUCs over time. The water loss was found to be similar for all types 

of water (no significant difference (P > 0.05) between the rate constants). This may 

be due to the limitation of the IR penetration depth (1-10 µm), (Smith, 1996) or 0.5-

2 µm, (Sammon, et al., 1998). Moreover, it is postulated that as some of the loosely 

bound/free water near the surface is lost, the equilibrium between the different 

types of water near the surface is rapidly re-established. A further complication is 

that there is diffusion of water from the sublayers to the surface. Consequently, the 

observed kinetic rate constants are dependent on water diffusion constants and 

surface water equilibrium constants.  
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To further investigate the different water types (bindings) present in the polymer, 

solid state NMR, as reported in a number of studies, could be a potential analytical 

method to be used (Hatakeyema, et al., 1984; Capitani, et al., 2001; Baumgartner, et 

al., 2005; Popineau, et al., 2005; Baias, et al., 2009). However, due to unavailability 

of the equipment, an NMR study is suggested for future work.  

 

The findings presented in Chapter 2 indicated that water was trapped in the 

polymer in different configurations, which might have different effects on the 

“bulk”, physical/ mechanical, properties of the polymer, and that both, non-

plasticizing and plasticising water affect polymer coalescence upon thermal 

treatment. Chapter 3 thus reports on an investigation of the influence of water 

content and temperature, on the compaction behavior of Eudragit RLPO. A texture 

analyzer, SEM, and X-ray tomography were used to examine pure polymer tablets 

(Chapter 3).  Preliminary mechanical measurements showed that humidity control 

during the curing period is crucial since the moisture sorption upon curing has 

been shown to support polymer compaction, i.e., strengthening of the tablets. The 

binding of water with the polymer seems to be temperature dependent leading to a 

shift in the equilibrium moisture content versus RH profile. Overall, there was a 

tendency to lose more moisture under dry curing, especially at high temperatures. 

Therefore maintaining the relative humidity throughout the preparation process is 

a prerequisite when investigating the effect of sorbed moisture. 

 

For a better understanding of water sorption, de-sorption, and diffusion properties 

of water in a polymer at various temperatures, future work including a study of 

water sorption kinetics using a dynamic gravimetric vapour sorption (DVS) is 

recommended (Stubberud, et al., 1995; Burnett, et al., 2004; Burnett, et al., 2006). 

This method allows an accurate measurement of the mass change upon water 

sorption (and de-sorption) at various temperatures, using a sensitive balance. This 

would provide additional information on the equilibrium moisture content at 

different temperatures, corresponding to the amount of water affecting coalescence 

behaviour, which has a synergistic effect with the curing temperature. 
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Further mechanistic evaluation of moist tablets illustrated that moisture enhances 

powder compaction, which is reflected in a profound increase in the tensile 

strength and work of failure of the formed tablets. These consequences are 

intensified with high amounts of moisture, and start to be perceived at the Tg. A 

change in deformation behaviour from elastic to plastic deformation was found to 

occur when high pressure was applied to very moist samples. Thus non-plasticizing 

water appears to have a remarkable effect on the polymer coalescence behaviour, 

as a higher degree of coalescence is achieved with increasing moisture (as seen in 

SEM images and from a transparency study), despite the fact that similar Tgs were 

observed for all samples (Chapter 2). Furthermore, it is possible that the previously 

non-plasticizing water is able to penetrate and dissolve in the heated polymer and 

become plasticising water, thereby lowering the Tg to values below those observed 

by DSC. This would result in greater segmental mobility and greater influence on 

viscosity of the polymer than could be predicted from Tgs determined by DSC. 

 

Another factor of interest to be investigated in these studies is the porosity of 

tablets, which is typically calculated from the true density obtained from helium 

pycnometry. However, a systematic error may occur when helium pycnometry is 

used to analyse the true density for a water-containing powder (Sun, 2004, 2005a). 

Moisture sorption interferes with the true density in two ways: firstly, the mass is 

increased by sorbed water and, secondly, the measured volume is underestimated 

because of the water vapor that will occupy the headspace, and in turn alter the 

pressure of the gas phase in the measuring chamber of the pycnometer. The 

mercury pycnometer together with the Washburn equation could be an alternative 

option to study the porosity of this matrix (Crowley, et al., 2004; Vay, et al., 2010). 

However, due to the unavailability of the equipment, an X-ray-micro tomography 

was used to examine the porosity and pore structure inside the compacted samples. 

The results revealed that the porosity remarkably decreased when the moisture 

content exceeded 5%, representing only 5% of the pore area in samples containing 

~10% of moisture. Additionally, a transformation of pore structure and an inverse 

relationship between the number of pores and moisture content were observed. 
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The profound effect of moisture and temperature on compaction and coalescence 

behaviours of Eudragit RLPO seems to be a synergistic action, commencing at the 

Tg. The changes in the mechanical properties and the tortuosity of the tablets 

suggest that the release profile of a model drug would alter accordingly. This is 

investigated in Chapter 4. Indomethacin was selected as a model drug mainly due to 

its stability and availability. The percolation threshold of the polymer was 

investigated, and shown to be around 40% RLPO. Hence, the studies of binary 

mixture tablets in Chapter 4 were designed to investigate the effect of moisture and 

temperature that covers the range from 20-60%RLPO. The mechanical results show 

that moisture softened the tablets cured at 40 or 55 °C, in which a lower degree of 

coalescence occurred. Conversely, when the moisture content exceeded 6% in the 

tablets that contained 60% polymer and were cured at 55°C, the strength of the 

tablets increased again, following the trend of moisture strengthened tablets cured 

at 70°C. It is suggested that the effect of moisture enhances coalescence and 

overcomes the softening effect in these polymer rich tablets.   

 

The release study showed that the rate constants were unchanged for the tablets 

cured at 40°C at all polymer levels. However, faster release rates were observed 

from the release profiles of all moist tablets cured at 70°C, and 55°C if a high 

polymer content was used.  However, a predicted plateau of drug release suggested 

that indomethacin release decreased under moist conditions if the tablets were 

thermally treated at or above the Tg. It is proposed that the initial faster release 

occurred from the drug particles residing at the surface of the tablets. 

Subsequently, the greater coalescence of moist polymer (cured at or above the Tg), 

inhibits further drug release from the inside of the tablets. Furthermore, HPLC 

degradation studies indicated that indomethacin was stable over the curing period 

under the harshest conditions (70°C/ 94%RH). SEM images confirmed that 

moisture enhances the coalescence, which started at around the Tg.  

 

In summary, the findings in this thesis lead to a further understanding of the effect 

of moisture (and temperature) on coalescence behaviour of polymers, which extend 

the knowledge of coalescence behaviour upon curing in the matrix system, and 
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highlight consequences of water on coalescence are a result of a combination of 

temperature-dependent mechanisms. Firstly, sorbed water softens the particles, 

making them easier to compress, creating a greater contact area between particles, 

facilitating the diffusion of polymer segments. Secondly, liquid bridges between 

particles pull them close together by capillary force upon evaporation of water. 

Thirdly, at the Tg, the mobility of both polymer and water molecules increases, and 

the constrained water is presumably released and becomes more active, thereby 

enhancing the interaction. Fourthly, at temperatures above the Tg, the viscosity 

prominently reduces, resulting in increased viscous flow of the polymer and, 

subsequently, higher contact areas between the adjacent particles, thereby again 

enhancing segmental diffusion across the particle-particle interface. 

It is worth noting that, in the laboratory scale used in this work, each tablet was 

manually compressed by a laboratory press. To protect moisture loss from the 

polymer powder, the mixture was prepared in a very small batch, i.e. enough to 

make three tablets at a time, then immediately weighed, compressed, and stored in 

a tightly closed container. Therefore, there was a chance of batch-to-batch variation 

which may affect the results. However, this variation is believed to insignificantly 

interfere with the findings in this thesis.  

 

Since only one polymer was investigated in this study, it is recommended that for 

future studies various types of polymers are examined in order to confirm the 

findings of this thesis. For instance, a polymer with virtually similar structure but 

lower water permeability, Eudragit RSPO is of interest. Additionally, different types 

of polymers with higher Tgs, and high hydrophilicity, such as HMPC or other 

cellulose derivatives are also of interest for studying the plasticizing effect of water. 

Furthermore, due to an incomplete drug release observed in this study (although it 

did not influence the findings in this thesis), it is suggested that a more soluble drug 

be used as a model drug in the future, i.e., acetaminophen (~17mg/ml in water, at 

30°C)(Granberg and Rasmuson, 1999). This would likely yield more distinct 

differences in the drug release profile, i.e. release rate; and it is projected that a 

complete release would occur. However, monitoring of the stability and drug-

polymer interactions is required during the curing process. Additionally, a bio-
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relevant dissolution media, such as simulated gastric buffer with / without bile 

salts, could have been used to improve an in vitro/ in vivo correlation for the future 

study.  

 

It can be concluded that different types of water (plasticizing/nonplasticizing) 

present in this polymer affect the coalescence of polymer particles upon thermal 

treatment. The profound effect of moisture and temperature on the compaction and 

coalescence behaviours of Eudragit RLPO seems to be a synergistic action, which 

starts at the Tg and subsequently sustains the total drug release.   
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Appendices 

Appendix I: Standard curve for indomethacin release in phosphate buffer pH 

7.2  

Indomethacin 7 point-standard curve for drug released quantification by a UV/VIS 

spectrophotometer. A linear relationship between concentration (2.5-50 µg/ml) 

and absorbance at 318 nm is shown (R2=0.9997). Data are mean ± SD, (n=3). 

 
The indomethacin concentration was calculated using the equation:  

 

C IMC = (Abs – 0.00008) / 0.0195  

where “Abs” is the absorbance of the sample at 318 nm, and “C IMC“ is the 

concentration of indomethacin (µg/ml).  

 

The stock solution of indomethacin was made by accurately weighing and 

dissolving 50 mg indomethacin with 5 ml of methanol in a 100 ml volumetric flask. 

This solution was then sonicated for 10 minutes and the volume adjusted with 50% 

methanol. The necessary dilutions were made to achieve the concentrations of 2.5, 

5, 10, 20, 30, 40, 50 µg/ml (using phosphate buffer pH 7.2 as a diluent).   
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Appendix II: The rate constants for indomethacin release in phosphate buffer 

pH 7.2 and statistical analysis 

Table A: k-values (means, n=3) for indomethacin release obtained from the 1st 

order model. Where the superscripts (a, b, c) differ, there is a significant difference 

(P<0.05) for that cell. A one-way ANOVA with Tukey’s pairwise comparison was 

used to analyse the individual k-values.  

 
 

Table B: p-values for the temperature x humidity interaction, humidity, and 

temperature when comparing the k-values for each polymer level. 
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Appendix III: Stability indicating assay for indomethacin using an HPLC 

analysis 

Figure A: HPLC chromatograms of indomethacin (accelerated decomposition 

condition at pH10); the mobile phase consisted of acetonitrile: 0.2% phosphoric 

acid, (60:40 v/v) with Agilent Eclipse XDB-C18 column at the flow rate of 1.0 

ml/min. UV detector was set at 237nm.    

 

Using accelerated conditions (pH 10) this method was shown to be stability 

indicating. The indomethacin peak reduced in area and two degradation peaks 

were discovered in the first 30 minutes, well separated from the indomethacin 

peak. Approximately 25% of indomethacin degraded in 3 hours.  
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Figure B: HPLC chromatograms of recovered indomethacin after tablet treatment 

at 70°C 94%RH for 24 hours; the mobile phase was varied to confirm that the 

indomethacin was a “pure” peak.  

 

 

 

Changing the mobile phase did not lead to any new peaks or shoulders on the 

indomethacin peak, supporting the fact that the assay is stability indicating. The 

moist polymer tablet did not undergo chemical degradation after 24 hours of 

treatment at 70°C, as seen by a single indomethacin peak for all mobile phases (no 

sign of hidden degradation peaks were revealed after adjusting the mobile phase 

ratio, up to 30 minutes runtime) 
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Figure C: Indomethacin 6 point-standard curve for drug degradation 

determination by an HPLC showed a linear relationship between concentration 

(2.5-50 µg/ml) and the area under the curve detected at 237 nm (R2=1.0000). 

 

 

The indomethacin concentration was calculated by using the equation:  

 

C IMC = (AUC – 2.67) / 29.1758 

 

where “AUC” is the area under the curve of the indomethacin peak (RT ~5 min) at 

237 nm, and “C IMC“ is the concentration of indomethacin (µg/ml).  

 

The stock solutions of indomethacin were made by accurately weighing and 

dissolving 50 mg indomethacin in 50 ml of 50% methanol in 100 ml volumetric 

flasks, (n=3). This solution was then sonicated for 30 minutes and the volume 

adjusted using 50% methanol. The necessary dilutions were made to achieve 

concentrations of 2.5, 5, 10, 20, 40, 50 µg/ml (using mobile phase as a diluent).  
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Figure D: A typical HPLC chromatogram of pure indomethacin solution (10 µg/ml) 

using an XDB-C18 column (Agilent®), mobile phase comprising of acetonitrile: 0.2% 

phosphoric acid, (60:40 v/v), at the flow rate of 1.0 ml/min. UV detector was set at 

237nm.  
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