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Abstract  
 

Additives, incorporated in film coating formulations, and their process 

parameters are generally selected using a trial-and-error approach. However, 

coating problems and defects, especially those associated with aqueous 

coating systems, indicate the necessity of embracing a quality-by-design 

approach to identify the optimum coating parameters. In this study, the 

feasibility of using thermal and rheological measurements to help evaluate and 

design novel coating formulations has been investigated. Hydroxypropyl 

methylcellulose acetate succinate (HPMCAS), an enteric coating polymer, was 

used as the film forming polymer. Differential Scanning Calorimetry (DSC), 

Dynamic Mechanical Analysis (DMA), and Parallel Plate Shear Rheometery 

(PPSR) were used to evaluate the effect of different plasticisers on the 

performance of HPMCAS. The results illustrate that, for identical formulations, 

the DSC and DMA methods yielded up to 40% differences in glass transition 

temperature (Tg) values. Moreover, Tg measured using loss modulus signals 

were always 20-30 oC less than those measured using tan delta results in DMA 

testing. Absolute and relative Tg values can significantly vary depending on the 

geometry of the samples, clamp size, temperature ramping rate and the 

frequency of the oscillations. Complex viscosity data for different formulations 

demonstrated a variable shear thinning behaviour and a Tg independent 

ranking. It is, therefore, insufficient to rely purely on Tg values to determine the 

relative performance of additives. In addition, complex viscosity results, 

obtained using both the DMA and PPSR techniques at similar temperatures, are 

shown to be comparable. The results from both techniques were therefore used 

to produce continuous master curves for the HPMCAS formulations. 

Additionally, step strain tests showed that HPMCAS chains do not fully 
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disentangle after 105 seconds as predicted by the Maxwell model. Finally, in situ 

aqueous-based coating experiments proved that mixtures of triethyl acetyl 

citrate and acetylated monoglyceride (TEAC/AMG), even without cooling of the 

suspension, do not cause blocking of the spray nozzle whereas triethyl citrate 

(TEC) based formulae did. TEAC (alone or in a combination with AMG) exhibits 

superior wettability to HPMCAS than TEC/AMG formulations and can be used 

to enhance the efficiency and film quality of the dry coating process.  
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1 Literature review  

1.1 Introduction   

Tablet coating is a process of covering the surface of a solid dosage form, 

�H�L�W�K�H�U�� �W�R�� �P�D�N�H�� �L�W�� �³�H�O�H�J�D�Q�W�� �D�Q�G �V�K�L�Q�\�´���� �Rr to give it extra features (for example: 

controlled or delayed release forms). It is one of the oldest pharmaceutical 

processes still in existence and still recognised to be more of an art than a 

science (Cook, 1951).  

 

1.2 Reasons for coating tablets  

Coating of solid dosage forms is essential for one or more of the following 

reasons: 

a. To improve patient compliance by masking unpleasant taste and/or 

odour, allowing easy swallowing, improving the appearance of the 

dosage form or retarding the release of drugs which have irritating effects 

if released in stomach. 

b. To protect unstable drugs from degradation caused by atmospheric 

moisture, oxygen, carbon dioxide, gastric acidity or catalysing enzymes. 

c. To identify the finished product as being manufactured by a particular 

company. 

d. To separate reactive or incompatible ingredients. 
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e. To provide mechanical protection to the core allowing easier and more 

practical packaging, storing, and handling. 

f. To control drug release site (enteric) or profile (modified release). 

1.3 Development of film coating s 

Evidence for coating dosage forms dates back to the 9th century. Several 

natural materials (chocolate, shellac, gelatine and wax) have been used (Cook, 

1951). It was carried out manually on individual pills or small batches and, 

evidently, it was not reproducible. 

Sugar coating was developed in the middle of the 19th century. However the 

method to scale-up the size of the coating batch came from the candy industry 

in 1930 - 1940 using pear shaped and oval coating pans. 

Compression coating evolved to replace the extensive time and labour cost of 

sugar coating using fine granules of sugar or newly developed coating 

polymers. Its main advantages are that incompatible drugs can be separated 

into the core and the coat, and moisture sensitive drugs are protected. The 

method is still in limited use nowadays. However, the process is still relatively 

slow. Recent studies have been made to apply this method in drug delivery of 

some medications that require special drug release profiles, such as pulsatile 

drug delivery tablets (Ishino, 1992) and time release or chronotherapy (Pozzi, 

1994, Fukui, 2000, Sawada, 2004). 

The invention of spraying systems and perforated pans that allow better air 

circulation and quick drying was introduced in 1950 (figure 1-1). However the 

first commercial film coated tablet was produced only in 1954 by Abbott 



4 
 

Laboratories (Munden, 1964). Film coating led to a significant reduction in 

coating time and materials. It also gives products with better mechanical 

properties and does not require highly skilled technicians as was the case in 

sugar coating. 

Organic solvents used to be the first choice for dissolving film-forming polymers, 

however over the last 30 years there has been an increased shift towards 

aqueous film coating due to the economical, environmental, and health and 

safety concerns related to the organic vapour discharges.  

The last 50 years have witnessed a massive improvement in coating 

equipments and materials. However, until recently, efforts were mainly directed 

to examining the end-use properties of film coatings such as permeability, 

thermal and mechanical characteristics and drug release profile. Therefore, 

designing film formulation was largely based on a trial-and-error approach 

rather than through understanding the physical and chemical behaviour of the 

coating components under ambient as well as coating conditions. Recently, 

more attention has been devoted to understanding the role of polymer-polymer 

and /or polymer-additive interactions in determining the end-use properties of 

pharmaceutical film coating (Okhamafe, 1987). 

Recent years have witnessed trials to apply the coat using solvent-free 

formulae. Several approaches were tested in attempts to achieve this target. 

However they are still of very limited popularity (Obara, 1999, Green, 2006, 

Qiao et al., 2010, Sauer et al., 2009).  
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Figure ��1-1 Film coating of tablets by atomized spraying of aqueous suspension. Copied 
from (Shin -Etsue, 2000)  
 
 

1.4 Materials used in film coating  

In addition to the film-forming polymer, a variety of water soluble and insoluble 

additives are usually incorporated in the coating formulation to obtain an 

effective and defect-free coating film (Knop, 1997, Bianchini, 1991) 

 

1.4.1 Film forming polymer s 

Polymers are large molecular structures composed of many small repeated 

units (monomers) linked together to form chains of various lengths. They are 

either semi-synthetic derivatives of natural products, or synthesised from oil-

derived chemicals. In both cases they are often of organic nature based on a 

hydrocarbon backbone (Dyson, 1998). Their inherent properties are a result of 

the combined effect of their molecular weight and chemical structure (Stevens, 

1999). 
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Most of the polymers used in pharmaceutical film coating are either cellulose 

derivatives (cellulose ethers) or acrylic polymers and copolymers. Occasionally 

high molecular weight poly (ethylene oxide), poly (vinyl pyrolidine) or poly (vinyl 

alcohol) are used (Hogan, 1995). 

Generally speaking, polymers can be classified according to their structure into 

three main groups: 

�x Linear: carbon atoms of the monomers are connected together to form 

single linear strands with no branches (figure 1-2. A). 

�x Branched : the main chain carries one or more substituent side chains or 

branches (figure 1-2 B) 

�x Cross linked: strands are entangled to each other by covalent bonds 

forming a gel-like network. The degree and the length of these cross-

linking bonds play a vital role in determining the overall mechanical and 

thermal properties of the polymer. See figure 1-2 C and D. 

Linear polymers are thermoplastic; i.e. they soften when heated above a certain 

temperature value specific to that polymer (Dyson, 1998). Upon heating, the 

kinetic energy of their molecules increases. The vibrational and rotational 

motions also increase till the temperature hits certain range. Then the material 

gradually starts to lose its rigid glass-like structure and moves to assume a 

rubber-like state. The temperature at which this change happens is known as 

the glass transition temperature (Tg). If heating is continued the material will 

eventually loses its elasticity and form a viscous liquid. 
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Figure ��1-2 Classification  of p olymer structure s. A: linear polymer, B: branched linear 
polymer, C: low -degree of cross linking polymer, D: higher degree of cross linking 
polymer.  

 

As a result of the increased movement of molecules the free volume between 

the atoms increases and, subsequently, the density of the polymer decreases. 

Determining the Tg of the polymer used in film coating has been demonstrated 

�W�R���E�H���D���J�R�R�G���L�Q�G�L�F�D�W�R�U���R�I���W�K�H���I�L�O�P�¶�V���E�H�K�D�Y�L�Rur under coating as well as shelf-life 

conditions (Arwidsson, 1991, Aulton, 1984). 

According to their morphology, linear polymers can be classified into: 

�x Amorphous: their molecules are positioned in a random way with no 

clear long-range order.  

�x Semi-crystalline: some polymer molecules are arranged in a regular 

array forming what is called crystal lattice, while others remain in an 

amorphous form. 
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The crystalline fraction, in semi-crystalline polymers, varies from 25% to 80%. 

The temperature at which the crystalline part starts to lose its order is known as 

the melting point. Because of the energy needed to disturb this stable ordered 

structure is higher than that needed for the non-ordered amorphous part, the 

melting point, Tm, is always higher than Tg. It is roughly approximated that the 

value of Tg of a given semi-crystalline polymer is half or two thirds its Tm value 

on the Kelvin scale (Dyson, 1998). 

When the temperature of a semi-crystalline polymer is between its Tg and Tm, 

the amorphous region will be soft while the crystalline area is still rigid, the 

percentage of crystallinity will determine the overall softening behaviour of the 

polymer. As the temperature becomes closer to the melting point of the polymer 

the amorphous part, which is already i�Q���W�K�H���³�O�L�T�X�L�G���S�K�D�V�H�´�����P�D�\���V�W�D�U�W to arrange 

itself into crystals. The rigidity of the polymer is now depending on the rate of 

both re-crystallisation and melting. As the temperature increases above the 

melting point of the polymer, �W�K�H���Z�K�R�O�H���P�D�W�H�U�L�D�O���L�V���P�H�O�W�H�G���D�Q�G���L�Q���D���³�O�L�T�X�L�G���S�K�D�V�H�´��

status. The free volume is significantly increased and the mechanical properties 

and the interaction between the chains are very weak. 

Since Tg and Tm are a function of the molecular rotational freedom, anything 

which restricts this movement should increase their values. Factors affecting 

this movement include temperature, shearing rate, nature and strength of 

intermolecular forces, the presence of bulky substituting branches on the 

polymer backbone as well as plasticiser type and concentration. 
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Physical and chemical cross-linking of the polymer strands (sometimes called 

curing) severely restricts the freedom of molecular movement. It may in fact 

result in the polymer becoming harder at elevated temperature and exhibit no 

melting phase. 

 

1.4.2 Plasticiser s 

These are relatively low molecular weight materials used to impart flexibility and 

elasticity to otherwise hard or brittle films. Plasticisers generally weaken 

cohesive intermolecular forces by interposing themselves between the 

individual polymer chains, resulting in various changes in polymer mechanical 

and thermal properties (Bodmeier, 1994b, Amighi, 1996). Moreover, changing 

the type or even the molecular weight of the plasticiser used may have 

significant impact on the properties of the final coat (Sakellariou, 1986, Fukui, 

2001, Frohoff-Hulsmann, 1999b). 

Several methods have been suggested to evaluate the efficiency of a plasticiser 

with respect to the tablet coating requirements. These include intrinsic viscosity 

measurements (Entwistle, 1979), mechanical strength testing (Aulton, 1981, 

Bodmeier, 1990, Gibson, 1988), incidence of stress- induced defects(Rowe, 

1981), and glass transition measurements (Entwistle, 1979, Porter, 1983), or 

softening temperature (Masilungan, 1984). 

Many factors play a role in determining which plasticiser to be used. These 

include: safety, cost, compatibility, and permanence (Lecomte, 2004a, 

Gutierrez-Rocca, 1994, Frohoff-Hulsmann, 1999a).  
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Water and organic solvent residues can play a plasticising role. Some drugs 

can migrate from the core to the film to act as a plasticiser (Okhamafe, 1989, 

Dansereau, 1993). This can have serious consequences on drug release 

profiles especially in functional coating systems such as enteric or controlled 

release applications 

1.4.3 Other Additives  

A variety of materials can also be included in some film coating formulae 

including: alloying substances, surfactants, opacifiers, colorants, anti adherents 

and glossant. 

Most of these materials are insoluble in the film formula. They have profound 

effects on the mechanical properties of the finished film coat (Okhamafe, 1984). 

Moreover, improved polymer-filler interaction minimises accumulation of solvent 

traces at the solid-polymer interface and solvent-polymer interaction resulting in 

a decrease of film elongation and an increase in its stiffness.  

In addition to their chemical structure, physical characteristics of these 

excipients (including particle size and shape) could have prominent effects on 

the degree of their interaction with the polymer. This has brought serious 

concerns to the pharmaceutical industry after noticing that physical properties of 

the same excipient (such as particle shape and the degree of crystallinity) can 

vary from one supplier to another and even between subsequent batches from 

the same supplier (Dawoodbhai, 1987, Phadke, 1994, Lin, 1994, Petereit, 

1999). 



11 
 

1.5 Mechanism of film formation  

Polymeric materials can be either dissolved in a suitable solvent or suspended 

in an aqueous vehicle. The mechanism of film formation in the former case is 

different from the latter 

1. From solutions: the polymer is completely dissolved in the solution. 

When the solvent evaporates, the concentration of the polymer units 

increases and the distance between molecules decreases. The 

condensed molecules start to entangle with each other upon contact to 

form a gel. Further solvent evaporation leads to the formation of a solid 

film. Films formed through this mechanism generally have dense 

compact structure with superior mechanical properties due to a high 

degree of polymer chain interpenetration (Lecomte, 2004b, Dyson, 

1998). 

 

2. From aqueous suspensions: As explained in figure 1-3, film formation is 

due to the evaporation of the water and the subsequent coalescence of 

the polymer particles (Felton, 2001). The film formation process from 

aqueous dispersion is divided into three stages (Petersen, 1999). The 

first phase includes the evaporation of water. In this stage, the density of 

the dispersed particles increases until the particles come into close 

contact (driven by the capillary pressure of the surrounding water). The 

particles then deform, in the second stage, to form a transparent film 

made up of polyhedral cells (Oh, 2003). The coalescence of this newly 
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formed film (which often has poor mechanical properties) is induced by 

an increase in the temperature above the minimum film forming 

temperature (MFT). MFT is defined as the minimum temperature at 

which a cast film becomes free of fractures and clear (Eckersley, 1990). 

When the temperature increases over the glass transition temperature, 

Tg, of the polymer in the third stage, cell boundaries disappear and a 

mechanically coherent film is formed. 

Several models have been suggested to explain the coalescence mechanism. 

Dillon et al. (Dillon, 1951) introduced the dry sintering theory which postulates 

that particle coalescence takes place through the viscous flow of the polymer. 

Surface tension and the plastic deformation of the particles provide the 

necessary shearing stress. Brown (Brown, 1656) suggested another 

mechanism for film formation, termed as the capillary theory. The capillary force 

of the water, present in the interstitial capillary system between adjacent 

particles, provides the driving force of film formation during the period of water 

evaporation. Another similar mechanism based on polymer-water interfacial 

tension was suggested by Vanderhoff et al. (vanderhoff, 1966). Eckersley et al. 

(Eckersley, 1990) presented a theory that considers film formation to be due to 

both capillary and surface forces. 

The extent of film formation from aqueous dispersions is a function of time, 

temperature, and polymer particle size (Zhao et al., 1990, Siepmann, 2006). 

Plasticisers are often added to reduce the softening temperature of particles so 

they can deform and fuse smoothly (Bodmeier, 1997, Bodmeier, 1991). Thermal 

after-treatment �R�U���³curing�  ́is sometimes necessary to ensure the formation of a 
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continuously uniform film that produces a predictable release pattern 

(Bodmeier, 1991, Dressman, 1995), and to avoid aging phenomena (Gilligan, 

1991, 1996, Hutchings, 1994, Bodmeier, 1994a). 

There are continuous efforts to develop new techniques and formulations to 

improve aqueous coating techniques and procedures by solubilising water 

insoluble enteric polymers using various approaches (Hasan Rafati, 2006, 

Heinamaki, 1994, Naosuke, 1994). 

 

Figure ��1-3 Phases of film formation from aqueous suspension. A) Water loss. B) Particles 
concentrating and backing. C) Particle deformation and polyhedral formation. D) Polymer 
chain interdiffusion. Adapted from (Cole, 1995)  

 

1.6 Free f ilm preparation  

It is easier and more reproducible to use a free cast film. Studying free films 

help predicting the actual coat behaviour in situ. Moreover, certain 

measurements such as tensile strength and elongation are practically 

impossible to carry out on an actual tablet coat.  
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Techniques of free film casting include 

A. Casting the film over the surface of mercury placed in a Petri dish 

(Banker et al., 1981) 

B. Casting over a glass plate (Swarbrick et al., 1972) 

C. Glass plate pretreated with silicone release agent to facilitate the removal 

of the film (Parker et al., 1974) 

D. Mould equipped with adjustable micrometer blade to produce a film with 

the desired thickness (Kanig and Goodman, 1962) 

E. Precipitating the film from its solution or suspension inside a rotating 

cylinder heated on the outside by hot air (Devereux, 1988). 

It is expected that film prepared by spraying has different properties to that 

produced by casting since sprayed films are deposited in a series of layers. 

Swarbrick et al. (Swarbrick et al., 1972) found no significant difference between 

the water vapour permeation properties of poured and sprayed films. Zaro and 

Smith (Zaro-Jr. and Smith, 1972) found that the tear strength of cast films was 

higher than that of sprayed films.  

1.6.1 Important film preparation variables  

Optimising film preparation parameters is an essential starting point to obtain 

reproducible and reliable data. Therefore, it is a good practice to identify all 

possible variables of both the process and the materials involved to ensure 

reproducibility.  
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Free cast film on an acetate sheet placed over a glass Petri dish is used in this 

study to perform thermal, mechanical and rheological tests. On the other hand, 

an in situ (coating of core tablets and pellets) method will be used to assess 

coating process parameters and drug permeation (dissolution test). 

Some fundamental process parameters have been mentioned in the literature to 

alter the characteristics of the resultant film and therefore their role must be fully 

understood in order to ensure reliable results (Abdulrazzak, 1980). 

 

1.6.1.1 Solvent/ Vehicle 

Solvents significantly impact on the role of film formations and ultimately their 

functionality (Provder, 1995). In fact, film density and integrity is generally 

superior when the coating formula is in a solution rather than in a suspension 

form. Furthermore, the same concentration of the polymer may produce a 

solution with different viscosity if the solvent used is changed (Shin-Etsue, 

2005). 

 

1.6.1.2 Drying 

Drying refers to the process of liquid evaporation and commences immediately 

after the solution/suspension of the polymer is sprayed or cast. In this stage, the 

vehicle starts to evaporate leaving behind a newly-formed dry film. Controlling 

drying rate is essential to obtain repeatable results. For example, it has been 

noticed that quick drying in an oven has resulted in irregular non-smooth 
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surface (Aulton et al., 1981). When the films are touching dry, a small amount of 

residual solvent and/or water remains in the film. The percentage of this 

moisture/solvent content is usually related to the hydrophilicity of the polymer, 

atmospheric relative humidity and temperature. Despite its relatively small 

value, moisture content has a significant impact on the mechanical properties of 

the film (Aulton et al., 1981). Therefore, it is essential to control the moisture 

content of the samples. This can be achieved by storing the samples in 

desiccators conditioned with a saturated salt solution to maintain the relative 

humidity of the atmosphere around the sample (Nyqvist, 1983). 

 

1.6.1.3 Temperature 

Polymer chain dynamics and the associated free volume increase with 

increasing temperature. Subsequently, inter chain diffusion, particle deformation 

and overall film integrity may be altered. Therefore, it is essential to control the 

temperature of the samples during storage. Moreover, variations in the 

temperature of the film during mechanical and rheological tests produce 

inconsistent results as polymer chain interactions become weaker at higher 

temperatures. 

 

1.6.1.4 Humidity 

Residual solvent traces within the film may exert plasticiser-like effects. These 

effects may also emerge due to the film moisture content which is in equilibrium 
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with atmospheric relative humidity (Abdulrazzak, 1980). It is therefore essential 

to control moisture content of the samples by conditioning them in a fixed 

relative humidity condition. It has been shown that the conditioning step also 

facilitates removal of the residual solvent within the film (Gutierrez-Rocca, 

1994). 

 

1.6.1.5 Solution viscosity 

When coating instruments, equipped with efficient ventilating systems are used, 

it is desirable to deal with low viscosity solutions. The latter ensures smooth 

coat formation from the atomised droplets of the sprayed film and decreases the 

risk of premature film formation (which can cause nozzle blocking) and/or 

premature droplet drying (causing an orange peel defect). On the contrary; free 

cast films are usually prepared using higher concentrations of the polymer. This 

is because of the slow drying step that takes place from the relatively smaller 

surface area/volume ratio compared to that of a sprayed droplet. Moreover, 

using a diluted formula will require pouring a larger depth of the solution into the 

mould. Upon drying, the film shrinks considerably while still attached to the 

mould at the high contact points of the surface of initial diluted solution. This 

causes the build-up of a considerable internal stress within the drying film and 

may affect chain orientation and the mechanical properties of the final film. 
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1.6.1.6 Substrate 

Films should be cast on an inert substrate with a flat, smooth and defect free 

surface. This substrate should be immiscible with the casting solution. Moreover 

the substrate should not contain (or be covered by) any additive that can leach 

into the film solution. The substrate should also possess good wettability 

towards the solution to ensure reasonable spreading. However the film should 

not have strong adhesion to the substrate so it can be removed without being 

strained or damaged. 

 

1.7 Internal stress and coating defects  

The dynamics of the polymer chain during the coating process determine the 

formation and the quality of the final film. In fact, film coating defects such as 

bridging, cracking and flaking are linked to the build-up of internal stresses 

within the newly formed film (Porter, 1980). The internal stress theory was first 

proposed by Rowe (Rowe, 1978) to explain the erratic film/tablet adhesion 

results. When the coating vehicle evaporates, the polymer chains starts to 

entangle creating a gel network with the remaining solvent being distributed in 

the gaps. As more solvent evaporates, the gel network shrinks while the 

wrapped tablet maintains a relatively constant volume (smaller thermal 

expansion coefficient compared to that of the coat). This contraction pulls 

against the adhesion forces causing an internal stress to build up inside the film. 

At the beginning, this stress causes the orientation of the polymer chain in its 

direction. However, as more of the vehicle evaporates, the chain entanglements 
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solidify the coat and chain movement becomes more restricted. The stress is 

then frozen in and builds up at a faster rate than its dissipation by chain 

orientation. Cracking or flaking occurs if the stresses are greater than the tensile 

strength of the film. Whereas bridging occurs when the stresses exceed the 

force of adhesion that holds the film to the inside of the intagliation (the 

engraved logo of the tablets). 

Solvent properties directly influence the rate of shrinkage and therefore the 

magnitude of the internal stresses. In addition, the solubility of the polymer in 

the solvent determines the concentration at which gelling starts. 

Plasticisers increase the free volume inside the polymer network by weakening 

inter-chain bonds. As a result, the chains are relatively more flexible and 

capable of dissipating the internal stresses.  

Alternatively, increasing the molecular weight of the polymer increases its 

mechanical strength and the coat becomes more resistant to cracking or flaking. 

Mixing low and high molecular weight grades of the same polymer can also 

increase the mechanical strength of the polymer (Rowe, 1980) 

 

1.8 Solubility and interaction between polymers, plasticiser s 

and solvents  

The magnitude and type of interactions between the polymer, the plasticiser 

and the solvent play a vital role in dictating film formation and quality. It is 

therefore essential to understand the solubility of the polymer and plasticiser in 
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the solvent as well as the solubility of the polymer in the plasticiser. A 

theoretical solubility parameters approach based on the regular solution theory 

of Hildebrand and Scott has been used by many workers (Barton, 2000). 

For two materials to be soluble, the total Gibbs free energy of the mixing 

(d�L�V�V�R�O�X�W�L�R�Q�����û�*��(equation 1-1) must be negative: 

 

�¿�s 
L���¿�t 
F �€�¿�•    Equation ��1-1 
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�.�H�O�Y�L�Q���� �D�Q�G�� �û�6�� �L�V�� �W�K�H�� �H�Q�W�U�R�S�\�� �R�I�� �P�L�[�L�Q�J���� �6�L�Q�F�H��many pharmaceutical mixtures 
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 Where Vm is the total volume of the �P�L�[�W�X�U�H���� �û�(�� �L�V�� �W�K�H��vaporisation energy of 

the component, V is the molar volume of the component and Ø is the volume 

fraction of the component. 
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  is called the �³cohesive energy density�  ́(CED) and 

its square root is the solubility parameter �G. Therefore 
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If (�G 1- �G 2) = zero i.e. �G1 is equal to �G2�7�K�H�Q�� �û�+�� �L�V�� �H�T�X�D�O�� �W�R�� �]�H�U�R�� �D�Q�G�� �W�K�H�� �W�Z�R��

materials should be miscible in all proportions. 
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Solubility parameters can be calculated using various approaches. They can be 

measured from the heat of vaporisation or estimated by studying the solubility of 

the material in solvents with known solubility parameters. Alternatively, inverse 

gas chromatography or group contribution methods can be used. The latter is 

the most convenient and can be carried out theoretically using previously 

measured and tabulated values (Barton, 2000). The concept behind this method 

is that each group contributes to the total molar vaporisation energy in an 

additive manner. It also contributes to the molar volume of the molecule. 

Therefore, it is feasible to calculate the total molar vaporisation energy and the 

molar volume by splitting the molecule in question into various functional groups 

and atoms (Fedors, 1974). 

Rowe et al. (Hancock et al., 1997, Kent, 1978, Sakellariou et al., 1986) used the 

extended version of the solubility parameters equation by Hansen to calculate 

the solubility of Ethyl cellulose with HPMC or HPC. Moreover, Rowe used the 

concept of solubility parameters to derive an equation to predict the ideal butt 

film-to-tablet adhesion (Rowe, 1988) 
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1.9 Mechanical properties and rheology  

During the coating process, the coating substrate transforms from a liquid 

solution or suspension into a viscoelastic solid. In each phase, the nature and 

strength of the interactions within the material dictate its behaviour. 

The structural and rheological properties of the films reflect the overall effect of 

the interactions within the film (inter-chain, polymer-additives and polymer-

solvent). These end-use properties are therefore often studied because of their 

direct impact on the film performance and ease of handling (tensile strength, 

hardness, elongation and viscosity of the coating solution). Less effort, 

however, has been made to understand the effect of these properties on film 

formation and stability. 

In general, the study of mechanical and rheological properties of polymeric 

formulations falls under the umbrella of either solid mechanics or rheology. 

 

1.9.1 Definitions  

The following is a list of terminologies commonly used in the fields of rheology 

and solid mechanics. Some are general terminologies and some are only 

applied in dynamic testing (Larson, 1999, Mezger, 2006). 

1. Shear Stress : The value of shear force per unit area. The SI unit is 

Newtons per meter square (Nm-2) or Pascal (Pa). 

2. Strain : the relative change in the geometry of the material from its initial 

resting state. Shear strain is the relative displacement of two layers in a 
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sheared sample divided by the distance between them. It is a dimension-

less quantity 

3. Shear rate : Sometimes called strain rate: is the rate of the change in 

strain with time. It is usually measured in reciprocal seconds (s-1). 

4. Newtonian f luid : a fluid which exhibits a viscosity that is independent of 

the shear conditions. 

5. Shear t hinning : a phenomenon observed in most non-Newtonian fluids 

when an increase in the shear rate results in a reduction in the viscosity. 

6. Elastic (or storage) Modulus: This is the sum of all interactions 

between the chains of the material multiplied with the strength of these 

interactions. When a stress is applied to the material, the structured 

system will gain energy as long as the motion does not disrupt the 

structure. The material can then use this energy to �³bounce back�  ́ to its 

original state. The magnitude of the storage modulus depends on the 

number of the interactions within the system multiplied by the strength of 

these interaction (Bercea, 2006). 

7. Loss m odulus : or the viscous modulus (G"). This describes the part of 

the applied stress energy which is dissipated as heat energy due to the 

friction caused by the interactions within the system. It is related to the 

number of interactions within the system but independent of the strength 

of these interactions (Bercea, 2006). 

8. Tan Delta : the tangent of the phase angle �G between the stress and 

strain in an oscillatory test. It can be calculated as the ratio of viscous 
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modulus to elastic modulus and is a useful quantifier of the degree of 

viscoelasticity of the material. it is calculated using the following equation 

���	�� �¾
L
�s�6

�s�ò   Equation ��1-4 

It is widely used to quantify the balance between the elastic and viscous 

properties of the material. When the value of tan(�G) greater than 1, the material 

has greater viscous properties or plasticity, whereas tan(�G) values lower than 

unity means the elastic components of the materials dominates over the viscous 

part. 

9. Viscoelasticity : The phenomenon of exhibiting both elastic (solid-like or 

energy storing) and viscous (liquid-like or energy dissipating) properties. 

10. Complex v iscosity : describes the flow resistance of the sample in the 

structured state, originating as viscous or elastic flow resistance to the 

oscillating movement, usually measured in Pascal seconds (Pa.s) 

11. Zero-shear v iscosity : the viscosity at the limit of the low shear rate. In 

essence, the viscosity of the material when at rest (no shear force is 

applied). 

 

1.9.2 Classification of materials according to their mechanical 

responses  

The mechanical properties of the film can be evaluated by applying an external 

force and measuring the response of the material in terms of its resistance to 
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deformation (or flow) as well as the extent and nature of this deformation. 

In general, materials can be classified into three categories according to their 

response to an external stress: 

A. Elastic:  when an external stress is applied, elastic materials deform in 

direct proportion to the stress as long as the stress does not exceed the 

linear limit. Once the stress is removed, the material recovers fully to its 

original geometry. The linear relationship between stress and 

deformation (strain) is described by �W�K�H�� �O�L�Q�H�D�U�� �H�O�D�V�W�L�F�L�W�\�� �O�D�Z�� �R�U�� �+�R�R�N�H�¶�V��

law: 

�¾
L �q�ñ�Û�¿   Equation ��1-5 

Where �G is the applied stress (force/ cross section area), �0�� �W�K�H�� �V�W�U�D�L�Q�� �R�U��

the deformation. �(�¶�� �L�V�� �W�K�H�� �H�O�D�V�W�L�F�� �P�R�Gulus of the material. In tensile 

testing, it is usually called the Y�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V�� �D�Q�G��is an indication of 

the �³�V�W�U�H�Q�J�W�K�´���R�I���W�K�H���P�D�W�H�U�L�D�O�����7�K�H���K�L�J�K�H�U���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���W�K�H���P�R�U�H��

resistance to deformation the material has. 

If the stress exceeds the linear limit or the yield stress, the relationship 

between stress and strain becomes nonlinear. The elastic solid starts to 

deform irreversibly and will eventually break upon the application of 

stress. 

B. Plastic or viscous : When external stress is applied, the material 

deforms irreversibly. The relationship between stress and strain is 

nonlinear. In fact the stress is directly proportional to the strain rate. 

Increasing the stress increases the speed of deformation (or flow). The 
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energy gained by the applied force is dissipated as frictional heat due to 

the shearing and dislocation of the polymeric chains. Solids never 

behave as ideal viscous, i.e. they only exhibit plastic behaviour above the 

yielding point. 

C. Viscoelastic : Those materials that fall in between the two above 

categories, and include most of the pharmaceutical substances in 

practical use, exhibit a complex response to external stress because they 

possess both elastic and viscous elements. When a stress is applied, 

part of the energy gained by the material is stored by the elastic part of 

the material (by stretching the existing bonds). The rest of the energy is 

lost as frictional heat. As a result, the response of the material is time 

dependent. In order to differentiate between the two responses, a 

sinusoidal stress is usually applied to calculate both the elastic and the 

viscous responses. The elastic component is generally called storage 

modulus ���*�¶����while the viscous (damping) part is called the loss modulus 

���*�´��. As a result, the complex modulus of a viscoelastic material is given 

by the following equation: 

�s 
L �s�ñ
E�•�s�"�"   Equation ��1-6 

Where �'  is the complex modulus, �• is the imaginary number = �¾
F�s 

Polymeric films are viscoelastic. However, at low strains, their behaviour is often 

approximately Hookean. It is therefore common in the pharmaceutical literature 

�W�R�� �F�D�O�F�X�O�D�W�H�� �<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V��from the initial linear part of the stress-strain 

curve of a tensile test. 
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1.9.3 Types of rheological and mechanical measurements  

Rheological and mechanical measurements are usually carried out in one of the 

following two modes 

1. Constant  mode : A controlled stress, or strain, is applied to the material 

to investigate its flow or deformation behaviour. This technique is usually 

utilised for Newtonian liquids but can be also used to investigate the 

shear thinning of viscoelastic liquids as well. In film coating, it is usually 

used �W�R���F�D�U�U�\���R�X�W���W�K�H���W�H�Q�V�L�O�H���W�H�V�W���W�R���F�D�O�F�X�O�D�W�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V�� 

2. Oscillatory or dynamic  mode : a sinusoidal stress or strain signal is 

applied at a constant or variable frequency to investigate the viscoelstic 

behaviour of the material. This technique is mainly used for structured 

systems to assess their viscoelasticity without destroying their structure 

(within the linear viscoelastic regime of the material). This mode can 

separate and measure the viscous and elastic components of the 

viscosity and aid determination of the properties of a wide spectrum of 

viscoelastic solids and liquids. 

 

1.9.4 Models of material deformations  

Many models have been developed specifically to simulate various linear 

viscoelastic responses of materials including the Maxwell model, the Kelvin-

Voigt model, and the Standard Linear Solid Model. In all these models, elastic 

and viscous components are represented by various combinations of springs 

and dashpots, respectively.  Alternatively, they can be modelled as electrical 
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circuits where elastic parts are represented by capacitors and viscous parts as 

resistors. The stress in the latter case is represented by the voltage and the 

electrical current represents the strain rate. 

 

1.9.4.1 Maxwell model (Larson, 1999) 

The Maxwell model of a viscoelastic material is simply a serial system of a 

dashpot connected to a spring as in figure 1-4. 

 

Figure ��1-4 left: Schematic diagram o f Maxwell model as a spring and a dash connected 
serially. Right: typical strain response to a stress load.  

 

Since the dashpot represents a viscous component then the stress-strain 

relationship is given by the equation 1-7: 

�ê
L �ß
�×��

�×�ç
   Equation ��1-7 

�ê is the stress, �ß is the viscosity of the material, and 
�×��

�×�ç
���:�‘�”���Ý�6�;�� is the strain rate. 
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The spring represents the elastic component. For this component the stress is 

directly proportional to the strain. 

�Ì 
L �q�¿   Equation ��1-8 

�ê is the stress, �'  is the elastic constant of the spring (the elastic modulus), and 
�Ý is the strain. 

Therefore, the Maxwell model can be represented by the following equation: 

�Š�¿�€
�Š�š


L
�Š�¿�•
�Š�š


E
�Š�¿�p
�Š�š


L

Ú

�q

�Š�Ì

�Š�š

E

�Ì

�Á
   Equation ��1-9 

�×���Å
�×�ç

 is the total strain rate, 
�×���Ä
�×�ç

 is the contribution of the spring (elastic) 

component to the total strain rate, and 
�×���µ
�×�ç

 is the part of the strain rate due to 

the viscous component (dashpot). 

The curves in figure 1-4 illustrate a typical Maxwell response. When a stress is 

applied, the spring deforms instantly (part A) but the dashpot is compressed in a 

time dependent manner as shown in part B. Once the stress is removed, the 

spring recovers immediately (past C). The piston of the dashpot does not 

recover and therefore a permanent deformation to the system occurs (D). 

The advantage of this model is its simplicity and its ability to predict the stress 

relaxation under constant strain. However, it fails to account for the observed 

decreasing strain under constant stress shown in creep experiments. It is now 

mainly used to model thermoplastic polymers and metals near their melting 

point. 
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1.9.4.2 Kelvin�tVoigt model 

Contrary to the Maxwell model, here the elastic and viscous components are 

connected in a parallel circuit (figure 1-5). Therefore the total strain is equal to 

the partial strains: 

�¿�€ 
L �¿�• 
L �¿�p 
L �¿   Equation ��1-10 

However the total stress is a result of adding the partial stresses at each 

component: 

�Ì �€ 
L �Ì �• 
E�Ì �p  Equation ��1-11 

The stress strain relationship at time, t, is given by equation 1-12: 

�Ì �:�š�; 
L �q�¿�• 
E�Á
�Š�¿�p�:�š�;

�Š�š
  Equation ��1-12 

From equation 1-10, we can substitute �¿�• by �¿ in equation 1-12 to become: 

�Ì �:�š�; 
L �q�¿
E�Á
�Š�¿�:�š�;

�Š�š
  Equation ��1-13 

In this model, the deformation rate is controlled by the viscous component. 

When a stress is applied, the sample strains over time as long as the force is 

�V�W�L�O�O�� �D�S�S�O�L�H�G���� �7�K�L�V�� �S�K�H�Q�R�P�H�Q�R�Q�� �L�V�� �F�D�O�O�H�G�� �³�F�U�H�H�S�´���� �2�Q�F�H�� �W�K�H�� �V�W�U�H�V�V�� �L�V�� �U�H�P�R�Y�H�G����

the sample starts to recover with time. Because of the spring, the sample will 

eventually recover fully over a period of time by a process known as �³�F�U�H�H�S��

�U�H�F�R�Y�H�U�\�´ 
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The Kelvin-Voigt model predicts the creep phenomenon more accurately than 

the Maxwell model under a constant stress. However, it is not as reliable when 

predicting the relaxation behaviour after removing the stress. 

 

 

Figure ��1-5 left: Schematic diagram of Kelvin -Voigt  model as a spring and a dash pot 
connected in parallel . Right: typical strain response to a stress load.  

 

1.9.4.3 Standard linear solid model 

This model combines both the Maxwell and Kelvin-Voigt models (figure 1-6). It 

accurately models the creep at constant stress as well as during stress 

relaxation. The model consists of a parallel circuit composed of an elastic 

component on one side and a Maxwell system of a serial elastic and viscous 

component on the other side. Therefore the serial components follow the 

Maxwell equations for stress and strain, whereas the parallel components follow 

the Kelvin-Voigt equations.  
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Figure ��1-6 Schematic diagram of a typical standard mode l composed of springs and dash 
pot  representing a combinat ion of both Maxwell and Kelvin -Voigt models.  

 

This model allows the calculation of the relaxation time of the material. This is 

the shortest time, at a specific temperature, required for the relaxation of all 

stresses in a material deformed by a defined strain. 

 

1.9.5 Thermomechan ical  classification of polymeric materials  

Polymeric materials possess a high number of inter-chain interactions. These 

interactions dictate the mobility, rotation and conformation of polymer chains 

and their side branches. Therefore, the mechanical properties of polymers are 

significantly influenced by the number and the strength of these interactions. 

Conformational rearrangements can only take place if enough energy to break 

the restricting interactions is provided. This is called the energy barrier of the 

transition between the two conformational states and is usually provided by 

increasing the temperature of the sample. Moreover, the rate of the transition 

(and therefore the relaxation rate) is also dependent on the energy provided to 

the system. The higher the shearing rate, the more energy is needed to achieve 
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a comparable relaxation time. In other words, the same transition can be 

achieved by either increasing the temperature or by reducing the shearing rate. 

When an amorphous viscelastic material is subjected to a heating ramp, at a 

fixed frequency, the energy of the system increases. The material generally 

transforms from one conformational state to another when the energy gained by 

the system is higher than the energy barrier of that transition. Those states are 

usually classified in one of five categories. As mentioned earlier, the 

conformational status, and therefore the mechanical behaviour, of the same 

material transforms from one category to another when changing its 

temperature or the applied strain rate.  

Below are the five categories ranked in the order of ascending temperature or 

descending strain rates (Jones, 2004b, Mezger, 2006). 

1. Glass:��in the high frequency or the low temperature range, polymer 

chains are severely entangled and their movements are very limited. 

Even the side branches and functional groups are restricted to minimal 

vibration and rotational movements. The polymer network is almost in a 

frozen state and the behaviour of the network is dominated by its elastic 

component (figure 1-7, A). Minor transitions may be detected here. They 

are mainly due to one side chain or a smaller molecular movement. 

2. Glass to rubber transition (glass transition temperature): In this stage, 

short chains and molecules are now deformable. Also, medium and long 

chains start to become more flexible. A significant increase in free 

volume is noticeable here. However, the network is still strong and the 

behaviour of the polymer is balanced between its elastic and viscous 
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components (figure 1-7, B). Hence the viscous component is increasing. 

3. Rubber: The medium and long chains are more and more flexible and 

the entanglements are weaker. The elastic component is slightly more 

dominant than the viscous counterpart (figure 1-7, C). The weak network 

forces are only enough to give the polymer a gel-like structure  

4. Rubber/liquid transition: this transition is less dramatic than the glass 

transition. It is associated with the cross over between the elastic and the 

loss moduli. In other words, the behaviour of the polymer is balanced by 

its equal elastic and viscous components. 

5. Viscoelastic liquid: The behaviour of the polymer chains is dominated by 

its viscous components (figure 1-7, D). The chains are fully flexible and 

the temporary inter-chain forces are very weak. The rate of chain 

stretching is higher than that of the applied strain and therefore internal 

stresses are released as soon as they are formed. The polymer is said to 

be in the terminal relaxation zone and behaves as a truly viscous liquid. 

Its behaviour, in this regime, is usually represented by a simple Maxwell 

model 

It has to be noted that figure 1-7 would be similar if the x-axis was temperature 

instead of frequency. However, temperature would be increasing in the opposite 

direction (i.e. from right to left)  
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Figure ��1-7 Typical dynamic frequency  sweep test of a viscoelastic polymer. A: Glassy 
state. B: Glass to rubber transition. C: Rubber state. D: Viscoelastic liquid.  

 

1.9.6 Rheology of polymers  

Rheology is the science concerned with the study of flow and deformation. It is 

not limited to liquids only. It also extends to solids that tend to deform and 

sometimes flow when subjected to shear forces. 

As mentioned before, the deformation of any material falls in a range between 

two ideal scenarios: the flow of an ideal viscous (Newtonian) liquid on one side 

and the deformation of ideal elastic solids on the other side. In practice, the 

behaviour of most materials is a combination of their elastic and viscous 

properties. Hence they are known as viscoelastic (Mezger, 2006). 

�*
�¶
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Rheological measurements in pharmaceutical coating have so far focused on 

measuring the intrinsic viscosity of coating solutions (Sakellariou, 1986). This 

methodology has also been employed to study the effect of plasticisers on the 

viscosity of the coating solution. 

 

1.9.7 Limitations and potentials for solid mechanics and rheology in 

pharmaceutical coating  

The mechanical properties of films in their glassy and glass/rubber transition 

states are usually measured using solid mechanic instruments such as uniaxial 

tensile machines or dynamic mechanical analysers (DMA). Parameters such as 

tensile strength, elastic modulus and tan delta are the main results usually 

investigated here. On the other hand, shear and extensional rheometers are 

usually used to characterise the coat in its rubber/liquid and liquid phase. 

Storage (elastic), loss moduli, tan delta and complex viscosity are the main 

measurements to be carried out and analysed. However, the transitional phases 

between rubber to rubber/liquid are on the borderline of the two techniques and 

are harder to measure accurately and thus be modelled. Moreover, in film 

coating, the polymers transform from rubber/liquid to rubber and then glass 

states. Therefore it is impossible to measure and model this process using only 

one type of instrument. 

To our best knowledge, there has been no previous attempt to bridge the 

results from both solid mechanics and rheology into one equation or model. In 

fact, not enough work has been performed to model and understand the 



37 
 

behaviour of pharmaceutical polymers in either the glass or liquid phases. 

Indeed, building up such knowledge is vital if quality-by-design formulations and 

processes are to be put in practice for either film coating or melt extrusion  

 

1.10 Aim of the study  

As explained in the previous section, the mechanical and rheological properties 

of the pharmaceutical polymers have not been adequately investigated to 

understand their behaviour under process conditions. Thus, this study is aimed 

at investigating the potential of using rheological and mechanical data to 

enhance our understanding of film formation during coating processes. This 

knowledge is intended to be used to devise an improved formula and to design 

a defined coating process and parameters to achieve optimum coating results. 

The model polymer, chosen for this study, was hydroxypropyl methylcellulose 

acetate succinate (HPMCAS). The rationale for choosing this polymer and other 

excipients is explained in section 1.12. The coating formula and process is also 

aimed to be free from all associated problems such as nozzle blocking which is 

the main drawback of the current HPMCAS aqueous coating formula in use 

today. The feasibility of harmonising the mechanical and rheological data, 

obtained from DMA and shear rheometer respectively, is also to be 

investigated. Finally a complete rheological profile of HPMCAS is to be 

produced from the combined data of the DMA and the shear rheometer to 

illustrate its behaviour over wide temperature and shear rate ranges covering all 

the phases of the material within the coating or melt extrusion process. 



38 
 

1.11 Structure of the thesis  

This thesis is structured as follows; 

i. Chapter 2 describes the list of materials used in this study as well as 

general description of the methods and techniques employed for the 

preparation and characterisation of free films and for the in situ coating 

processes. 

ii. The results of the thermal analysis of the free films and their components 

are covered in chapter 3. Thermal degradation/evaporation of the 

samples was studied. Moreover, the effect of various concentrations of 

the different additives on the glass transition temperature (Tg) of the films 

was also investigated. 

iii. Chapter 4 focuses on the rheological and mechanical properties of the 

free films above and below their Tgs. The effect of various additives on 

the rheological parameters at various temperatures was also studied. 

Finally a master curve was constructed and fitted to the Maxwell model 

of linear viscoelastic polymers in an effort to predict the chain 

disentanglement time and to construct a complete profile for HPMCAS 

below and above its Tg. 

iv. In situ aqueous coating process of tablets and pellets is discussed in 

chapter 5. Thermal and rheological data from the previous chapters were 

used to devise an ideal coating formulation and process conditions to 

achieve optimum film formation and smooth coating process with 

minimum or no premature film formation and nozzle blocking. 
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v. Chapter 6 is dedicated to understanding and optimising the dry powder 

coating process. This chapter aims at using the rheological data 

collected in chapter 4 to critically analyse and review the available 

literature and studies in this field. Furthermore, the rheological data from 

chapter 4, as well as the contact angel results presented in this chapter, 

are used to devise a novel formulation and process to improve dry 

coating in terms of film quality and stability. This proposed method, 

however, was not evaluated experimentally in this work.  

vi. Finally, chapter 7 recapitulates the findings of the whole study and 

outline the significant findings and their implications along with 

suggestions for potential future work. 

 

1.12  Model coating formulations selection   

Hydroxypropyl methylcellulose acetate succinate (HPMCAS) was selected as 

the model coating polymer for use in this thesis. Unlike other cellulose-based 

gastric resistant polymers, HPMCAS can be tailored, by varying the 

acetyl/succinoyl ratio, to initiate drug release at various pHs. In fact, there are 

currently three grades of HPMCAS commercially available with different 

acety/succinoyl ratio and different patterns of the pH dependency in drug 

release (Shin-Etsue, 2000). Despite this, HPMCAS is not commonly used in 

pharmaceutical industry. This is because its current aqueous formulations is 

widely reported to cause a premature film formation at the tip of the coating 

nozzle and therefore cause a nozzle blocking (Obara, 1999, Kablitz, 2006). The 

recommended solution by the manufacturer is to keep the coating suspension in 
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a cooled jacketed container below 25 oC (Shin-Etsue, 2000). This invariably 

increases the cost and lengthens the coating process as extra energy and time 

is required to evaporate the cooled water and form the film.  

Therefore this polymer highlights the importance of quality-by-design as 

opposite to trial-and-error approach currently used when determining coating 

process parameters. The middle grade (M) with an average acetyl to succinoyl 

ratio was used in this study. 

The plasticisers were selected based on the commercially used formulation. 

The manufacturer recommends using triethyl citrate (TEC) at a concentration of 

28-30% w/w (of the dry polymer weight) (Shin-Etsue, 2000). Moreover 

TEC/AMG mixture was used as a plasticiser in dry coating experiments after 

finding that AMG droplets produce lower contact angle values over the surface 

of HPMCAS discs than that of TEC. (Obara, 1999). Therefore AMG and TEC 

were used in this study. The selection of the third plasticiser was based on 

solubility parameters calculations. TEAC was chosen because it is more 

hydrophobic than TEC and less hydrophobic that AMG.. It was reasoned that 

TEAC should produce lower contact angle over HPMCAS discs than TEC. Also, 

the higher hydrophobicity would make the plasticised particles less susceptible 

to the plasticising effect of water than when TEC is used. Moreover it is 

chemically close to the recommended plasticiser (TEC). 

Thus TEC, TEAC, AMG and mixtures of the first two with AMG were used at 

various plasticising percentages (10, 20, and 30% w/w) in this study. 

Finally Theophylline was used as a model drug to investigate the gastric 

resistance properties of the coats. Theophylline has good water solubility in 
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both acidic and basic medium and it can be easily detected and measured 

using UV spectroscopy. It is also cheap and relatively stable in the light and the 

temperature of the dissolution test. 
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Chapter  2 

Materials, methods and 

instrumentation  
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2 Materials,  methods and instrumentation  

2.1 Materials  

Free films and coating suspensions were prepared using the materials listed in 

table 2-1. 

The granular grade of the polymer (AS-MG) was used to prepare organic-based 

free films. Meanwhile, the micronised powder grade (AS-MF) was used in the 

aqueous coating experiments 

Both grades of AQOAT as well as AMG were kindly donated by their respective 

suppliers. 

Theophylline pellets were prepared using the materials listed in table 2-2. 

All solvents used were of analytical grade and all filtered before use. Distilled 

water was produced in the laboratories of the School of Pharmacy in the 

University of Bradford.  
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Table ��2-1 Materials used for preparing the free films and the aqueo us coating 
suspensions  

Material name Supplier, country Batch number 

AQOAT-MG (HPMCAS-MG) Shin-etsu®, Japan 6033052 

AQOAT-MF (HPMCAS-MF) Shin-etsu®, Japan 80533095 

Triethyl citrate (TEC) Sigma-Aldrich®, UK 12514PD 

Triethyl acetyl citrate (TEAC) Sigma-Aldrich®, UK 
01016PH and 

13524AE 

Acetylated monoglyceride or 
Myvacet 6-45K (AMG) 

Kerry Bio-�6�F�L�H�Q�F�H�Œ����
Netherland 5710613 

 

 

Table ��2-2 Materials used in theophylline pellets preparations  

Material name Supplier, country Batch number 

Lactose monohydrate 
(Pharmatose® 450M) 

DMV International, UK 0607284761 

Microcystalline cellulose 
(Avicel PH 101) 

FMC BioPolymer, Irland 6622C 

Theophylline anhydrous Sigma-Aldrich®, UK 048K0709 
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2.2 Methodology  

The cast films and theophylline pellets, used in this study, were prepared and 

characterised according to the following methodologies. 

2.2.1 Free cast film preparation from organic solvent  

All organic-cast free films were prepared using HPMCAS (AQOAT AS-MG) as 

the film forming polymer. Other additives include: TEC, TEAC and AMG. The 

concentration of each additive was specified in each case. The solvent used 

was acetone. Preliminary investigations involved trials to cast the film on 

levelled glass plates; however it was difficult to remove the dry brittle films 

intact. Acetate sheets, placed over levelled Petri-dishes, were used instead and 

proved to be easier to handle. Several concentrations of the polymer were 

tested and 12% w/w (viscosity is 400 mPa s at 20 oC) proved the most 

convenient. Higher concentrations were difficult to solubilise and very viscous to 

stir and pour. 

2.2.1.1 Method 

The acetone was filtered before use. Additives (TEC, TEAC and AMG) were 

weighed and added to the solvent and stirred by a magnetic stirrer within a 

beaker. HPMCAS (12% w/w) was weighed and added slowly to the solution. 

The mixture was agitated for 15 minutes. Then, centrifugation (at 3500 rpm for 

10 minutes) was used to remove entrapped air bubbles. After this, the films 

were cast onto an acetate sheet placed over levelled glass Petri-dishes and left 

to dry in a fume cupboard. 
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2.2.2 Preparation of theophylline pellets  

Theophylline pellets and placebo tablets were used as a model core dosage 

form to compare the performance of the developed coating formulations. While 

placebo tablets were prepared and kindly donated by Astra-Zeneca, the pellets 

were prepared using wet extrusion and spheronisation techniques. The 

composition of the pellets is documented in table 2-3. 

Table ��2-3 Compositoin of theophylline pellets prepared as a core dosage form for 
coating.  

�,�Q�J�U�H�G�L�H�Q�W�V�¶���Q�D�P�H 
Percentage in the formulation 

(% w/w) 

Microcrystalline cellulose (MCC) 47% 

Lactose 47% 

Theophylline anhydrous 6% 

  

A batch of 1.06 kg was prepared each time. Lactose, MCC, and Theophylline 

were weighed and mixed using a planetary mixer for 2 minutes. Then, 500g of 

water was added slowly to the mix till a consistent moisture level was achieved. 

The wet mass was left for 5-6 hours before being transferred to the extruder 

(Alexanderwerk, Germany) fitted with a 1 mm pore-sized drum. The speed of 

the extruder was adjusted to 3 (the medium speed achieved by this machine) 

and the thickness of the extruding die was 5 mm. The extrudates were collected 

and transferred to the spheroniser (Caleva Process Solutions Ltd, UK) fitted 

with a 15 inch cross-hatched bottom plate. The extrudates were left in the 
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spheroniser for 20 minutes at .approximately 500 rpm. The pellets were then 

spread as a one-pellet layer over glass plates and left to dry slowly at room 

temperature for 48 hours. The spheres were shaken every 2 hours for the first 

10 hours to minimise drug migration during evaporation. The spheres were then 

dried in an oven at 70 oC for another 6 hours to ensure a loss-on-drying of less 

than 5%.  

The spheres were then sieved for 5 minutes using a sieve shaker (Caleva, UK) 

and the fraction 0.87-1.2 mm was retained for use in the coating experiments. 

 

2.2.3 Scanning e lectron microscopy  

Free films as well as coated placebo tablets were examined under scanning 

electron microscope. Film samples were cut and tablets were sliced using a 

sharp blade and then gold-sputtered before being scanned using Scanning 

electron microscope (Oxford instruments; UK). The images of the cross section 

of the films as well as its surface were examined to determine the degree of 

coalescence and the thickness of the coat.  

 

2.2.4 Evaporation of the plasticisers in Tray oven  

Coating materials are subject to prolonged high temperature exposure during 

coating and curing phases. It is therefore necessary to ensure that none of the 

film component is likely to be lost by decomposition or evaporation. To 

investigate these concerns, the evaporation of the liquid additives, involved in 
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this study, was studied over 24 hours in a tray oven. Two sets of experiments 

were carried out. The first set of tests was performed at 75 oC which is the 

temperature usually used in curing step. The second set was carried out at 100 

oC. The latter was selected because DSC samples were intended to be 

preheated to 100 oC for 5 minutes to eliminate the effect of residual moisture. 

2.2.4.1  Method 

Samples of AMG, TEC and TEAC weighing 199 mg, 207 mg and 208 mg 

respectively were placed in an open vial (2 cm in diameter) and were stored in a 

tray oven. The temperature of the oven was adjusted to either 75 oC or 100 oC. 

At specific time intervals, the samples were removed from the oven, covered 

and left to cool down and then uncovered and weighed before they were 

returned to the oven. The results were recorded over 24 hours. 

 

2.2.5 Thermal Gravimetric Analysis (TGA)   

TGA is a thermal analysis technique that studies the changes in the sample 

weight as a function of temperature or time (the latter in the case of its 

isothermal mode of operation). It can be used in pharmaceutical industry to 

study some useful properties like absorption, adsorption, and decomposition of 

materials (figure 2-1). 

The weight change profile of a material can vary dramatically under different 

conditions of the process including pressure and the nature of the atmosphere 

surrounding the sample, scanning rate, sample weight, volume and form. The 
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latter three parameters are of particular importance in polymer science where 

thermal conductivity tends to be low. Changes in sample temperature due to a 

thermal endo- or exo- reaction can cause significant temperature gradient within 

the sample especially if large weight samples are used (Hatakeyama, 1994)  

The weight of the sample can be affected by the buoyancy effect of the purging 

gas. Therefore, it is important to zero the balance under the same conditions as 

for the experiment. This buoyancy effect can also take place due to a change in 

the purge gas density during heating. This is caused by the temperature 

gradient, produced along the crucible support at a low pressure causing 

streaming of a purge gas in the direction of the temperature gradient. It can be 

of considerable significance in the samples where weight loss is accompanied 

by volume decrease. Thus, it is advisable to use as low mass as possible within 

the resolution limits of the machine�¶�V���P�L�F�U�R�E�D�O�D�Q�F�H��(Hatakeyama, 1994). 

2.2.5.1 Interpretation of TGA curves 

In a non-reactive atmosphere, a typical TGA graph will appear as in figure 2-2. 

Section (A) of the graph represents initial weight loss due to evaporation of a 

volatile component (usually moisture) within this temperature range. This 

reduction may be followed by a constant value involving no weight change 

(section (B)). When the temperature reaches a certain value (specific for each 

material), single or multiple decomposition steps commence (section C). The 

onset and end point of these decomposition steps are characteristic parameters 

of the material.  
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Figure ��2-1 Thermal Gravimetric Analysis Q 500 TA Instruments.  

 

 

Figure ��2-2 Typical TGA graph. A. Represents weight loss due to evaporation of volatile 
component. B. No weight loss. C. Decomposition step.  
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2.2.5.2 Methodology 

In this study, Thermal Gravimetric Analysis (TGA) (Q500, TA Instruments, USA) 

has been used to measure the moisture content and the decomposition 

temperature of the starting materials. Mass calibration was carried out using two 

standard pans. Temperature calibration was carried out using the Curie 

temperature of Nickel. 

Samples (weighting 5±1 mg) were run at a heat/cool rate of 10 ºC/min. under a 

nitrogen gas atmosphere. The temperature range used was 30-600 ºC and the 

gas flow was set to 20 ml/min. All measurements were carried out in duplicate 

�D�Q�G�� �W�K�H�� �J�U�D�S�K�V�� �Z�H�U�H�� �D�Q�D�O�\�V�H�G�� �X�V�L�Q�J�� �W�K�H�� �V�R�I�W�Z�D�U�H�� �³�8�Q�L�Y�H�U�V�D�O�� �$�Q�D�O�\�V�L�V�� ����������

�Y�H�U�V�L�R�Q�� �������$�´�� �I�U�R�P�� �7�$�� �,�Q�V�W�U�X�P�H�Q�W�V���� �8�6�$���� �7�K�H�� �G�H�W�H�U�P�L�Q�D�W�L�R�Q�� �R�I�� �W�K�H��

decomposition onset value is essential to identify the temperature range to be 

used in the later Differential Scanning Calorimetry (DSC) tests. This helps in 

avoiding sample decomposition during DSC tests. 

 

2.2.6  Differential Scanning Calorimetry (DSC)   

Differential Scanning Calorimetry (DSC) is a thermal analysis technique that 

measures the amount of energy (heat) absorbed or released by a sample as it 

is heated, cooled or held at a constant temperature (figure 2-3). In this 

technique, the sample is enclosed in an aluminium pan and placed over a 

furnace beside a reference (empty pan) which is placed over another furnace 

(figure 2-4). Both the sample and the reference are heated over a linear ramp of 

temperature. The difference of the energy required to maintain the reference 
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and the sample at the same temperature is measured. When the temperature 

rises or falls in the sample, energy (in the form of heat) is applied or removed 

from its furnace to compensate for the sample energy, so that the temperature 

of the sample and reference are nearly the same all the time. 
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Figure ��2-3 Differential Scanning Calorimetry - TA Q 2000 TA Instruments.  

 

 

 

Figure ��2-4 DSC principle. S: sample pan, R: reference pan.  

 

DSC has many applications in pharmaceutics including measuring melting 

points (Tm) and glass transition (Tg). It can also be used for measuring the 

degree of crystallinity, compatibility, phase separation and temperature-induced 

co-crystallisation. 
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The thermal behaviour of the polymers provides useful information about their 

morphological state (amorphous or semi-crystalline). Furthermore, the 

determination of the Tg and Tm of the coating components provides important 

tools to predict film behaviour under process and storage conditions. 

If a semi-crystalline polymer is heated up (after quick cooling) the movement of 

the amorphous part of the chains will increase. Then, at a certain temperature, 

the amorphous regions become flexible and lose their glassy state. The 

temperature at which this transition occurs is called the glass transition 

temperature of the material (Tg). It appears as a step in the DSC graph (figure 

2-5). Since Tm is higher than Tg, the crystalline region is still intact. Further 

increase in temperature produces larger free volume of the amorphous region 

allowing the molecules to re-orient and arrange themselves in crystal forms. 

The temperature at which this transition occurs is called the crystallisation 

temperature (Tc). Once the molecules are arranged as stable crystals their total 

free energy become less than for the amorphous state. The extra energy is 

released in a form of heat upon crystallisation and Tc appears as an exothermic 

peak on the DSC graph. Further increases in the temperature provide the 

molecules with enough energy to break inter-crystal bonds and the material 

loses its solid state and becomes liquid. The temperature at which this transition 

occurs is known as the melt tempretaure (Tm) (figure 2-5).  
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Figure ��2-5 Typical DSC chart for semi -crystalline material. Tg: glass tran sition. Tc: 
crystallisation  temperature. Tm: Melting point. Adapted with modification from 
(Hatakeyama, 1994) . 

 

The small peak at the end of the Tg step (figure 2-5) is due to the bulk chain 

relaxation of the amorphous region of the chains. This becomes more 

pronounced when a low scan rate is used. When a faster scan rate is applied, 

the peak diminishes and the transition appears as a simple shift in the base line. 

2.2.6.1 Methodology 

In this study, Differential Scanning Calorimetry (DSC) (Q 2000, TA Instruments, 

USA) with refrigerated cooling system was used. Calibration was carried out 

using the melting point of Indium as a reference.  

Samples, weighing 6±2 mg were enclosed in an aluminium pan with a pin-holed 

lid to allow moisture evaporation. Two sets of experiments were carried out. In 

the first, samples were heated up to 100 oC, held isothermally for 5 minutes 

then the temperature was dropped back to 0 oC. Samples were then heated up 

Temperature 

Heat 

flow 
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again to 150 oC. In the second set, samples were run twice from -20 oC to 150 

oC. The only exception was in the case of the liquids: TEC, AMG and TEAC and 

their mixtures where liquid nitrogen was used and the temperature range was -

100 to 0 oC. In all cases, the glass transition temperature (Tg) was measured 

from the second run to avoid erratic transitions caused by the moisture (Guo, 

1991) or by the thermal history of the sample (Gutierrez-Rocca, 1994). The 

melting temperature value was measured at the peak while the glass transition 

temperature was measured at the inflection point as demonstrated in figure 2-5. 

Three samples from each material or film were measured to ensure 

repeatability. All measurements were carried out at a heat / cool rate of 10 

�q�&���P�L�Q�����7�K�H���J�U�D�S�K�V���Z�H�U�H���D�Q�D�O�\�V�H�G���X�V�L�Q�J���W�K�H���V�R�I�W�Z�D�U�H���³�8�Q�L�Y�H�U�V�D�O���D�Q�D�O�\�V�L�V������������

�Y�H�U�V�L�R�Q���������$�´���I�U�R�P���7�$��instruments, USA. 

Samples measured were:  

a. Individual components of the films: HPMCAS, TEC, TEAC and AMG and 

the mixtures of TEC/AMG and TEAC/AMG (3:2w/w) were analysed to 

identify the characteristic transitions of each material. 

b. Organic-based HPMCAS films: films with a range of several 

concentrations of TEC, TEAC and AMG and their mixtures were studied 

to investigate the effect of these additives on the Tg of the HPMCAS. 

The DSC graphs were also examined to trace any evidence of phase 

separation. 
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2.2.7 Dynamic m echanical analyse r (DMA)  

Dynamic mechanical analysis is a thermo-mechanical technique that has been 

developed and used by a variety of disciplines including engineering, chemistry, 

polymer physics, and recently pharmaceutics. There have been many 

alternative names for this technique in the literature (some are more common in 

one field than in others) including: forced oscillatory measurements, dynamic 

mechanical thermal analysis, dynamic thermomechanical analysis, or dynamic 

rheology (Menard, 2008). The main advantage of this technique is its relative 

simplicity. Experiments are usually easy to set with no complicated sample 

preparation steps. Moreover, it is relatively easy to set the experimental 

conditions to simulate �D�� �P�D�W�H�U�L�D�O�¶�V��operating environment in terms of humidity, 

liquids, various gases and UV light. DMA can also perform both thermal and 

rheological characterisation of materials. Compared to other thermal analysis 

methods, such as DSC, DMA provides information about major transitions as 

well as the more subtle transitions caused by a si�G�H�� �J�U�R�X�S�¶�V�� �U�R�W�D�W�L�R�Q�� �D�Q�G���R�U��

stretching (Cassel, 1991). These so called beta and gamma transitions are 

usually undetectable in traditional DSC or thermal mechanical analysis 

techniques (TMA). The sensitivity of DMA can also be employed to measure 

those minor transitions in powders using especially made powder pockets. 

(Royall et al., 2005). 

The first oscillatory mechanical test can be traced back to Poyntang in 1909 

(poyntang, 1909).  However, it was not until 1970 when DMA became more 

widely available when more user friendly lab equipment was produced (Menard, 

2008).  
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Traditional mechanical testing equipments can be used to calculate some 

mechanical moduli from the stress-strain curve. However, this can only be 

carried out at one fixed temperature and/or one fixed rate per sample. However, 

the oscillating nature of DMA allows the measurements of the mechanical 

moduli each time a sinusoidal stress wave is applied. In other words, each full 

test in a traditional mechanical test can be substituted by a one point 

measurement in DMA. Therefore, a frequency and/or temperature sweep can 

be applied simultaneously in a single DMA test using one sample. Moreover, 

the dynamic nature allows the DMA to separate the overall moduli into its elastic 

�F�R�P�S�R�Q�H�Q�W�� ���(�¶���� �D�Q�G�� �W�K�H�� �Y�L�V�F�R�X�V�� �F�R�P�S�R�Q�H�Q�W�� ���(�´������ �8�V�L�Q�J�� �W�K�H�V�H�� �W�Z�R�� �P�R�G�X�O�L���� �D��

variety of rheological parameters can be calculated including tan delta, creep 

response and complex viscosity. This provides valuable information for the 

modelling of viscoelastic materials. Indeed, these materials are not completely 

solid even below their Tg. Instead, they exhibit some sort of fluidic behaviour. In 

fact all viscoelastic materials would flow if given enough time (Barnes, 1998). 

Furthermore, dynamic measurements differ from those obtained from the 

traditional stress-strain curves in that they are affected by the straining rate. 

Actually, the effect of varying the frequency of the strain is often as important as 

the effect of varying temperature. This allows the measurements of such 

phenomena as shear thinning or thickening behaviour (Larson, 1999). However, 

the equations and models have been developed to calculate some constant 

shear moduli from their dynamic counterparts such as through of the Cox-Mertz 

equation.  
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2.2.7.1 Methodology 

DMA (Q 800, TA Instruments, USA) was used in this study to perform two 

separate sets of experiments. Firstly, DMA was used to determine the Tg of the 

free films as well as the effect of sample thickness and the geometry of the 

clamps on the Tg of these films. Secondly, the mechanical properties and the 

dynamic moduli of the free films were investigated. The clamp mass calibration 

was carried out automatically by the machine. Temperature calibration was 

carried out using the Tg of polycarbonate standard provided by TA instruments. 

The Tg of two polycarbonate pieces were measured. One sample was 

measured at the experimental heating rate (3 oC/min) while the second was 

measured by increasing the temperature at a step of 0.25 oC followed by a 

soaking time of 1 minute. 

The details of the two methodologies used to measure the samples are 

presented below 

A. DMA methodology for Tg measurements of free films:  

Rectangular film samples (12mm x 3mm) were tested in Dynamic 

Mechanical Analyser (DMA) using a dual cantilever clamp and liquid 

nitrogen cooling system. Thermal transitions were measured using a 

temperature sweep test at a fixed frequency of 1 Hz, 0.1% strain and a 

temperature ramp rate of 3 oC/min. The effect of film thickness and 

clamp length was also investigated. A hydraulic press was used to 

ensure the uniformity of sample thickness prior to testing. Samples were 

first heated to 100 �qC. The pressure was then increased to 200 kN and 

held isothermally for 5 minutes. The temperature was then dropped back 



60 
 

to room temperature. The pressure was then reduced gradually over a 

time of one minute. This ensured the production of uniformed thickness 

samples. Samples of two different thicknesses were compared: thin (0.4 

±0.05 mm) and thick (0.7± 0.05 mm). The clamp length effect was also 

explored using a large clamp (L= 35mm) and a small one (L= 8mm). 

Loss and storage moduli were measured and the damping factor (tan 

�G�H�O�W�D�����Z�D�V���F�D�O�F�X�O�D�W�H�G���X�V�L�Q�J���³�8�Q�L�Y�H�U�V�D�O���$�Q�D�O�\�V�L�V������������ �Y�H�U�V�L�R�Q���������$�´���I�U�R�P��

TA instruments. 

 

B. DMA methodology for dynamic moduli measurements: 

This set of tests was carried out using a dual cantilever clamp (L= 8mm). 

Samples were prepared as described in the previous paragraph. 

Frequency sweep tests were carried out at various temperatures. Initially, 

the temperature was adjusted to 0 oC, held isothermally for 3 min, and 

then a frequency sweep was carried out at a strain value of 0.1 % over a 

frequency range of 0.01-100 Hz. The temperature was then raised by 10 

oC and held isothermally for 3 min. and the cycle was repeated until the 

sample was deformed and the test disrupted. This allowed 

measurements to be collected over a range of temperatures using only a 

few samples. However, it has to be noted that, as the temperature 

increases, the samples become strained. Therefore, the values of the 

measured moduli are only reproducible using the exact same test 

procedure. Measuring a fresh sample may provide more accurate 

absolute values over the upper temperature range. However, it was 

deemed acceptable to use the same sample in this study since the focus 
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is on the comparison between the relative performances of the different 

plasticisers. 

The linear frequency was then converted to its angular counterpart to 

compare the results with that obtained from the PPSR. Loss modulus, 

storage modulus, and damping factor were recorded and complex 

viscosity was calculated according to the equation 4-2: 

�Á�Û
L
�s�6

�Ó

E�•

�s�ò

�Ó
   Equation ��2-1 

Where: 

��* = complex viscosity 

G' = Storage or elastic modulus 

G''= Loss modulus 

�&��� ���$�Q�J�X�O�D�U���I�U�H�T�X�H�Q�F�\ 

�E= square root of -1 

2.2.8 Shear rheometry  

This technique is used to study the rheological properties of viscous and 

viscoelastic materials. The instrument is essentially composed of a bottom 

stationary plate and an upper movable plate with the sample sandwiched in 

between. The upper plate can be either cone-shaped or a flat plate parallel to its 

bottom counterpart. The upper plate rotates around its axis twisting the sample 

and causing a shearing deformation. In this technique the instrument apply a 

defined stress torque and measure the strain within the sample (deflection 

angle). This allows the measurements of various mechanical and rheological 

muduli including elastic and loss moduli and the calculation of complex 
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viscosity. In this study, The Anton Paar MCR 501 parallel plate shear 

rheometer, Germany (figure 2-6) was used to determine the viscoelasticity of 

the melt polymer above its Tg value. A cone and plate geometry is usually more 

preferable to conduct oscillatory test because it ensures a constant shear rate 

over the entire plate surface. However, it is less effective when dealing with 

viscoelastic polymer melts (Mezger, 2006). This is because when the gap in the 

cone and plate geometry is set, a long period of rest is necessary to achieve the 

equilibrium state between the internal and external stresses in the sample. The 

parallel plate assembly, on the other hand, provides a flexible gap size.. 

Therefore, the tests were carried out using the 25mm parallel plate set up.  

 

Figure ��2-6 Anton Paar Shear rheometer MCR 501 fitted with 25mm parallel plate.  

 

2.2.8.1 Methodology 

The complex viscosity of HPMCAS film samples above their Tg values were 

determined using PPSR. Torque calibration was carried out each 90 days 
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through an automatic motor adjustment procedure inside the machine. 

Temperature calibration was carried out using an external thermocouple. 

Samples were mounted on the base plate and the temperature was adjusted to 

the desired value. The gap between the plates was adjusted to 0.5mm. The 

system was then left to equilibrate letting the normal force reduces to less than 

1N which indicates that the polymer is in a relaxed state. Three sets of tests 

were carried out:  

Firstly, the linear viscoelastic range (LVE) of the film was determined using an 

oscillatory strain amplitude sweep test. The angular frequency was adjusted to 

1 s-1 and the strain range studied was 0.1-10%. The temperature range used to 

test the plasticised films was 80-130 oC while pure polymer films were tested 

over the temperature range of 120-170 oC. 

The second test was a frequency sweep test. An oscillatory shear was applied 

to the sample at a strain amplitude of 3%. This value has been determined to be 

within the LVE range measured in the amplitude sweep test described above. 

Elastic and loss moduli were measured over an angular frequency range of 

0.01-100 s-1 allowing the calculation of the complex viscosity values. 

Finally a step strain test was carried out to calculate the relaxation modulus. 

Strain values of 3, 10, 30, and 100% were applied at 120 oC for the 30% 

plasticisation level samples and at 150 oC and170 oC for pure HPMCAS films. 

2.2.9 Measurement of minimum film forming temperature  

Minimum film forming temperature (MFT) is the onset temperature of film 

formation under specified conditions. In this study, MFT was measured for the 
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aqueous HPMCAS formulations in order to understand the effect of various 

plasticisers on film formation and nozzle blocking. 

Aqueous HPMCAS suspensions were prepared using the following formula 

(w/w): 

�„  HPMCAS-MF 7%�� 

�„  SLS   0.2-0.3% 

�„  Plasticiser  2.1% 

�„  Water    ad. Total  100% 

Suspensions were agitated with magnetic stirrer for 15 minutes to allow to 

partitioning of the plasticiser in the polymer. Afterward, a sample of 1 ml of the 

suspension was transferred to a levelled petri-dish and stored at 30, 40 or 50C 

in a static oven for 30 minutes. The samples were then left to dry at room 

temperature and then examined under the microscope.  

 

2.2.10 Coating of tablets and pellets  

Coating processes were performed on both tablets and pellets. Micro crystalline 

cellulose tablets (8mm double concaved punches) were coated using a 

modified STREA-���Œ machine (GEA- Aeromatic Fielder�Œ) (figure.2-7-A) (Matero 

et al., 2009). On the other hand, theophylline pellets (1-1.2 mm) were coated 

using MP-Micro�Œ (GEA-Aeromatic Fielder�Œ) as shown in (figure.2-7-B).  
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Figure ��2-7 Coating devices used in this study. A) Sterra 1; B) MP -micro  

In all coating experiments, the aqueous HPMCAS suspensions were prepared 

using the same formulation used in 2.2.9. 

The plasticiser percentage was adjusted to be equal to 30% w/w of that of the 

dry weight of HPMCAS. Coating parameters of the coating processes of the 

tablets and the pellets are recorded in tables 2-4 and 2-5 respectively. 

 

Table ��2-4 Parameters of the coating processes in the STREA -���Œ 

Batch 
# 

Tablets 

Additive  

Core 
weight  

(g) 

Coating 
liquid 
temp.  

(oC) 

Inlet 
temp.  

(oC) 

Outlet 
temp.  

(oC) 

Coat 
level  

(%) 

Spray 
rate  

(g/min)  

Time 

(min)  

1 TEC 200 10-15 39 33 17.6 4.0 136 

2 TEAC 200 21 44 37.5 20 4.1 101 

3 
TEAC/A
MG 3:2 200 21 38 33.4 10 4.1 75 

A) B) 
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Table ��2-5 Parameters of the coating processes in the MP -�0�L�F�U�R�Œ 

Batch 
# 

Theophylline pellets 

Additive  

Core 
weight  

(g) 

Coating 
liquid 
temp.  

(oC) 

Inlet 
temp.  

(oC) 

Outlet 
temp.  

(oC) 

Coat 
level  

(%) 

Spray 
rate  

(g/min)  

Time 

(min)  

1 TEC 50 10-15 39 24 30 0.9 295 

2 TEAC 50 10-23 48 26 30 1.3 278 

3 TEAC/A
MG 3:2 

50 10-23 40 23 30 1.3 294 

 

2.2.11 Optical profilometer  

An optical profilometer is a noqn-contact method for measuring surface 

roughness. It utilises the wavelength of the light source to measure the features 

on the surface.  

White light profilometers, use the wavelengths of white light spectrum as a 

measuring tool (figure 2-8). They essentially project an identical light beam on 

the sample surface and a reference surface. Then the two reflected beams are 

collected and recombined. The reference surface is considered to be flat. When 

the beam moves over a feature on the surface (peak or valley), the phase angle 

between the waves of the two reflected beams changes. If the two beams are 

in-phase (synchronised), the intensity of the combined light increases. When 

the waves of the two beams are out-of-phase the light density decreases till it 

becomes dark when the two beam waves are exactly opposite and the first 
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beam annihilates the second. The image on the sensor is simply composed of 

alternating light and dark bands. The distance between two consecutive light or 

dark bands is equal to a half wavelength of the incident light. As the light moves 

over the specified test surface the sensor detects and measures each feature. 

Therefore a three dimensional map is produced  

The results of surface roughness measurements are usually quantified by one 

of the various roughness parameters. There are many roughness parameters 

and some are more common in some industries than in others. The most 

common value is the arithmetic average, Ra, which can be given by the 

following equation: 

�~�‡ 
L

Ú
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�Ã ���Ÿ�•��
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Ú    Equation ��2-2 

where Ra is the arithmetic mean of the absolute values of all peaks and valleys 

in the sample, n is the number of points measured on the sample, and �U�Ü is the 

vertical distance between the mean line and the point �E. 

Another useful roughness parameter is the root mean squared Rq which is 

given by the equation: 
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Another parameter is the maximum height on the surface Rt which is simply the 

difference between the maximum peak point and the minimum valley point. Also 

Rz which is the average of various Rt values measured in each specific sub area 

in the sample is also sometimes used. 
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It is worth mentioning that each of these parameters quantify one aspect of the 

profile. Therefore one parameter alone might not be enough to compare two 

surfaces. 

 

Figure ��2-8 White light profilometer with motorized stage.  

 

2.2.11.1 Surface roughness measurements of the placebo tablets 

Surface roughness of the coated tablets was measured using white light 

profilometer (Wyko® NT 1100) from Veeco, USA. Six tablets of each batch were 

scanned and the results were analysed using Wyko Vision 32® software. Four 

roughness parameters were recorded: arithmetic average of absolute values 

(Ra), root mean squared (Rq), Maximum Height of the Profile (Rt), and the 

average of the distances between the highest peak and lowest valley in each 

sampling length (Rz). 
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2.2.12 Dissolution of Theophylline pellets in gastric and 

intestinal pHs  

In vitro theophylline release from the coated pellets was investigated according 

the official dissolution test (USP XXVII rotating paddle method). The test was 

carried out at 37±0.5 oC in 750 ml of 0.1M HCl (pH= 1) for 120 min. After that 

250ml of Na3PO4·12H2O buffer solution (65 g/l) were added and the pH was 

adjusted to 6.8 using 2M NaOH. The test was continued for another 60 min. 1g 

of pellets (with 6.5% w/w theophylline content) was added to each vessel and 

drug release was monitored by removing a 5ml sample at 15, 30, 45, 60, 90, 

120, 135, 150, 165, and 180 min. Fresh 5ml of the media was added each time 

a sample was drawn to maintain constant medium volume. The samples were 

analysed using a UV spectrophotometer at a wavelength of 272nm. 

 

2.2.13 Contact angle measurement technique  

The contact angle can be defined as the geometrical angle formed between the 

solid surface and the tangent of the interface where the three phases: liquid, 

solid, and gas meet (figure 2-9). It can be used as a quantitative measurement 

of the ability of a liquid to wet a solid surface and to spread over this surface 

due to the interaction between the liquid and solid molecules. 

Low contact angle values indicate that the liquid molecules interact with the 

solid ones, and that these bonds are strong enough to overcome interfacial 

tension between both phases. On the contrary, high values of contact angle 

reflect high interfacial tension and low compatibility between two materials. If 
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the drop circumference is constant, �W�K�H���F�R�Q�W�D�F�W���D�Q�J�O�H���Y�D�O�X�H���L�V���N�Q�R�Z�Q���D�V���³�V�W�D�W�L�F�´����

When the drop circumference is expanding, the dynamic value of contact angle 

�L�V���V�D�L�G���W�R���E�H���³�D�G�Y�D�Q�F�L�Q�J�´�����2�Q���W�K�H���F�R�Q�W�U�D�U�\, if the circumference is shrinking, the 

dynamic value of the �F�R�Q�W�D�F�W�� �D�Q�J�O�H�� �L�V�� �V�D�L�G�� �W�R�� �E�H�� �³�U�H�F�H�G�L�Q�J�´���� �7�K�H�� �G�L�I�I�H�U�H�Q�F�H��

between the maximum advancing and minimum receding contact angle values 

is known as contact angle hysteresis. 

 

 

 

Figure ��2-9 contact angle measurement between solid and liquid phases  

 

From a thermodynamic point of view, contact angle Ø can be calculated by 

Young's equation: 

�•�x�‚�������� �Î 
L �•�•�‚ 
F �•�•�x  Equation ��2-4 

Where �E�Å�Ï�á���E�Ì�Ï �á�=�J�@���E�Ì�Å are the interfacial energies of the liquid/vapour, 

solid/vapour, and solid/liquid interfaces respectively. 

Contact 

angle (Ø) 

Solid surface 

Liquid 

drop 
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Several factors have been found to have a dramatic effect on the contact angle 

value, amongst them are surface cleanliness, size of drop and lag time between 

dropping the liquid and measuring contact angle; the latter is of special 

significance when porous solids are involved. 

2.2.13.1 Methodology 

Contact angle measurements were conducted over HPMCAS tablets to 

determine the most suitable plasticiser to be used in dry coating. 

HPMCAS tablets were prepared by pressing about 0.45g using single punch 

hydraulic machine (1000 Mpa) to produce flat tablets of 12 mm in diameter and 

2 mm in thickness. Tablets were stored for 3 hours in desiccators containing 

saturated potassium carbonate solution (RH= 43%). The measurements were 

carried out using optical contact angle meter CAM 200® (KSV Instruments LTD) 

shown in figure 2-10. Experiments were conducted under ambient conditions. 

However the temperature and relative humidity were recorded during the test 

time and the experiments were stopped when the temperature exceeded 25±3 

ºC or relative humidity values exceeded 47%. Tablets were kept in sealed 

plastic bags and each one was only removed immediately before the test to 

minimize moisture difference effect. All tablets were measured within 15 

minutes of their removal from the desiccators. A drop of approximately 5-�������/���R�I��

the liquid plasticiser (according to viscosity of liquid used) was dispensed, using 

automated micro-dispenser set, on the surface of a tablet and the contact 

angles were measured after five seconds. The average and the standard 

deviation of at least eight measurements were recorded. 
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Figure ��2-10 Optical contact angle meter.  
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Chapter 3  

Thermal characteris ation of the 

coating formula  
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3 Thermal characterisation of the coating formula  

3.1 Introduction  

Measuring the thermal properties of film forming materials is a useful tool to 

estimate the extent of film formation and to approximately determine a 

suitable curing temperature. These measurements can also provide, to 

some extent, a basic understanding of the flexibility of the coat. 

3.2 Chapter outline  

This chapter describes the thermal characterisation of the free HPMCAS 

films in order to identify the effects of the additives�¶ inclusion on the thermal 

transitions of the coat. Theoretical values of the glass transition were also 

calculated using various thermodynamic equations and models to evaluate 

their compatibility with the experimental data. 

3.3  Method  

Free HPMCAS films were prepared from organic solutions, according to the 

method outlined in 2.2.1, to study the effect of including several concentrations 

of TEC, TEAC and/or AMG on the properties of the final film. 

3.3.1 Visual and microscopic characterisation of the free films  

After preparing each free film batch, notes were made about its visual 

appearance and any other characteristics thought to be of interest. Scanning 

electron microscopic (SEM) images were also recorded and analysed according 

to the method outlined in 2.2.3. 
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3.3.2  Thermal analysis of free films  

Film samples with various concentrations of the plasticisers were analysed 

using tray oven, TGA, DSC and DMA according to the methods explained in 

chapter 2 (sections 2.2.4 to 2.2.7). 

3.3.3 Calculations of the theoretical Tg values  

The theoretical glass transition temperature (Tg) of HPMCAS with various levels 

of plasticisers has been calculated using three thermodynamic models, namely:  

1- The Fox equation (Fox, 1950): 


Ú

�€�• �“

L

�• 
Ú

�€�•
Ú

E

�• 
Û

�€�•
Û
  Equation ��3-1 

 

2- The Gordon-Taylor equation (Hancock, 1997): 
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3- The Kelley Bueche equation (Kelley and Bueche, 1961).  
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where �€�•�“  is the glass transition temperature of the mixture, w1 and w2 are the 

weight fraction of the components, �œ
Ú and �œ
Û are the respective volume 

fractions of the components, K is a model specific parameter and is given by the 
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equation 

�w
L
�Ë
Ú�¤�»
Û
�Ë
Û�¤�»
Ú

 

where �Ë
Ú and �Ë
Û are the densities of the components, �¤�»
Ú and �¤�»
Û are the 

thermal expansion coefficients of the components and are calculated using the 

following equation: 

�» 
L
�¤�‚

�‚ ���¤�€
 

where �¤�‚ is the volume expansion of the liquid, V is the original volume and �¤�€  

is the increase in the temperature  

The densities of HPMCAS, TEC, TEAC and AMG were obtained from the 

relevant data sheets for these materials. The DSC results for the Tg values of 

each pure material were used in the calculations. Moreover, the thermal 

expansion coefficient of cellulose polymers is usually considered constant and 

is estimated to be equal to 0.00048 °C-1 (Garfield and Petrie, 1964, Sakellariou 

et al., 1994). The thermal expansion coefficient of the liquid plasticisers was 

measured using a liquid expansion bulb immersed in a water bath. The volume 

of each bulb was calculated using distilled water at 20 °C. The weight of the 

water required to fill the bulb was measured using an analytical balance and 

was divided by the density of water (0.997 kgm-3). Liquid plasticisers were then 

added to the bulb and the expansion of the liquid in the stem of the bulb was 

recorded at 25, 45, and 55°C during a heating and a cooling cycle. All 

measurements, including those of the water mass, were carried out in triplicate. 
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3.4 Results  and discussion  

The visual and microscopic observations as well as the thermal characteristics 

of the free films are presented in this section.  

3.4.1 Visual and microscopic observation s of the free films  

The components of the organic film batches prepared, along with the visual 

observations, have been summarised in table 3-1. As shown in this table, when 

no additive is included in the formula (batch 1) the final film sometimes 

developed a white spot in the middle. The film was also brittle and the edges 

were tilted up indicating high internal stress. It was difficult to detach the film 

from the acetate sheet without breaking it. The same was noticed when AMG 

was the only additive (batch 3). In this case, the film was semi-opaque and had 

an oily surface. The edges, however, were not tilted up indicating less internal 

stress compared to the films with no additives. This indicates that AMG is 

partially plasticising the polymer while the excess is separating causing the 

�³�R�L�O�\�´ surface. On the contrary, when TEC or TEAC were incorporated in the 

film, the film was clear and more flexible. This flexibility increased with 

increasing plasticiser concentration.  

Scanning electron microscope (SEM) images were taken to investigate the 

effect of these additives on the extent of film formation. The images are 

presented in figures 3-1 to 3-6. These images illustrate that HPMCAS alone and 

AMG-containing films have a lower coalescence level than those containing 

TEC or TEAC. Furthermore, all AMG-containing films show the presence of air 

bubbles. This is surprising because AMG is usually used as an anti-dusting and 
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antifoaming agent. It is also used as a plasticiser in chewing gums. Some types 

of AMG (other than the one used in this study) are used as foaming agents. It is 

likely however that the interaction between AMG and the polymer produces a 

bilayer wall which is thick enough to stabilise the bubbles. 

 

Table ��3-1 Effects of adding TEC and/or AMG on HPMCAS film formation.  

Batch 
No. 

% TEC % AMG % TEAC Appearance  Comments  

1 0 0 0 White spots Brittle, high internal 
stress 

2 30 0 0 Clear 
Flexible, easily 

detached from acetate 

3 0 30 0 
Hazy, oily 
surface Brittle 

4 0 0 30 Clear 
Flexible, easily 

detached from acetate 

5 20 15 0 Clear, oily 
surface 

Flexible, easily 
detached from acetate 

6 0 15 20 Clear, oily 
surface 

Flexible, easily 
detached from acetate 

N.B: % of TEC, TEAC and AMG are calculated as a weight-by-weight 
percentage of the dry HPMCAS. 
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Figure ��3-1 SEM image  of HPMCAS films with no additives  

 

 

Figure ��3-2 SEM image  of HPMCAS films with 30% AMG.  
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Figure ��3-3 SEM image  of HPMCAS films with 30% TEAC.  

 

 

Figure ��3-4 SEM image  of HPMCAS films with 30% TEC.  



81 
 

Figure ��3-5 SEM image  of HPMCAS films with 20% TEAC and 15% AMG  

 

Figure ��3-6 SEM image  of HPMCAS films with 20% TEC and 15% AMG  
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3.4.2 Thermal gravimetric analysis of the free films and their 

components  

The TGA results of the starting materials were measured as detailed in section 

2.2.5. The percentage of the weight loss below 100 oC was used as an estimate 

of the moisture content, the onset and the end point of the transition are shown 

in table 3-2 as well as in figures 3-7 to 3-10. 

The table and the figure show that the moisture content of HPMCAS-MF 

powder is less than 5%. Interestingly, this polymer has two decomposition 

steps, the first is probably due to the decomposition of the branched groups 

(acetyl and succinate groups) since the second degradation peak is in 

agreement with previous data measured for HPMC (Wang et al., 2007). 

The moisture content of TEC was higher than that of TEAC and AMG. This is 

expected since both AMG and TEAC are more hydrophobic. 

All the materials have an onset of evaporation/decomposition higher than 120 

oC except for TEC. This is critical since the Tg of the polymer is at that 

temperature and the DSC scan must be conducted up to 150 oC.  
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Table ��3-2 TGA results for  the starting material. The percentage of the moisture content, 
the temperature of the onset of their degradation, and the end point of the transition for 
three samples are presented.  

Material  

Moisture content 
(%) Onset temp. / oC End temp. / oC 

AVG ± SD AVG ± SD AVG ± SD 

HPMCAS-MF 1.5 ± 0.5 217.3 ± 0.9 374.4 ± 0.7 

TEAC 0.7 ± 0.1 121.0 ± 0.7 185.1 ± 1.4 

TEC 1.2 ± 0.2 118.6 ± 0.1 178.1 ± 0.6 

AMG 0  199.3 ± 0.04 275.7 ± 1.8 

 

 

Figure ��3-7 Representative TGA profiles  for three HPMCAS -MF samples . 
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Figure ��3-8 Duplicate TGA profiles for TEC .  

 

Figure ��3-9 Duplicate TGA profiles for AMG .  
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Figure ��3-10 Duplicate TGA profiles for  TEAC.  
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constant for at least 8 hours before it decreased again for TEC and TEAC. The 

total loss in the case of the TEC sample was higher than that observed for 

TEAC.  

At 100 oC, however, the percentage of the evaporation over the period of 24 

hours was less than 2% for the AMG sample. Half of that loss occurred within 

the first hour of the experiment. 

By contrast, both TEC and TEAC evaporate slowly over the period of the 

experiment with an initial drop probably due to the evaporation of the moisture. 

Nevertheless, the weight loss of TEAC is almost half of that evaporated from 

TEC. 

 

Table ��3-3 Percentage of AMG, TEC and mixture of TEC: AMG (3:2 w/w) evaporated from 
an open vial placed  in the oven for the specified time at 75 ±2 ºC. 

Time / h % of AMG 
evaporated 

% of TEC 
evaporated 

% of TEAC 
evaporated 

0 0 0 0 

1 0.4 0.6 0.6 

4 0.5 0.4 0.6 

8 0.4 0.6 0.6 

24 0.4 2.9 1.7 

N.B: % of AMG, TEC and TEAC evaporated are calculated as a weight percentage of the 
original weight before heating. 
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Table ��3-4 Percentage of AMG, TEC and mixture of TEC: AMG (3:2 w/ w) evaporated from 
open vial placed  in the oven for the specified time at 102±2 ºC.  

Time / h % of AMG 
evaporated 

% of TEC 
evaporated 

% of mixture 
evaporated 

0 0 0 0 

1 0.9 1.9 1.3 

4 0.8 1.8 1.5 

8 1.4 2.4 1.9 

24 1.6 9.0 4.6 

N.B: % of AMG, TEC and TEAC evaporated are calculated as a weight percentage of the 
original weight before heating. 

 

3.4.4  DSC results for  HPMCAS cast  films and their individual 

components  

The DSC curves of the individual components of the films as well as the 

organic-based films were recorded and analysed. 

3.4.4.1 Individual components of the films 

HPMCAS-MF powder was analysed using the DSC according to the method 

described in section 2.2.6.1. The results are presented in figure 3-11. The graph 

shows a single transition (glass transition). This indicates that the polymer is 

completely amorphous. This is in agreement with the information presented in 

the literature. The measured value of the Tg in this study was 119.0± 0.1 �qC 
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(the literature value is 120 �qC).  

The DSC curve of AMG was also obtained. The relevant data are plotted in 

figure 3-12. In the literature, AMG is said to have a single melting peak in the 

temperature range 3 to 12 �qC (Kablitz, 2006). However, the results obtained in 

this study show multiple transitions. The cooling step shows a sharp exothermic 

recrystallisation peak at 2.1±1 �qC. This was followed by a wide vitrification 

transition between -30 to -80 �qC. On the other hand, the melting DSC curve 

exhibited a small recrystallisation/melting transition at -59±1�qC caused probably 

by the melting of small chain fatty acids. AMG is derived from natural soya and 

palm's fatty acids and therefore contains a collection of various fatty acid 

triglycerides. This transition might also be due to the formation/melting of 

polymorphic crystals. This is followed by a glass transition at -37.0±0.2 �qC. The 

main melting transition is wide, has no clear onset, and peaks at 7.5±0.5 �qC.  

The DSC curve of TEC shows a glass transition at -69.7 �qC (figure 3-13) 

whereas TEAC has a glass transition at -73.9 �qC. The glass transition of both 

TEC and TEAC exhibits a clear chain relaxation at the end of the transition step 

(small peak at the end of the Tg). There is no melting point for TEC or TEAC 

because they are not crystalline materials (SIGMA-ALDRICH, 2006). It is also 

worth mentioning that the very sharp exothermic peak appearing in the cooling 

stage is most likely to be an artefact caused by the cooling system of the 

machine as TEC and TEAC exhibit no melting point. 

When TEC and TEAC were mixed with AMG, the DSC curves revealed that the 

liquids are not completely miscible. The glass transitions of both TEC and TEAC 
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are still apparent despite being partially overlapped by the recrystallisation 

transition of the AMG. The second melting point of AMG was also widened and 

shifted down by around 7 �qC (figures 3-14 and 3-15). Therefore we can assume 

that TEC and TEAC interact with AMG but are not fully miscible.  

 

 

 

 

Figure ��3-11 DSC curves  of the three HPMCAS -MF powder samples.  
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Figure ��3-12 DSC curves  of three AMG sample s representing its thermal transitions . 

Figure ��3-13 DSC curves  of a representative  TEC and TEAC sample s demonstrating their  
glass transition. Note the chain relaxation peak s at the end of the transition step s. 
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Figure ��3-14.DSC curve s of a representative TEC , AMG and TEC-AMG 3:2w/w  samples 
demonstrating the shift in the transitions in the latter compared to the first two .  

��3-15 DSC curves  of a representative TEAC, AMG and TEAC -AMG 3:2w/w samples 
demonstrating the shift in the transitions in the latter compared to the first two.  
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3.4.4.2 DSC results of HPMCAS cast films 

The thermal behaviour of HPMCAS-based films plasticised with 5, 10, 20, 30 % 

w/w of TEC, TEAC, AMG, and mixtures of several TEC/AMG or TEAC/AMG 

concentrations were analysed using two sets of DSC procedures (section 

2.2.6.1).  

TGA results indicated that heating the samples to 150�qC twice might cause the 

evaporation of a significant amount of TEC and TEAC. This will result in 

achieving higher Tg values in the second run. To investigate this, two sets of 

experiments were performed. The first involved holding the samples 

isothermally at 100 �qC for 5 minutes to remove moisture before heating the 

sample once to 150 oC. The second set of samples were heated up twice to 

150�qC and the Tg was measured from the second run despite the fact that this 

will lead to evaporating part of the TEC or TEAC from the film. Since the 

samples are heated above their Tg in the first run, the plasticiser is given a 

chance to diffuse, mix and interact with the polymer chains. 

 

A- DSC results for the first set of DSC experiments (Isothermal at     

100 oC for 5 min.)  

The results of the first set of samples are presented in tables 3-5 to 3-9. The 

tables illustrate that the Tg of HPMCAS decreases with increasing plasticiser 

concentration. Interestingly, the DSC curve of HPMCAS films illustrated the 

presence of two glass transitions (figure 3-16), both higher than that for the 

HPMCAS powder and lower than that for HPMC. This indicates the presence of 
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two different intermolecular forces in that sample. Since both transitions are 

above 120 �qC, they are unlikely to be due to the residual moisture. �7�K�H���¨�&�S���R�I��

the first transition is double that of the second. The ability of each additive to 

lower the temperature value of each transition is similar in the cases of TEC and 

TEAC (figures 3-17 and 3-18) but not in the case of AMG (figure 3-19).  

Figures 3-17 and 3-18 show that the temperature values of both transitions of 

HPMCAS decrease as the concentration of TEC or TEAC increases. The 

values of �¨�&�S�� �R�I�� �W�K�H�� �V�H�F�R�Q�G�� �W�U�D�Q�V�L�W�L�R�Q also decrease with increasing TEC or 

TEAC concentrations. This transition becomes undetectable when 20% or more 

of either TEC or TEAC is added. 

The thermal behaviour of HPMCAS-based films plasticised with AMG (over a 

range of different concentrations) was also analysed. The results are presented 

in table 3-7. 

This table suggests that as the AMG concentration increases in the film, the two 

Tgs of the HPMCAS decrease. However, the second transition appears to be 

the dominant one with significantly higher �¨�&�S���W�K�D�Q��for the first transition (figure 

3-19). Furthermore, at concentration levels of 20% and 30% of each additive, 

the widths of these transitions increase. This may suggest inhomogeneity due 

to phase separation. The phase separation in the case of AMG is easily 

detected by the presence of the melting peak. However, in the case of both 

TEC and TEAC, it was not possible to detect this peak using DSC since both 

are amorphous materials. 

 

Table ��3-5 Glass transition temperatures of H PMCAS films plasticised  with 5, 10, 15, 20, 30 
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% w/w of TEC.  

TEC 
content (%)* 

1st Glass transition (�qC) 2nd Glass transition (�qC) 

Temp. Width** Temp. Width 

0 120.6± 0.4 6.9± 1.3 135.3± 0.8 6.2± 0.5 

5 100.7± 0.3 6.7± 1.5 118± 0.9 6.1± 1.0 

10 82.8± 1.3 12.8± 0.3 102.1± 0.6 12.3± 0.7 

20 62.7± 1.0 17.5± 1.2   

30 44.5± 1.4 18.1± 1.1   
 * TEC concentration is calculated as a weight percentage of the dry polymer weight. 

 ** The width was calculated as the difference between the temperature values of the onset and 
the end of the Tg. 

 
 

Table ��3-6 Thermal transition temperatures of HPMCAS films plasticised  with 5, 10, 20, 30 
% w/w of TEAC.  

TEAC 

content (%)* 

1st Glass transition (�qC) 2nd Glass transition (�qC) 

Temp. Width** Temp. Width 

0 120.6± 0.4 6.9± 1.3 135.3± 0.8 6.2± 0.5 

5 100.5± 0.3 6.5± 1.8 118.1± 0.8 6.3± 1.0 

10 88.3± 0.3 11± 0.8 110.8± 1.2 11.8± 1.3 

20 63.3± 3.6 16.2± 2.6   

30 49± 5.9 16.1± 1.0   

* TEAC concentration is calculated as a weight percentage of the dry polymer weight 

** The width was calculated as the difference between the temperature values of the onset and 
the end of the Tg. 
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Table ��3-7 Thermal transition temperatures of HPMCAS films plasticised  with 5, 10, 20, 30 
% w/w of AMG.  

AMG content 

(%)* 

1st Glass transition (�qC) 2nd Glass transition (�qC) 

Temp. Width** Temp. Width 

0 120.6± 0.4 6.9± 1.3 135.3± 0.8 6.2± 0.5 

5 82.1± 2.0 13± 3.0 110.2± 1.4 12.9± 2.3 

10 70.1± 1.5 19.4± 1.3 108.6± 0.5 14.7± 0.7 

20 56.9± 0.6 19.8± 2.3 110.5± 1.0 12.5± 0.7 

30 56.0± 0.3 24.6± 3.2 111.0± 0.4 11.6± 0.3 

* AMG concentration is calculated as a weight percentage of the dry polymer weight. 

** The width was calculated as the difference between the temperature values of the onset and 
the end of the Tg. 

 
 

Table ��3-8 Thermal transition temper atures of HPMCAS films plasticis ed with 20% TEC 
and 0, 5, 10, 20 % w/w of AMG.  

AMG content 
(%)* 

1st Glass transition (�qC) 2nd Glass transition (�qC) 

Temp. Width** Temp. Width 

0 62.7± 1.0 17.5± 1.2   

5 45.4± 0.7 15.9± 1.2   

10 42.3± 2.0 19.1± 1.7   

15 35.2± 0.7 19.0± 1.3   

20    
 
 

* TEC and AMG concentrations are calculated as a weight percentage of the dry polymer 
weight. 

** The width was calculated as the difference between the temperature values of the onset and 
the end of the Tg. 
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Table ��3-9 Thermal transition temperatures of HPMCAS films plasticised  with 20% TEAC 
and 0, 5, 10, 20 % w/w of AMG.  

AMG content 
(%)* 

1st Glass transition (�qC) 2nd Glass transition (�qC) 

Temp. Width** Temp. Width 

0 63.3± 3.6 16.2± 2.6   

5 53.6± 1.0 17.0± 0.4   

10 46.0± 0.4 17.8± 0.4   

15 40.2± 3.8 17.1± 0.6   

20    
 
 

* TEAC and AMG concentrations are calculated as a weight percentage of the dry polymer 
weight. 

** The width was calculated as the difference between the temperature values of the onset and 
the end of the Tg. 
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Figure ��3-16 DSC curve s of HPMCAS film samples with no additives.  

Figure ��3-17 DSC curve s of HPMCAS film samp les plasticised  with several TE C 
concentrations.  
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Figure ��3-18 DSC curve s of HPMCAS film samples plasticised  with several TE AC 
concentrations.  

 

Figure ��3-19 DSC curve s of HPMCAS film samples plasticised  with several AMG 
concentrations.  
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The thermal behaviour of HPMCAS-based films plasticised with a mixture of 

20% TEC or TEAC with several concentrations of AMG was also analysed. The 

results are presented in tables 3-8 and 3-9. The results suggest that the 

addition of AMG decreases the Tg of the plasticised film. In fact, the effect of 

adding 10% of AMG is equal to the effect of adding 10% of TEC or TEAC. 

Moreover, the melting peak of AMG does not appear even when 20% of AMG is 

added (figures 3-20 and 3-21). This confirms the presence of some form of 

interaction between the components of the mixtures and is compatible with the 

observation of the depression in the melting point of AMG (figures 3-14 and 3-

15). 

The results shown in tables 3-5 to 3-9 are all summarised in figure 3-22. This 

figure illustrates that TEC and TEAC have comparable abilities to reduce the Tg 

of HPMCAS. The mixtures show the improved ability of TEC/AMG to reduce the 

Tg of HPMCAS over that of TEAC/AMG for the investigated range of 

concentrations. However, both exhibit wide transitions with very similar end 

points. Interestingly, all mixtures illustrated an exothermic peak around 100 �qC. 

No plausible explanation was found except that it is an enthalpy of solution. It 

might be that the liquids in the mixture become miscible at this temperature. 
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Figure ��3-20 DSC curves  of HPMCAS film samples plasticised  with TEAC 20% and 5, 10, 
15% AMG. 

Figure ��3-21 DSC curves  of HPMCAS film samples plasticised  with TEAC 20% and 5, 10, 
15% AMG. 
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Figure ��3-22 Glass transition temperature of HPMCAS films plasticised  with 5, 10, 15, 20, 
30 % w/w of TEC, AMG or their mixture (3:2 w/w).  

 

B- DSC results for the second set of samples  (heat-cool -heat to 150 �qC) 
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Moreover, the ability of each additive to lower the temperature value of the Tg is 

comparable for the three additives TEC, AMG and TEAC (figure 3-24 to 3-26) 

The results were fairly repeatable for the same sample as well as for different 

samples at the same concentrations. 

Similarly to the results from the previous procedure, as the concentration of 

each additive increases, the width of the transition increases (tables 3-10 to 3-

14). This may suggest inhomogeneity due to phase separation. The melting 

peak of AMG appeared at 20% w/w concentration. 

 

 

Table ��3-10 Glass transition temperatures of HPMCAS films plasticised  with 5, 10, 15, 20, 
30 % w/w of TEC  obtained from the 2 nd (reheated) DSC run . 

TEC content (%)* 

Glass transition (�qC) 

Temp. Width** 

0 119.5± 0.4 10.8± 0.6 

5 100.1± 0.02 15.5± 0.6 

10 85.3± 0.7 18.0± 0.3 

20 63.0± 0.3 20.3± 0.5 

30 42.4± 0.3 22.7± 0.9 
* TEC concentration is calculated as a weight percentage of the dry polymer weight. 

** The width was calculated as the difference between the temperature values of the onset and 
the end of the Tg. 
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Table ��3-11 Thermal transition temperatures of HPMCAS films plasticised  with 5, 10, 20, 30 
% w/w of TEAC  obtained from the 2 nd (reheated) DSC run.  

TEAC content (%)* 
Glass transition (�qC) 

Temp. Width** 

0 119.5± 0.4 10.8± 0.6 

5 98.8± 1.7 13.5± 1.2 

10 89.4± 1.3 14.9± 0.7 

20 62.9± 0.6 21.7± 0.5 

30 46.8± 0.4 18.1± 1.8 
* TEAC concentration is calculated as a weight percentage of the dry polymer weight. 

** The width was calculated as the difference between the temperature values of the onset and 
the end of the Tg. 

 

 

Table ��3-12 Thermal transition temperatures of HPMCAS films plasticised  with 5, 10, 20, 30 
% w/w of AMG  obtained from the 2 nd (reheated) DSC run . 

AMG 
content (%)* 

Glass transition (�qC) 

Temp. Width** 

0 119.5± 0.4 10.8± 0.6 

5 99.0± 0.7 15.9± 0.9 

10 81.5± 0.5 19.1± 1.9 

20 65.0± 1.1 29.2± 0.8 

30 48.0± 1.5 38.0± 8.8 

* AMG concentration is calculated as a weight percentage of the dry polymer weight. 

** The width was calculated as the difference between the temperature values of the onset and 
the end of the Tg. 
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Table ��3-13 Thermal transition temperatures of HPMCAS films plasticised  with 20% TEC 
and 0, 5, 10, 20 % w/w of AMG  obtained from the 2 nd (reheated) DSC run . 

AMG 
content (%)* 

 Glass transition (�qC) 

Temp. Width** 

0 63± 0.3 20.3± 0.5 

5 43.2± 0.3 23.0± 0.7 

10 43.1± 1 23.1± 0.7 

15 26.3± 1.5 19.0± 0.7 

20 24.6± 0.3 9.7± 0.7 

* TEC and AMG concentration are calculated as a weight percentage of the dry polymer weight. 

** The width was calculated as the difference between the temperature values of the onset and 
the end of the Tg. 

 

 

Table ��3-14 Thermal transition temperatures of HPMCAS films plasticised  with 20% TEAC 
and 0, 5, 10, 20 % w/w of AMG  obtained from the 2 nd (reheated) DSC run . 

AMG 
content (%)* 

 Glass transition (�qC) 

Temp. Width** 

0 62.9± 0.6 21.7± 0.5 

5 47.7± 0.6 18.7± 0.6 

10 45.2± 0.9 20.4± 1.0 

15 38.8± 8.2 28.0± 0.5 

20 26.5± 0.3 22.7± 1.6 

* TEC and AMG concentration are calculated as a weight percentage of the dry polymer weight. 

** The width was calculated as the difference between the temperature values of the onset and 
the end of the Tg. 
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Figure ��3-23 DSC curve s of HPMCAS film samples with no additives  obtained from the 2 nd  
DSC run . 

Figure ��3-24 Representative DSC curve s of HPMCAS film samples plasticised  with several 
TEC concentrations  obtained from the 2 nd  DSC run . 
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Figure ��3-25 Representative DSC curve s of HPMCAS film samples plasticised  with several 
TEAC concentrations  obtained from the 2 nd DSC run . 

Figure ��3-26 Representative DSC curve s of HPMCAS film samples plasticised  with sev eral 
AMG concentrations  obtained from the 2 nd DSC run . 
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The thermal behaviour of HPMCAS-based films plasticised with a mixture of 

20% TEC or TEAC with several concentrations of AMG was also analysed. The 

results are presented in tables 3-15 and 3-16. Similar to the observation in the 

previous procedure, the results suggest that the addition of AMG decreases the 

Tg of the plasticised film. Also similarly it can be noticed that the effect of adding 

10% of AMG is comparable to the effect of adding 10% of the plasticiser (TEC 

or TEAC). Again, the melting peak of AMG does not appear even when 20% of 

AMG is added (figures 3-27 and 3-28). 

The results shown in tables 3-11 to 3-16 are all summarised in figure 3-29. This 

figure illustrates that TEC and TEAC have comparable abilities to reduce the Tg 

of HPMCAS. The mixtures also exhibit equivalent abilities to reduce the Tg of 

HPMCAS over the investigated range of concentrations. However, at 15% AMG 

concentration, the transitions became flat. This affects the possibility to 

determine of the Tg value accurately. This results in a high standard deviation 

despite the similarity between the three samples of both TEC/AMG and 

TEAC/AMG. 
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Figure ��3-27 Representative DSC curve s of HPMCAS film samples plasticised  with TEAC 
20% and 5, 10, 15% AMG  obtained from the 2 nd  DSC run . 

Figure ��3-28 Representative DSC curve s of HPMCAS film samples plasticised  with TEC 
20% and 5, 10, 15% AMG  obtained from the 2 nd  DSC run . 
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Figure ��3-29 Glass transition temperature of HPMCAS films plasticised  with 5, 10, 15, 20, 
30 % w/w of TEC, TEAC, AMG or their mixture (3:2 w/w)  obtained from the 2 nd DSC run . 
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thermal hydraulic press. This also allows the plasticiser to diffuse inside the 

polymer in a similar way to the effect of the first run in the DSC.  

3.4.5.1 Important parameters 

The effect of sample thickness and clamp length have been investigated in this 

study to identify their effect on the measured glass transition temperature. 

 

a- Sample thickness : 

Thin (0.4 ± 0.05 mm) and thick (0.7 ± 0.05 mm) samples of the same width 

(12.8 ± 0.2 mm) were measured using the small dual cantilever clamp (length of 

8 mm). The results are presented in figures 3-30, 3-31 and 3-32. The three 

figures reveal that the thick samples consistently show lower glass transition 

temperatures than the thin ones.  It is worth noting that, despite the shift, the 

shape and the slope of the storage modulus thermograms is identical for both 

thin and thick samples whereas the Tg peaks in the loss modulus and tan delta 

thermograms are sharper and better identified in the case of the thin samples. 

Last but not least, the Tg values calculated from the tan delta thermograms are 

higher than those calculated from the loss modulus thermograms for each 

sample. 

 

b- Clamp length : 

Small (8 mm) and large (30 mm) dual cantilever clamps were used for analysis 

of rectangular film samples (thickness = 0.4 ± 0.05 mm, and width =12.8 ± 0.2 
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mm). The results are also presented in figures 3-30, 3-31 and 3-32. The results 

show a remarkable difference in the shape of the storage modulus curve. As the 

temperature is increased, the elastic properties seem to be lost more 

dramatically when the large clamp was used. Moreover, the loss modulus curve 

is wider in the case of the big clamp but less so in the case of the tan delta 

peak. Still the value of the glass transition is lower in the loss modulus 

thermogram than in the tan delta one as shown in table 3-15. 

 

Figure ��3-30 Representative storage modulus thermograms of thin and thick HPMCAS film 
samples plasticised  with 30% TEC obtained using small and large dual cantilever clamp.  
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Figure ��3-31 Representative loss modulus therm ograms of thin and thick HPMCAS film 
samples plasticised  with 30% TEC obtained using small and large dual cantilever clamp.  

Figure ��3-32 Representative tan delta thermograms of thin and thick HPMCAS film 
samples plasticised  with 30% TEC obtained using small and large dual cantilever clamp.  
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Table ��3-15 Glass  transition temperatures of thin and thick HPMCAS films plasticised  with 
30% TEC obtained using small and large dual cantilever clamp and measured from loss 
modulus and tan delta peaks . 

Batch # 
Clamp 
length 
(mm) 

Sample 
thickness 

(mm) 

Tg from Tan 
delta peak (oC) 

Tg from loss modulus 
peak (oC) 

1 8 0.7 52.9± 0.2 19.7 ± 0.7 

2 8 0.4 60.7± 1.9 37.7± 0.8 

3 30 0.4 54.7 ± 0.3 39.0 ± 2.1 

 

 

3.4.5.2 DMA results of the free film 

The thermomechanical transitions of the free films were investigated to identify 

the effect of the additives�¶ inclusion. The details of the method used is explained 

in section 2.2.7. The thermal behaviour of HPMCAS-based films plasticised with 

10, 20, 30 % w/w of TEC, TEAC, AMG, and 30% of  TEC/AMG or TEAC/AMG 

(4:1, 3:2, and 1:4 w/w) concentrations were analysed. The thermal transitions, 

representing the glass transition temperatures, were measured from the loss 

modulus and tan delta data and are presented in table 3-16 and figures 3.33 

and 3.34. 
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Table ��3-16 Glass transition te mperatures of HPMCAS films with selected  plasticisers 
measured from loss modulus and tan delta peaks of the DMA . 

Additives composition and percentage 
/ % (w/w) 

Tg from Tan delta 
peak   (oC) 

Tg from loss 
modulus peak (oC) 

HPMCAS (No additives) 124.1±0.9 93.1±5.6 

TEC 

10 96.8±3.0 62.7±13.7 

20 76.3±1.2 52.4±1.2 

30 53.4±1.3 22.7±0.6 

TEAC 

10 100.4±1.5 75.2±0.6 

20 79.8±1.6 56.5±0.4 

30 63.3±0.5 39.3±0.9 

AMG 

10 99.5±2.3 75.3±1.7 

20 87.8±1.0 59.1±0.4 

30 79.2±0.4 50.3±0.6 

TEC/AMG (4:1) 30 59.7±1.6 33.2±1.0 

TEC/AMG (3:2) 30 59.3±1.6 36.3±0.7 

TEC/AMG (1:4) 30 69.6±1.5 46.6±2.8 

TEAC/AMG (4:1) 30 61.9±1.6 33.4±1.4 

TEAC/AMG (3:2) 30 63.1±1.5 41.6±0.6 

TEAC/AMG (1:4) 30 70.4±0.7 46.0±0.5 
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Figure ��3-33 Glass transition temperatures HPM CAS films with various plasticis ing 
concentrations  of TEC, TEAC and AMG  measured from loss modulus and tan delta peaks 
of the DMA.  

 

 

 

Figure ��3-34 Glass transition temperatures HPM CAS films with selected  plasticis ing 
concentrations  of TEC, TEAC and AMG measured from loss modulus and tan delta peaks 
of the DMA.  



116 
 

Table 3-16 and figures 3-33 and 3-34 show that, for the same sample, the loss 

modulus Tg is always around 30 oC less than that from the tan delta curves 

regardless of the absolute value of the transition. Therefore samples with low 

Tg values, such as TEC 30%, show the highest relative difference between the 

loss modulus and tan delta. In fact, the difference between the Tg of TEC 30% 

and TEAC 30% varies when measured from tan delta curves to that from the 

loss modulus graphs. The Tg of TEAC 30% is higher than that of TEC30% by 

73% when loss modulus graphs are compared whereas the difference is 18.6% 

when tan delta values are compared.  

In general, the addition of TEC seems to reduce the Tg of HPMCAS films more 

efficiently than both TEAC and AMG especially at high concentrations (30% 

w/w). On the other hand, the addition of AMG seems to yield the highest Tg 

values at all concentrations compared to the other additives. Moreover, 

increasing the percentage of AMG in the plasticising mixtures results in an 

increase in the Tg of the corresponding film. 

 

3.4.6 Results of the thermal expansion test and t heoretical models 

for predicting glass transition temperature values  

Values of the �W�K�H�U�P�D�O�� �H�[�S�D�Q�V�L�R�Q�� �F�R�H�I�I�L�F�L�H�Q�W���� �.�� of the polymer and liquid 

plasticisers are recorded in table 3-17. It should be pointed out that the value   

�R�I���. for the polymer is a theoretical one. 
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Table ��3-17 thermal expansion coefficient and the density of the polymer and additives  

Material 
Thermal expansion coefficient 

(°C-1) 
Density         
(Kg.m-3) 

HPMCAS-MG 0.00048 1.285 

TEC 0.002476 1.12644 

TEAC 0.002463 1.12379 

AMG 0.002369 0.9624 

 

Theoretical Tg values of various HPMCAS-plasticiser mixtures were calculated 

using the three most commonly used models in pharmaceutics, namely: the 

Gordon-Taylor (GT), Fox and Kelley Bueche (KB) equations as described in 

section 3.3.3. Thermal expansion coefficient results as well as the Tg values are 

recorded in tables 3-18. Meanwhile, figure 3-35 compares the theoretical values 

of the Tg to the ones obtained using DMA and DSC (second run). Despite its 

simplified equation, the Fox model predictions provided the closest fit to the 

DSC results. Both GT and KB predictions were identical and deviated 

significantly from the measured data. This might be partially explained by the 

incomplete miscibility of the plasticisers in the polymer phase. However, the GT 

and KB predictions for the 20 and 30% plasticiser seem unrealistic. 
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Table ��3-18 Theoretical Tg values of plastcised HPMCAS as predicted by Fox, Gordon -
Taylor and Kelley Bueche equations.  

Percentage of 
Additives (w/w%) 

Fox Tg 
value (°C) 

GT Tg 
value (°C) 

KB Tg 
value (°C) 

TEC 

5 101.3 73.8 73.8 

10 84.7 43.0 43.0 

20 55.7 4.4 4.4 

30 30.9 -17.0 -17.0 

TEAC 

5 102.0 74.9 74.9 

10 86.1 44.8 44.8 

20 57.9 7.0 7.0 

30 33.8 -15.9 -15.9 

AMG 

5 103.6 73.3 73.3 

10 89.0 43.6 43.6 

20 62.9 7.8 7.8 

30 40.3 -13.1 -13.0 
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Figure ��3-35 Comparison between the Tg results obtained from the DSC, DMA and the 
theoretical models for various plastici sing concentrations  of TEC, TEAC and AMG.  

 

 

3.5 Conclusion  

The TGA results show that the degradation of HPMCAS under nitrogen 

atmosphere takes place over two transitions. The first is identical to that for 

HPMC which means that the second is probably due to the acetate and/or 

succinoyl groups. 

It is also interesting to note that the evaporation temperature of TEC is very 

close to the Tg of HPMCAS which means that performing two scans may lead 

to a loss of some plasticisers. On the other hand, the comparison between the 

first and the second run in DSC reveals that AMG does not exert its plasticising 

effect (interact with the polymer chain) without thermal activation. This might 

have an impact on the stability of coats containing AMG as is the case in most 
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dry coating formulations. Moreover, the mixtures (TEC/AMG, TEAC/AMG) are 

not fully miscible. 

Interestingly, when preheated to 100 oC, DSC curves of HPMCAS films 

illustrated the presence of two Tgs both higher than the single one for the 

HPMCAS powder and lower than that for HPMC. In contrast, when the samples 

were heated at 10 oC/min to 150 oC, only one Tg was apparent in the second 

run. Furthermore, the addition of TEC or TEAC resulted in a reduction in the 

value of both Tgs with the one with lower value being dominant. In contrast, 

AMG inclusion seems to reduce the lower transition with the higher one being 

dominant (exhibits a �K�L�J�K�H�U���¨�&�S value). Additionally, there is evidence of phase 

separation occurring when the concentration of AMG exceeds 20% w/w. On the 

other hand, when AMG was mixed with TEC or TEAC, no phase separation was 

detected even when 20% of each component was added. The relative 

performance of the additives varies according to the technique and procedure, 

as well as the sample and clamp geometry used for DMA. For example, figure 

3-36 demonstrates that when the DSC second scan is considered, there is no 

significant difference between the plasticising effect of TEC and TEAC. On the 

contrary, when the loss modulus signal of the DMA is used, TEC exhibits a 

superior ability to reduce the Tg of HPMCAS. Therefore, one thermal analysis 

technique should not be used as the sole measure to compare the effect of 

additives on the performance of polymeric formulations. 

Finally, the Fox model proved to be the most accurate theoretical prediction 

tool, among the three models investigated, for the determination of the Tg of 

plasticised HPMCAS films  
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Figure ��3-36 Comparison of the Tg values for HPMCAS plasticised  with the selected 
plasticising concentrations  of TEC, TEAC and AMG using DSC and DMA.  
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Chapter 4  

Rheology and chain  dynamics of  

the free films  
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4 Rheology and chain dynamics of the free films  

4.1 Introduction  

During the coating process, polymer particles are subjected to various regimes 

of shear stresses and temperatures. Before entering the coating device, the 

polymer suspension (or powder in the case of dry coating) is held in a container 

where it is usually subjected to mild shearing stress and temperature. The fluid 

is then pumped through tubes and a pump where the shearing forces and 

temperature start to increase. Once the fluid enters the coating device, it is 

subjected to a relatively high shear rate, stress and temperature particularly 

near the tip of the spraying nozzle. The nozzle atomises the coating fluid into 

fine droplets that impinge the surface of the core. Up to this point, the polymer 

particles should exhibit enough elastic behaviour to overcome deformation and 

prevent premature film formation. Once in the coating zone, the evaporation of 

the fluid, the shear forces generated by the weight and the friction of the core 

bed, as well as the elevated temperature have to be sufficient to cause particle 

deformation and chain inter-diffusion. Further coalescence and flow takes place 

during the curing step (when applicable). After the coating process is complete, 

the film should be mechanically hard and tough enough to withstand handling 

and packaging stresses.  

To summarise, for an ideal coating process, the polymer should exhibit various 

distinctive viscoelastic behaviours depending on the shear rate and temperature 

ranges at each step. However, most practical pharmaceutical polymers are 

amorphous thermoplastic materials. Therefore, they exhibit no sharp thermal 

transition from solid to liquid phases. Instead, the polymers transform gradually 
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from predominantly elastic materials to materials dominated by their viscosity 

over a range of temperatures which can vary significantly with the applied shear 

rate. 

Up until now, coating process parameters are usually selected using a trial and 

error approach without a comprehensive understanding of the viscoelastic 

behaviour of the polymer over the different stages of the coating process. 

 

4.2 Chapter outline  

The aim of this chapter is to further our understanding of the viscoelastic 

behaviour of HPMCAS films over a wide range of temperatures and shear rates. 

This information is then to be used, in the next chapter, to improve the coating 

formula as well as to optimise the process parameters in order to overcome 

nozzle blocking while ensuring good film formation. 

The rheological tests in this chapter have been carried out in two component 

parts. The first set of experiments was performed above the Tg of the polymer 

using a parallel plate shear rheometer (PPSR). The second set of tests involved 

the study of the behaviour of the polymer below its Tg using dynamic 

mechanical analysis (DMA). Finally, the possibility of reconciling the data from 

both techniques was investigated using the Power law and Williams-Landel-

Ferry models (WLF). Full master curves were established and RepTate® 

software was used to predict the relaxation time of the polymer using the 

Maxwell model for linear thermoplastic polymers. 
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4.3 Method  

The rheology of pure and plasticised HPMCAS films was measured using 

PPSR and DMA in dynamic oscillatory mode over a temperature range 

extending well above and below the Tg of each sample respectively. The details 

of the methodology used are described in sections 2.2.7 and 2.2.8. Films were 

prepared according to the method described in section 2.2.1. The complex 

viscosity was calculated from the measured elastic (storage) and viscous (loss) 

moduli.  

Viscosity refers to the resistance of the material to flow and is usually used to 

describe the viscoelasticity of polymers in their melt state (near and above their 

Tg). For DMA, tan delta is usually used as an indication of the viscoelasticity of 

the material at a given temperature. However, since the coating process covers 

a range of conditions in which the polymer transforms between its glassy and 

rubbery states, it was decided, in this study, to investigate the possibility of 

using complex viscosity to express the viscoelasticity of the polymer in both 

states. To do this, it is assumed that thermoplastic polymers in the glassy state 

are very viscous liquids that will flow over a very long time scale. Moreover, 

although the bending movement of the DMA is not a pure shear process, it was 

assumed to be similar to the shearing movement in the PPSR. These 

assumptions allow for a direct comparison between complex viscosity values 

from the PPSR and DMA techniques and therefore a continuous viscosity 

versus temperature graph can be plotted. The frequency of oscillation in both 

tests was expressed in terms of angular frequency according to equation 4-1: 
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�Ó
L 
Û�Ê�Œ   Equation ��4-1 

where �Ó is the angular frequency in rad/s and f is the regular frequency and is 

given by s-1 

 

4.3.1 Theoretical mode lling of the Power law and the t ime-

temperature superposition equations  

Power law parameters were used to compare the data measured by the DMA 

and PPSR techniques. Firstly, the frequency of oscillation in the DMA was 

converted to the corresponding angular frequency according to equation 4-1. 

The complex viscosity graphs were then fitted to a power law trend line. The 

power law is an ideal model for shear thinning polymers in the frequency region 

between the infinite and zero shear plateaus (Larson, 1999, Mezger, 2006). The 

power law formulation can be represented by the equation 4-2: 

�Á
L �w�½�6�”�?
Ú  Equation ��4-2 

where �ß is the complex viscosity of the sample, �Û�6 is the shear rate, K is the 

consistency coefficient which describes the overall range of viscosities across 

the measured shear rate range and �J is the Power Law Index which decreases 

as the shear sensitivity of the polymer increases. 

After comparing the data from the two instruments to investigate the possibility 

of reconciling them, the data were combined to produce a master curve for the 

pure and plasticised HPMCAS. RepTate® v 0.9.4.2 software was used to model 

the master curve using the Williams-Landel-Ferry (WLF) Equation to determine 
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the Time-Temperature Superposition (TTS) shifting factor. This concept states 

that the rheological response of a polymer at one temperature and certain 

frequency range is similar to the response of that polymer at higher or lower 

temperature at a lower or a higher shear rate. Therefore, by measuring the 

rheological response at a range of temperature, once can produce a master 

curve at a single temperature that extend over a frequency range outside the 

practical window of frequency. The Maxwell model was used to fit the data and 

predict the disentanglement time indicated by the highest frequency within the 

zero shear viscosity plateau range. 

The shift factor of the WLF equation can be given by the following relationship: 

�’�•�•�:�‡�€�; 
L 
F
�o
Ú
k�€�?�€�˜�‹�Œ
o

�o
Û
k�€�?�€�˜�‹�Œ
o
   Equation ��4-3 

where �=�Í  is the temperature shift factor which is basically the horizontal shift on 

the frequency axis of a frequency sweep test between the measured 

temperature T and the reference temperature, �6�å�Ø�Ù, chosen to create the master 

curve (130 oC for HPMCAS and 120 oC for TEC 30% formulations). �%�5 and �%�6 

are WLF constants. 

 

4.4 Results  

The linear viscoelstic range (LVE) of the polymer as well as the complex 

viscosity values and the relaxation times are presented in this section. 
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4.4.1 PPSR measur ements of HPMCAS cast films  

The Anton-Paar parallel plate shear rheometer (PPSR) was used to determine 

the viscoelasticity of the melt polymer above its Tg value. Three sets of tests 

were carried out as detailed in section 2.2.8.1. 

4.4.1.1 Strain amplitude sweep tests 

In order to ensure reliable and repeatable viscoelastic data, the extent of 

deformation (strain) applied in the oscillatory test should be within the linear 

viscoelastic (LVE) range. Within this range, deformation is reversible, relatively 

easy to be analysed using rheological equations, and will not alter nor destroy 

the structure of the test material. Conducting the test using a strain value from 

outside the LVE range will produce results that can be analysed only 

approximately using complicated constitutive differential equations and is not 

fully understood (Mezger, 2006). 

Results from the strain amplitude sweep tests are presented in figures 4-1 and 

4-2. The results illustrate that, as the temperature increases, the value of both 

storage and loss moduli decreases. Moreover, the linear viscoelastic range 

extends to higher strain amplitude as the temperature increases. 

Figure 4-1 shows that the maximum limiting value of the LVE range of pure 

HPMCAS films is around 5 % at 130 °C and around 10 % at 160 °C. Meanwhile, 

TEAC 30% films have a maximum LVE limit of 1 % at 60 °C. However, when 

measured at 70 °C, the LVE extends to 4 % and then to 8 % at 80 °C. AMG 

30% films, on the other hand, have an LVE range that extends up to 2 % at 80 

°C and 10 % at 90 °C.  
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As for the mixtures, TEC/AMG 4:1 and TEAC/AMG 4:1 at 30 % w/w plasticising 

level show an even greater LVE range than TEAC alone at 70 °C (figure 4-2). 

On the other hand, mixtures with higher AMG contents exhibit a shorter LVE 

range at the same temperature but were still exhibited at higher limiting strains 

than that of AMG alone. 

Therefore, a 3 % strain amplitude level was selected for the subsequent 

frequency sweep tests for all samples. Although this is slightly higher than the 

LVE of AMG 30 % at 80 °C, the preliminary investigations and the repeatability 

of the data of the same sample indicates that the sample structure remained 

reasonably intact. 

It is also worth mentioning that, in all the �I�L�O�P�V���� �*�¶�� �D�Q�G�� �*�´�� �K�D�Y�H�� �F�R�P�S�D�U�D�E�O�H��

values indicating that the polymer is behaving on the borderline between a 

liquid and a gel-like material in the temperature range under study. Moreover, at 

the same temperatures, TEAC/AMG 4:1-�������� �I�L�O�P�V�� �H�[�K�L�E�L�W�� �O�R�Z�H�U�� �*�¶ �D�Q�G�� �*�´��

values compared to those of TEAC 30% films indicative of lower viscosity 

values. The latter however exhibit �O�R�Z�H�U���*�¶ �D�Q�G���*�´ values compared to those for 

AMG 30%. �*�¶���L�V���U�H�O�D�W�H�G���W�R���W�K�H���Q�X�P�E�H�U���D�Q�G��the strength of the interactions in the 

temporary network of the polymer, �Z�K�H�U�H�D�V���*�´���L�V���U�H�O�D�W�H�G���R�Q�O�\���W�R���W�K�H���Q�X�P�E�H�U���R�I��

those interactions (Bercea, 2006). Therefore, it seems clear that the inclusion of 

TEC, TEAC and AMG or their mixtures weaken the polymer inter-chain 

interactions to produce a plasticising effect. Interestingly, the TEAC/AMG 4:1 

mixture appears to produce a stronger plasticising effect compared to those for 

TEAC or AMG alone. 
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Figure ��4-1 Strain amplitude sweep plot for  pure HPMCAS , TEAC 30% and AMG 30% over 
a temperature range of 60 -160 oC. 

Figure ��4-2 Strai n amplitude sweep plot for  HPMCAS films plasticised  with 30% of the 
selected  mixtures of TEAC/AMG and TEC/AMG  at 70 oC. 
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4.4.1.2 Frequency sweep tests 

The complex viscometric behaviour of the liquid plasticisers and the pure and 

plasticised HPMCAS films was measured using a frequency sweep test in 

oscillatory mode. Storage and loss moduli data were collected and complex 

viscosities calculated. The results are shown in figures 4-3 to 4-13 

As expected, the liquid plasticisers exhibit Newtonian behaviour over the 

measured frequency range (figure 4-3). Moreover, AMG and TEAC have a 

higher viscosity value (almost double) that of TEC. This is interesting since the 

molecular difference between a monomer of TEC and that of TEAC is only two 

carbon and one oxygen atoms. This illustrates the effect of the bulkiness or the 

steric hindrance of the molecule on its viscosity. 

The storage, loss and complex viscosity data for pure and plasticised HPMCAS 

films at several temperatures are presented in figures 4-4 to 4-7. As expected, 

for each formula, the values of all these moduli decrease with increasing 

temperature. Moreover, the complex viscosity plots are almost linear, obeying 

the Power law, in the frequency range tested. In other words, there are neither 

zero nor infinite shear viscosity plateau regions within the tested frequency 

range. Furthermore, �W�K�H�� �*�¶�� �D�Q�G�� �*�´�� �F�X�U�Y�H�V�� �G�R not exhibit the distinctive zones 

expected of linear unlinked polymers shown in figure 1-7 (Mezger, 2006). 

Instead, the curves run close to each other with no significant dominance of one 

modulus over the other. More interestingly, the curves show multiple cross-over 

points with the two moduli swapping their relative positions in different shear 

rate ranges. However, there is no significant change in the slope of the curves 

after any of the cross-over points to suggest a chain relaxation zone (viscous or 
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terminal zone) (Mezger, 2006). It is also noticeable that the cross-over points 

�D�Q�G�� �L�Q�G�H�H�G�� �W�K�H�� �Z�K�R�O�H�� �*�¶�� �D�Q�G�� �*�´�� �F�X�U�Y�H�V�� �D�U�H�� �V�L�P�L�O�D�U�� �D�W�� �H�D�F�K�� �W�H�P�S�H�U�D�W�X�U�H. 

However they are shifted to the left (to a higher frequency) as the temperature 

increases. This is expected and in agreement with the time-temperature 

superposition principle (Larson, 1999). This indicates that the cross-over points 

are indicative of genuine entanglements or interactions between the molecular 

chains. However, it seems that only side-chain entanglements or a fraction of 

the main long chains are disentangling at the low frequency end. This is 

because the whole structure seems to be in a weak gel-like structure as the two 

moduli are very close in value with no dominant elastic nor viscous behaviour. It 

is typical to see such behaviour or at least a wide elastic-rubber or transitional 

plateau in bulky polymers or those with a wide molecular weight distribution 

(Larson, 1999, Mezger, 2006). However, HPMCAS has a relatively narrow 

molecular weight distribution (Mw/Mn = 1.38) and relatively low molecular 

weight (Mw= 17.9 kg/mol) (Fukasawa and Obara, 2004). This odd behaviour 

could possibly be explained by the physics posited in the sticky reptation model 

(Rubinstein and Semenov, 2001) which assumes that the polymer is in dynamic 

�H�T�X�L�O�L�E�U�L�X�P���D�V���W�H�P�S�R�U�D�U�\���³�V�W�L�F�N�H�U�V�´�����R�U���U�H�Y�H�U�V�L�E�O�H���E�R�Q�G�V�����E�H�W�Z�H�H�Q���W�K�H���D�V�V�R�F�L�D�W�H�G��

groups are continuously forming and breaking. 

Examining the effect of the additives, it can be seen that the complex viscosities 

of all plasticised formulae are significantly lower than those of the pure 

�+�3�0�&�$�6�� �I�L�O�P���� �+�R�Z�H�Y�H�U���� �W�K�H�� �V�K�D�S�H�� �R�I�� �*�¶���� �*�´�� �D�Q�G�� �Fomplex viscosity curves 

remain similar suggesting that even the heavily plasticised films (30% w/w) do 

not reach the zero shear viscosity or a fully disentangled state within the 

measured shear rate range. Interestingly, AMG 30% exhibits higher complex 
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viscosity values compared to those for TEAC 30% and TEC 30% at 80 °C. 

However, the difference reduces significantly as the temperature increases. At 

100 °C and above, the complex viscosity of AMG is the lowest among the three 

plasticisers at 20% w/w and 30% w/w concentrations. A possible explanation 

might be that AMG, being a bulky molecule, requires a larger inter-chain free 

volume, and therefore higher temperatures, to diffuse between the polymer 

chains and exert its plasticising effect. The TEAC 20% and 30% w/w samples 

on the other hand exhibit fractionally higher complex viscosities compared to 

those for TEC at the same concentration over the whole temperature range. 

Another interesting observation when comparing the complex viscosities for the 

films with a mixture of AMG with either TEC or TEAC (figures 4-8 to 4-13). In 

general, TEAC/AMG combinations have higher complex viscosity curve values 

compared to those for TEC/AMG mixtures. TEC/AMG 4:1 appears to exhibit the 

lowest complex viscosity values among all mixtures at all temperatures 
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Figure ��4-3 Complex viscosity plots for  liquid TEC, TEAC and AMG at 20 °C.  

 
 

Figu re ��4-4 Frequency sweep plots for  HPMCAS over a temperature range of 120 - 200 °C 
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Figure ��4-5 Frequency sweep plot s of HPMCAS films plasticised with TEC30% over a 
temperature range of 70 -130 °C. 
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Figure ��4-6 Frequency sweep plots  of HPMCAS films plasticised with TEAC30% over a 
temperature range of 70 -130 °C. 

 

Figure ��4-7 Frequency sweep plot s of HPMCAS films plasticised with AMG 30% over a 
temperature range of 80 -130 °C. 
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Figure ��4-8 Frequency sweep plot s of HPMCAS films plasticised with TEAC/AMG 3:2 30% 
over a temperature range of 80 -130 °C. 
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Figure ��4-9 Frequency sweep plot s of HPMCAS films plasticised with AMG/TEAC 4:1 30% 
over a temperature range of 70 -130 °C. 

 

Figure ��4-10 Frequency sweep plot s of HPMCAS films plasticised with AMG/TEC 4:1 30% 
over a temperature range of 70 -130 °C. 
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Figure ��4-11 Frequency sweep plot s of H PMCAS films plasticised with TEC/AMG 3:2  30% 
over a temperature range of 70 -130 °C. 

Figure ��4-12 Frequency sweep plot s of H PMCAS films plasticised with TE C/AMG 4:1 30% 
over a temperature range of 70 -130 °C. 
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4.4.1.3 Step strain relaxation tests 

The frequency sweep results revealed that none of the tested formulations 

exhibits a zero-shear viscosity plateau in the frequency range of the test. Since 

it is not feasible to carry a sweep test at a lower frequency, a step strain 

relaxation test was carried out. The idea of this test is to deform the sample 

once and leave it to relax over time. Since frequency is essentially the 

reciprocal of the time, measuring the time required for the sample to relax, 

allows one to determine the frequency at which the zero shear viscosity plateau 

commences. 

The results of the step strain relaxation tests demonstrate that neither the pure 

polymer (figure 4-14) nor any of the plasticised formulations (figures 4-15 to 4-

17) reach a fully relaxed state after 100,000 s (which corresponds to a 

frequency of 0.00001 s-1). 
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Figure ��4-13 Step strain relaxation test results of HPMCAS film at 150 and 170 °C 

 

 

Figure ��4-14 Step strain relaxation test results of HPMCAS film plasticised  with 30% AMG 
at 120 °C. 
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Figure ��4-15 Step strain relaxation test results of HPMCAS film plasticised  with 30% TEAC 
at 120 °C. 

 

 

 

Figure ��4-16 Step strain relaxation test results of HPMCAS film plasticised  with 30% TEC 
at 120 °C. 
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4.4.2 DMA frequency sweep results  

Rectangular film samples were measured in the Dynamic Mechanical Analyser 

(DMA) using the dual cantilever mode. Storage and loss moduli were 

determined over a temperature range below and above the Tg of each film in 

the range of 0 - 140 °C as detailed in section 2.2.7.1-B. Tan delta, angular 

frequency and complex viscosities were all subsequently calculated  

Tan delta results (calculated as in equation 1-4) for all the formulations illustrate 

that, as expected below the Tg, the samples are predominantly elastic over the 

whole frequency range measured (see appendix 1 for a typical example of tan 

delta results). Moreover, tan delta decreases with increasing frequency of the 

oscillations. This is expected as the samples, below their Tg, are in the glassy 

or elastic phase and increasing the frequency allows the sample to store more 

energy since the viscous dissipation of the energy becomes more time 

dependent (Mezger, 2006, Bercea, 2006). At temperatures above the Tg, 

however, tan delta values increase significantly as the viscous component of 

the material becomes more pronounced. Furthermore, the value of tan delta 

decreases with increasing the frequency as a result of a permanent deformation 

of the material caused by the loss of its strength above the Tg. Remarkably, tan 

delta values for all the formulations (including those with 30% w/w plasticiser) 

do not exceed 2 (apart from a few odd data points). This correlates well with the 

results of the PPSR experiments in that there is a balance between the elastic 

and the viscous components of the films with no dominance of one modulus 

over the other in the melt phase (at temperatures above the Tg). 

Meanwhile, the complex viscosity data from the DMA exhibit more significant 



144 
 

frequency dependence below Tg than around and above the Tg. Again, neither 

infinite nor zero-shear plateau regions are apparent in the data and the curves 

obey power law behaviour below the Tg value for each film (R2 >0.999). 

When comparing the effect of the additives on the complex viscosity of the 

films, it is clear that pure HPMCAS films exhibit almost double the complex 

viscosity value of the nearest plasticised formulation (at 30% w/w plasticising 

level) at 20 °C (figure 4-18). Furthermore, at this plasticising level and 

temperature, TEAC exhibits the highest complex viscosity values among the 

three plasticisers. Regarding the mixtures, TEAC/AMG 3:2 shares similar trends 

in complex viscosity to TEAC. Each of the latter two formulations exhibits a 

complex viscosity value that is almost double that of TEC in the low frequency 

range (frequency <1 Hz). As the frequency increases, the difference in the 

complex viscosity of all formulations diminishes till all exhibit comparable values 

at 100 Hz. 

As the temperature increases to 50 °C, the complex viscosity curve of TEAC 

becomes closer to that of the TEC. The AMG dominated formulations (AMG 

alone or mixtures where AMG is the main constituent) emerge as the ones with 

the highest complex viscosity values (figure 4-19). Meanwhile, the TEC-

containing formulations exhibit the lowest complex viscosities and the greater 

the percentage of TEC in the formulation, the lower the complex viscosity. 

Remarkably, the shear sensitivity (measured by the slope of the curves) is 

significantly different among the various formulations even amongst those with 

comparable Tg values. AMG-dominated formulations exhibit the highest shear 

sensitivity followed by TEAC-based and then TEC-based formulations. Also, the 
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difference between TEC and TEAC increases up to four-fold at 50°C (from two-

fold at 20 °C). This can be explained by looking at the Tg of these formulations 

measured using the DMA temperature-sweep test. As explained earlier in 

section 3.4.5, TEC 30% approaches its Tg around 50 °C whereas TEAC and 

AMG exhibit Tgs near to 60 °C and 80 °C respectively. Therefore, TEC is 

expected to show a clear reduction in the complex viscosity, and less shear 

sensitivity around 50 °C. TEAC and TEAC/AMG 3:2 on the other hand, are 

close to AMG as they are approaching their Tg. At 80 °C, however, as figure 

4.19 shows, TEAC and TEAC/AMG 3:2 curves diverge from the AMG curve and 

their slope looks similar to that for TEC as all materials are now above their Tg. 

Also the difference between TEAC and TEC reduce to a two-fold multiple. This 

means that each formulation has a �G�L�I�I�H�U�H�Q�W�� �³�E�D�V�H�O�L�Q�H�´�� �F�R�P�S�O�H�[�� �Y�L�V�F�R�V�L�W�\�� ��at 

room temperature) and the complex viscosity and shear sensitivity for each 

formula change at different rates as the temperature increases. 

The behaviour of the films with various plasticising levels of the same additive at 

different temperatures is recorded in figures 4-20 to 4-22. Interestingly, the 

results for the 10 % plasticising level of each plasticiser appear to be oddly 

positioned between the 20 % and 30 % levels at 20 °C, comparable to the 20 % 

level at 50 °C, and higher than both 20 % and 30 % at 80 °C. The rapid 

decrease of the complex viscosity curve of 20 % plasticised film is expected as 

it approaches its Tg. However the higher complex viscosity curve of this film at 

20 °C is difficult to explain. Therefore, films with 15 % and 25 % plasticising 

level were prepared to give a better insight to as why the 20 % plasticising level 

gives higher complex viscosity values compared to the 10 % results in all 

formulations at 20 °C. Figures 4-23 and 4-24 show that, aside from the 10 % 
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results, the complex viscosity of TEAC decreases at all temperatures with 

increasing plasticising level. The reason for this odd behaviour of the 10 % 

plasticising level is unknown. Moreover, it has been noticed that the standard 

deviation at that plasticising level is higher than that for the rest of plasticising 

levels but the values of all the repetitions were always less than those of 20 % 

plasticising level. The results of films plasticised with TEC and AMG also 

indicate the same trend. 

 

 

Figure ��4-17 Complex viscosity of HPMCAS pure and 30% plasticised  films at 20 °C. 
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Figure ��4-18 Complex viscosity of HPMCAS pure and 30% plasticised  films at 50 °C 

Figure ��4-19 Complex viscosity of HPMCAS pure and 30% plasticised  films at 80 °C  
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Figure ��4-20 Complex viscosity of pure and 10%, 20% and 30% of TEC, TEAC and AMG 
plasticised  films at 20 °C. 

 

Figure ��4-21 Complex viscosity of pure and 10%, 20% and 30% of TEC, TEAC and AMG 
plasticised  films at 50 °C. 
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Figure ��4-22 Complex viscosity of pure and 10%, 20% and 30% of TEC, TEAC and AMG 
plasticised  films at 80 °C 

 

Figure ��4-23 Complex viscosity of TEAC 10%, 15%, 20%, 25% and 30% at 20 °C 
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Figure ��4-24 Complex viscosity of TEAC 10%, 15%, 20%, 25% and 30% at 50 °C 
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Finally a summary of the behaviour of the results for all formulations is shown in 

figure 4-25. This plot tracks the complex viscosity values at 0.1 Hz over the 

whole temperature range measured using the DMA.  

The figure shows a remarkable difference in the initial complex viscosity (at 20 

°C), and the onset and the rate of decline with temperature between the 

different formulations. For example, AMG 30 % has lower complex viscosity 

values than TEAC 30% in the range (20 - 50 °C), these becoming equal before 

AMG reducing significantly beyond 80 °C. This reduction in the complex 

viscosity beyond 80 °C is shared between all AMG containing formulations 

(AMG, TEC/AMG 3:2, and TEAC/AMG 3:2) and is consistent with the results 

from the PPSR. Moreover, all formulations seems to have the onset of this 

decrease immediately prior to or at their Tg, however, the rate of change below 

and above the Tg is different amongst various formulations and plasticising 

levels. In another words, the ranking order of the complex viscosity values 

amongst the various formulations at each plasticising level is independent to 

that of the Tg ranking. For example, TEAC 10 % appears to exhibit a higher 

complex viscosity than AMG 10 % over the whole temperature range measured 

despite exhibiting a lower Tg value. 
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Figure ��4-25 Complex viscosity values of pure and plasticised  HPMCAS at 0.1 Hz and over 
a temperature range of 0 -140 °C. 

 

4.4.3 Power law and t ime-temperature superposition   

As explained in section 4.3, calculating complex viscosity results using DMA 

data is based on many assumptions and simplifications. It is generally accepted 

that a simple tensile modulus is 3 times higher than its shear counterpart. 

However, the bending movement of the dual cantilever clamp is a complex 

combination of shear, stretching (tensile) and compression. Therefore, it seems 

interesting to investigate if the data measured by both instruments can be 

reconciled. The aim was to be able to use both sets of data to obtain a master 

curve at any temperature using the time-temperature superposition principle. 

Since the data collected for complex viscosity from the two instruments exhibits 

power law behaviour over the whole temperature range, it was decided in this 

study to use power law parameters to compare the data from the two 
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instruments and to attempt to produce a master curve over the whole 

temperature range measured by the two instruments. The power law is an ideal 

model for shear-thinning polymers in the frequency region between the infinite 

and zero shear plateaus (equation 4-3). 

Figure 4-26 illustrates the effect of various plasticising levels and temperatures 

on the consistency coefficient of HPMCAS using DMA data only. The 

consistency coefficient is numerically equal to the complex viscosity at a shear 

rate of 1 s-1 Therefore this graph is similar to 4.25 but at a different frequency 

value. Moreover, the value of K is calculated from the line of best fit so it might 

be different from the actual value especially at higher temperatures where the 

curve fit does not overlay all the points of the graph. 

Figure 4.27 shows the consistency coefficient of various plasticising levels 

measured by both DMA and PPSR. Clearly, pure HPMCAS films and the 30 % 

plasticising level results show a good correlation between the DMA and PPSR 

results in the overlapping area. In these formulations, the DMA results are 

comparable results to the PPSR results over the whole temperature range 

measured by both instruments. However, the DMA results for the 20 % 

plasticising level formulation are almost double those measured by PPSR. This 

might be explained by the difference in temperature calibration procedures and 

relative sensitivity of the two instruments. Formulations with 20 % plasticising 

level have their Tg around the region of the overlapping measurements 

therefore, a relatively small variation in temperature could potentially produce a 

significant difference of such magnitude. Since HPMCAS and the 30 % 

plasticising level formulations have their Tg below or above the overlapping 
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region, the effect of a relatively small temperature difference between the two 

instruments may not have the same impact on the complex viscosity values. It 

is also worth remembering that the samples in the overlapping range are in a 

transitional state in which their viscous components are gradually balancing 

their elastic counterparts. DMA works best in the elastic phase of the material 

and the PPSR measures more accurately in the viscous phase. Therefore, both 

instruments are at their limits in the overlapping range and the accuracy of the 

measurements, especially at high frequency, is not ideal. Additionally, the 

procedure used in this study for the DMA technique meant that one sample was 

used to measure over the entire temperature range. Using a fresh sample at 

each temperature (especially at higher temperatures) may improve the 

accuracy of the measurements. Therefore, and due to all the reasons 

mentioned above, the fitting of the power law line might not be optimum. 

However, the variations between the measurements of the two instruments 

(less than a decade on the logarithmic scale) are acceptable especially for 

modelling purposes. 

Formulations with plasticising mixtures also exhibit similar compatibility between 

DMA and PPSR data as is clear from figure 4-28. 
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Figure ��4-26 DMA results of consistency  coefficient of power law for pure HPMCAS and 
various plasticising levels of TEC, TEAC and AMG over a temperature range of 0  - 140°C 

 

Figure ��4-27 Combined DMA and PPSR results of consistency  coefficient of power law for 
pure HPMCAS and various plasticising levels of TEC, TEAC and AMG over a temperature 
range of 0  - 200°C 
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Figure ��4-28 Combined DMA and PPSR results of consistency  coefficient of power law for 
various plasticising mixtures of TEC/AMG and TEAC/AMG  over a temperature range of 0  - 
130°C 

 

The second parameter is the power law index �J. As can be seen from figure 4-

29, the value of �J is very low at low temperatures. This means the material has 

high shear sensitivity below the Tg. As the temperature increases to a value 

around the Tg of a formulation, the value of �J increases sharply and the shear 

sensitivity of the material decreases. Above the Tg, the value of �J is more or 

less constant. However, a closer look at figure 4-29 reveals that the ranking 

order of the rate of change of �J over temperature is again independent of the Tg 

of the formulations. TEAC 10 % for example, exhibits a higher shear sensitivity 

(lower �J value) compared to AMG 10% and TEC 10%. This is despite the fact 

that the Tg of TEAC 10 % is similar to that of AMG 10 % and slightly higher than 

that of TEC 10 %. The same scenario applies to AMG 25 % and AMG 20 % and 

to TEAC 30% and TEC 25%. 

 

DMA 

PRSA 
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Figure ��4-29 Power law index value of HPMCAS films pasticised with various levels of 
TEC, TEAC and AMG.  
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When comparing the DMA and PPSR results (figure 4-30), it can be seen that 

the pure HPMCAS data along with the formulations containing a 30% level of 

plasticiser exhibit a reasonable compatibility in the power law indices in the 

overlapping region. The mixtures however exhibit less compatibility (figure 4-31) 

although the overall trend of the graph seems acceptable especially for 

modelling purposes. The variation between the values of DMA and PPSR 

results at the same temperature might be explained by the fact that both 

machines are on the limit at these temperature points. At these temperatures, 

DMA sample has already sagged and deformed. Using fresh sample at each 

temperature point might help reduce this difference. On the other hand, PPSR 

samples are relatively hard at those temperatures thus the samples are more 

prone to detach and slip from the rotating plate causing error in the 

measurements especially at the high end of the shear rate range. Since �J is the 

slope of the fitting line, a change in the complex viscosity values at the higher 

end of the shear rate range would affect the value of �J. 
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Figure ��4-30 Power law index of pure HPMCAS films and those plasticised  with 30% TEC, 
TEAC and AMG using data obtained from both DMA and PPSR  

 

Figure ��4-31 Power law index of pure HPMCAS films and those plasticised  with 30% of 
various plasticis ing mixtures of TEC/AMG and TEAC/AMG  using data obtained from both 
DMA and PPSR  

 

 

 

DMA 

PPSR 
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Accordingly, the data from both the DMA and PPSR techniques are generally 

compatible with each other and should be directly reconcilable using a 

numerical correction factor. Determining the accurate value of this correction 

factor was not in the scope of this study. In order to do that, a variety of 

polymers should be tested focusing on the overlapping area of the two 

instruments. In this study however, it was deemed feasible to use a correction 

factor equal to the unity for the purpose of producing a model master curve 

using the time-temperature superposition principle (TTS). 

Reptate® software was used to draw the master curve of the HPMCAS 

formulation at 130 °C and TEC 30% at 120 °C. The Williams-Landel-Ferry 

(WLF) Equation was used to determine the shifting factor of the TTS. The 

Maxwell model was used to fit the data and predict the disentanglement time 

indicated by the highest frequency within the zero shear viscosity plateau range. 

As explained earlier in equation 4-4, the shifting factor of the WLF equation can 

be given by the following relationship: 

�’�•�•�:�‡�€�; 
L 
F
�o
Ú
k�€�?�€�˜�‹�Œ
o
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Û
k�€�?�€�˜�‹�Œ
o
  

Figures 4-32 and 4-33 illustrate the TTS graph and the fitting model. Maxwell 

model predicts that the relaxation zone of the HPMCAS polymer at 130 °C 

starts at a frequency of 10-4 s-1 well below the practical range of testing for the 

PPSR. The values of the constants are: �%�5 = 43.94 and �%�6 = 167.5  



161 
 

Figure ��4-32 �0�R�G�H�O�O�L�Q�J���W�K�H���P�D�V�W�H�U���F�X�U�Y�H���R�I���*�¶���D�Q�G���*�´���R�I���+�3�0�&�$�6���D�W����������°C produced by 
applying WLF equation on the data collected from DMA and PPSR.   

 

Figure ��4-33 Maxwell model fitting of HPMCAS master curve at 130 °C. The dotted graph is 
the WLF -arranged data. The continuous line is the Maxwell model fitting . 
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Meanwhile figures 4-35 and 4-36 show the TTS and the model fit for TEC 30% 

at 120 °C. The model predicts a relaxation zone threshold at 0.1 s-1. The values 

of the constants are: �%�5 = 7.82 and �%�6 = 49.43. 

 

 

 

Figure ��4-34 �0�R�G�H�O�O�L�Q�J�� �W�K�H�� �P�D�V�W�H�U�� �F�X�U�Y�H�� �R�I�� �*�¶�� �D�Q�G�� �*�´�� �R�I�� �7�(�&�� �������� �I�R�U�P�X�O�D�W�L�R�Q�� �D�W�� ��������°C 
produced by applying WLF equation on the data collected from PPSR.  

 

 

PPSR 80 oC 
PPSR 90 oC 
PPSR 100 oC 
PPSR 110 oC 
PPSR 120 oC 
PPSR 130 oC 
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Figure ��4-35 Maxwell model fitting of the master curve of TEC 30% formulation at 120 °C. 
The dotted graph is the WLF -arranged data. The continuous line is the Maxwell model 
fitting.  

 

However, the step strain relaxation results show that the relaxation zone was 

not achieved even after 100,000 s for any of the formulations, this figure 

corresponding to a frequency value of 10-5 s-1. This means that both pure 

HPMCAS and TEC 30% formulations do not follow the Maxwell linear 

viscoelastic model. This supports the conclusion that the behaviour of this 

polymer is similar to that suggested by the sticky reptation theory (Rubinstein 

and Semenov, 2001). 

4.4.4 Conclusion  

Pure and plasticised HPMCAS formulations, investigated in this study, exhibit 

no clear viscous phase even at temperatures well above their Tg. Rather, they 

transform from a predominantly elastic phase, below their Tg, to weak gel-like 

structures with balanced elastic and viscous moduli above their Tg. This 

behaviour was highlighted by examining the data collected by both DMA and 
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PPSR techniques - the latter being used to examine film samples above their 

Tg. At this stage, linear unlinked polymers are usually in what is �F�D�O�O�H�G���W�K�H���³�P�H�O�W��

�S�K�D�V�H�´ as the chains are disentangled and sliding over each other. Friction is 

usually the main force resisting the applied shear stress in this phase. However, 

the data collected in this study in both amplitude and frequency sweep tests 

revealed that this is not the case with HPMCAS. Although plasticised films 

exhibit significantly smaller �*�¶���D�Q�G�� �*�´ values than their pure HPMCAS 

counterparts, all formulations exhibit comparable moduli values. At all 

temperature studied, the �*�¶ �D�Q�G���*�´���F�X�U�Y�H�V���U�X�Q���S�D�U�D�O�O�H�O���D�Q�G���F�O�R�V�H���W�R���H�D�F�K���R�W�K�H�U��

with none of the distinctive zones that are normally exhibited by typical linear 

unlinked polymers. Frequency sweep tests indicate multiple cross-over points 

between the graphs of the two moduli, however, the slope of the graphs 

remains constant with no indicators of chain relaxation or one moduli 

dominating over another. Complex viscosity graphs follow power law behaviour 

in the frequency range studied. This possibility means that the material, above 

its Tg, is on the borderline between a liquid and a gel-like structure in the 

measured temperature and frequency ranges. Moreover, the values of the 

moduli and even the extent of the LVE are different amongst various 

formulations. 

At temperatures below the Tg, DMA, in the dual cantilever mode, was used to 

characterise the formulations. The data shows that the tan delta values of all the 

formulations were mostly lower than 1. In fact, only at temperatures well above 

the Tg was the value of tan delta above 1 though it never exceeds 2 (except for 

a few odd points). This confirms the dominance of the elastic components of the 

polymer below the Tg and the balance between the elastic and the viscous 
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components above the Tg. Moreover, in all formulations and at all 

temperatures, tan delta values decrease with increase in the frequency of the 

measurements. �$�V�V�X�P�L�Q�J�� �W�K�H�� �D�S�S�O�L�H�G�� �V�W�U�H�V�V�� �L�V�� �S�X�U�H�O�\�� �R�I�� �D�� �V�K�H�D�U�L�Q�J�� �Q�D�W�X�U�H���� �(�¶��

�D�Q�G�� �(�´�� �F�D�Q�� �E�H�� �W�U�H�D�W�H�G�� �D�V�� �*�¶�� �D�Q�G�� �*�´��respectively allowing the calculation of a 

complex viscosity value below the Tg of the formulations. The graphs of the 

shear viscosity show clear �³�V�K�H�D�U���W�K�L�Q�Q�L�Q�J�´���E�H�K�D�Y�L�R�X�U, a phenomenon common 

in �³pseudoplastic�  ́materials such as polymer melts and solutions. However, in 

this case, the shear thinning of all formulations was even more pronounced 

below the Tg than above it. This confirms the viscoelastic nature of the polymer 

below the Tg and therefore may justify the assumption that this polymer below 

the Tg can be viewed as a very viscous liquid that would theoretically flow over 

a very long time scale. 

The complex viscosity values from both instruments appear to exhibit a power 

law behaviour. There exist neither infinite nor zero shear plateau regions. 

Moreover, for the same plasticiser, the higher the plasticising level, the lower 

the value of the rheological moduli. However, within the same plasticising 

levels, different plasticisers produced different rheological responses at each 

temperature. In addition, the differences in complex viscosity values amongst 

the various formulations diminish as the frequency increases suggesting a 

variation in the shear thinning behaviour among those formulations. 

Interestingly, the ranking order of the complex viscosity value at various 

temperature points is independent of the Tg value of the films. However, the 

value of the complex viscosity for each formulation at its Tg value is roughly 

similar in all plasticised and unplasticised films. In other words, it appears that 

the Tg, measured using DMA, is reached once the complex viscosity is within a 
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specific range (1 - 10 MPa.s). However, the rate of change of the complex 

viscosity values above and below the Tg is different from one plasticiser to 

another and also dependent on concentration.  

Last but not least, the complex viscosity data collected by both DMA and PPSR 

at similar temperatures were readily comparable with each other. This opened 

the possibility of using the WLF equation to produce a continuous master curve 

over a temperature range that extends well below and above the Tg of the 

formulations. RepTate software was used to extract this curve for pure 

HPMCAS film and for that with 30% TEC. The Maxwell model for linear 

polymers was used to predict the theoretical minimum relaxation time (time of 

disentanglement). Step relaxation tests were then carried out to investigate the 

�D�F�F�X�U�D�F�\�� �R�I�� �W�K�H�� �P�R�G�H�O�¶�V�� �S�U�H�G�L�F�W�L�R�Q�V���� �7�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �U�H�V�X�O�W�V�� �U�H�Y�H�D�O�H�G�� �Q�R��

relaxation time even after 105 s which is far more than the predicted 103 s and 

10 s for the pure and the plasticised films respectively. This indicates that the 

polymer does not follow the linear viscoelastic model. Instead, its behaviour 

could be interpreted more accurately using the sticky reptation model. 
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Chapter 5  

Coating of pellets and  tablets  
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5 Coating of pellets and tablets  

5.1 Introduction  

As mentioned in section 1.5, spray coating of the aqueous suspension of a 

polymer produces a product invariably different to that cast from its organic 

solution. Film formation, mechanical properties, surface roughness and even 

the distribution of the plasticiser in the film may vary according to the method 

used. Therefore, it is essential to conduct in situ coating experiments to 

determine if employing thermal and rheological techniques aid in the selection 

of the ideal coating formula. This is especially critical with functional coats as 

many studies have confirmed a difference in the performance of such films 

when coating was carried out using different vehicle systems (Thoma, 1999, 

Bando and McGinity, 2006).  

In addition to the differences in the performance of aqueous and organic 

coatings, HPMCAS has another major drawback when applied in an aqueous-

based vehicle. HPMCAS is reported to cause nozzle blocking when applied 

from a container stored at a temperature higher than 20 oC. Therefore, it is 

crucial to evaluate the effect of various plasticising systems on this blocking 

phenomenon. TEAC alone or with AMG has shown higher complex viscosity 

values than for TEC alone or with AMG below 30 oC when free films were 

studied (section 4.4.4). Thus, it is worth investigating if this difference is 

reproducible with aqueous spray coating and, subsequently, if this difference in 

complex viscosity will alleviate or eliminate the nozzle blocking problem. 
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5.2 Chapter outlin e and methodology  

The aim of this chapter is to investigate the effect of the different plasticising 

systems on the frequency and extent of the nozzle blocking phenomenon 

observed when coating with aqueous HPMCAS suspensions. The Minimum 

Film forming Temperature (MFT) was measured for aqueous HPMCAS films 

with selective plasticising blends. The detailed method for measuring MFT is 

provided in section 2.2.9. In addition, in situ coating of placebo tablets and 

theophylline pellets was conducted using fluid bed coaters as detailed in figure 

2.2.10. In addition, the extent of film formation was assessed by measuring the 

surface roughness of the coated tablets as described in section 2.2.11. Cross 

sections of the coated tablets were also examined with electron scanning 

microscope (SEM) as explained in section 2.2.3. In addition, enteric properties 

were investigated by measuring theophylline release profiles from the coated 

pellets in both gastric and intestinal media as detailed in section 2.2.12. 

5.3 Results and discussion  

The MFT results, observations during the coating processes, SEM images, 

surface roughness and the dissolution data are all reported and discussed in 

this section. 

5.3.1 Minimum film forming temperatures  

Optical microscopy images of the films are shown in figures 5-2 to 5-4. The 

images reveal that TEC produced a transparent film at all temperatures 

including 30 oC even at a concentration of 10 %. Meanwhile, films with 30 % 

TEAC or TEAC/AMG 3:2 only formed transparent films above 40 oC.  
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Figure ��5-1 Optical microscopic images of HPMCAS films formed after storing 1 ml of 
each suspension in a static oven at 30  oC. 

 

 

Figure ��5-2 Optical microscopic images of HPMCAS films formed after storing 1 ml of 
each suspension in a static oven at 40  oC. 
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Figure ��5-3 Optical microscopic images of HPMCAS films formed after storing 1 ml of 
each suspension  in a static oven at 50  oC. 

 

5.3.2 Coating processes  in the two fluid beds  

The coating parameters of the tablets and pellets have been described in tables 

2-4 and 2-5. Inlet and outlet temperatures were assigned in order to allow the 

core to be 5 oC warmer in the case of TEAC. While that was easily achieved in 

the STREA-1�Œ, the same was not easily achievable in the MP-Micro�Œ. Even 

when the inlet was increased up to 50 oC (10 oC higher than for the case of TEC 

30 %), the outlet temperature remained within 3 oC of that of TEC 30%. This 

made the coating experiment very difficult as 50 oC would cause nozzle 

blocking (MP-Micro�Œ is a bottom nozzle device). Therefore, the temperature 

was reduced to 48 oC. Overall, using STREA-1�Œ�����7�(�&������ % and TEC/AMG-3:2 

30 % required constant cooling of the suspension below 20 oC. Despite this, 

TEC30% still blocked the nozzle after 30 �± 60 minutes with a noticeable film 

accumulation around the tip of the nozzle (figure 5-5). On the other hand, both 

TEAC/AMG 3:2 and TEC/AMG 3:2 provided smooth trouble-free coating 
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processes (TEC/AMG 3:2 still required cooling of the suspension). 

Moreover, coating with TEAC 30% was not easily achieved. Since the particles 

swell more with this formulation than with TEAC/AMG 3:2 (even with cooling), 

the particles did not pass easily through the smaller nozzle of the MP-�0�L�F�U�R�Œ. 

When the nozzle was examined, the particles were still discrete with no film or 

coalescence (contrary to the case for TEC 30 %). Using a high shear mixer 

therefore might alleviate this problem but this was not tested in this study. 

Cooling to less than 20 oC reduced the swelling and the coating with the latter 

appearing very smooth. 

While this behaviour of the TEAC 30 % formulation is probably not favorable in 

aqueous coating, the same cannot be said for the dry coating technique. In fact, 

polymer particle swelling is an indication of the good permeation of the 

plasticiser in the polymer.  

 

Figure ��5-4 Film deposit around the tip of the nozzle aft er 45 minutes  of coating with 
aqueous -based formulations containing 30 % TEC using  STREA-1�Œ. 
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5.3.3 Scanning E lectron Microscopy  (SEM) 

The images from the SEM (figure 5-6) reveal that the three additives produced 

a similar degree of particle coalescence.  

 

Figure  ��5-5 Scannin g electron microscopy of tablet cross -section from the three b atches.  

 

5.3.4 White light profilometer  

A white light profilometer was used to quantify the surface roughness of the 

coat. Figure 5-7 and table 5-1 shows that the TEAC/AMG 3:2 formulation has 

the smoothest surface amongst the coated tablets. More or less, TEC and 

TEC/AMG 3:2 exhibit similar roughness values. Uncoated tablets were the 

smoothest. The tablets are placebo tablets kindly manufactured and donated by 

Astra Zaneca mainly from microcrystalline cellulose and therefore their surface 

(uncoated) is very smooth and shiny. On the other hand, coating of the tablets 

was carried out using a modified version of STREA-1 coater. The modification 

means that the air flow inside the coating zone is turbulent and thus the 

movement of the coating bed is not completely consistent and smooth. The 

tablets therefore are not homogeneously coated, thus the surface roughness 

parameters of the coated tablets are higher than those of the uncoated tablets.  
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Figure ��5-6 White light profilometer results  displayed in 3D for different b atches of tablets.  
The more unif orm  the colour the smoothe r the surface.  

 

Table ��5-1 Surface roughness par ameters of 6 tablets from each b atch. The results are 
displayed as (Average± standard deviation)  

 

Ra Rq Rz Rt 

TEC 30% 1.94± 0.16 2.44± 0.25 17.26± 1.92 21.83± 2.6 

TEAC/AMG 
3:2 30% 

1.56± 0.22 1.96± 0.23 15.67± 1.66 18.87± 4.55 

TEC/AMG 
3:2 30% 1.84± 0.39 2.29± 0.45 16.90± 1.9 21.48± 11.33 

Uncoated  0.51± 0.19 0.83± 0.25 12.60± 5.72 17.30± 10.31 
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5.3.5 Dissolution test s 

Results from the dissolution tests (figure 5-8) shows little significant difference 

between the three additives on the acid protection property of the film (20 %w/w 

coating level). However TEAC/AMG 3:2 exhibit a slightly faster drug release in 

the basic medium. It is worth noting that the pellets did not dissintegrate in the 

acidic phase (even the uncoated ones) which might explain the incomplete 

release of the uncoated pellets. 

 

Figure ��5-7 Dissolution test of uncoated and coated theophylline pellets in  acidic 
conditions (0 -120 min) and in basic conditions (120 -180 min).  
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5.4 Conclusion   

HPMCAS is an interesting enteric coating polymer as it is available with various 

grades each soluble at a slightly different pH. However, available aqueous 

coating formulations suffer from a major drawback. The plasticised coating 

suspension has to always be maintained at a temperature below 20 oC during 

the whole coating process. This makes it necessary to have a cooling jacket 

and increase the coating time and/or energy to evaporate the water. 

The formulations, selected in this study based on the rheological and thermal 

analysis, were tested to investigate the effect of the plasticising agent on 

premature film formation at the tip of the nozzle. 

The coating experiments showed a clear advantage of using TEAC/AMG 3:2 as 

a plasticiser. This formulation ensured a trouble-free coating process without 

the need for cooling the suspension. This was in contrast to TEC or TEC/AMG 

3:2 where nozzle blocking was recorded even with cooling below 20 oC 

Interestingly, TEAC alone caused a noticeable increase in polymer particle 

sizes. This caused a quick sedimentation of the particles and subsequent 

blocking of the nozzle. However, this blocking was caused by discrete particles 

rather than a premature film formation. Reducing the temperature by cooling the 

suspension seemed to solve this problem partially. Using a high shear mixer 

might reduce the particle size and eliminate this problem but such a system was 

not available to verify this hypothesis. 

The solubility parameters of the three plasticisers are close to that of the 

polymer and of comparable values to those of acetone and methanol in which 
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the polymer is soluble. TEAC has closer solubility parameters to acetone and 

this might help explain the higher discrepancy in the Tg values measured from 

the first and second scan in the DSC compared to TEC. It can be assumed that 

TEAC, being more soluble in acetone than in the polymer, migrates up the film 

as the acetone dries. This causes phase separation and an artificially high Tg 

value in the first run (section 3.4.4.2). 

The comparison between the coat qualities of the three formulations revealed 

no significant difference in terms of microscopic appearance, surface roughness 

or enteric properties. 

To summarise, TEAC alone, or in combination with AMG, provided an 

alternative plasticising system to the conventional use of TEC. It was possible to 

coat with TEAC/AMG 3:2 w/w formulations without the need for cooling of the 

suspension and with no incidence of premature film formation. This should save 

time and energy and makes it more practical to use aqueous HPMCAS 

suspension for eneteric coating. In addition, this system provides a comparable 

film quality and enteric properties to those formations with TEC. 

  



178 
 

 

 

 

 

 

 

Chapter 6  

Approaches to  optimis ing  dry 

powder coating formula e 

  



179 
 

6 Approaches to optimising dry powder coating formula e 

6.1 Introduction  

Dry powder coating is a technique in which sub micronised polymer powder is 

directly applied to the dosage form without using any aqueous or organic 

solvent (Pfeffer, 2001). This innovative technique, whose theory has its root in 

the field of powder mixing, has been initially used to modify powder properties 

through coating the host particles with smaller guest particles of different 

properties (Watano, 2004, Ramlakhan, 2000). This allows the production of a 

new generation of excipients with tailored properties. In 1991, this technique 

was introduced to be used in pharmaceutical coating as an alternative to wet 

coating (Obara, 1999). There have been many different approaches to 

developing a novel solventless coating process including compression, hot-

melt, supercritical fluid spray, electrostatic, dry powder, and photocurable 

coating (Bose and Bogner, 2007) 

However, this work focuses on the dry powder coating process as first 

described by Obara (Obara, 1999). This is owing to the fact that this dry powder 

method does not require significant modifications to existing coating equipment 

and thus no considerable capital investment is required. 

6.2 Chapter out lines  

This chapter discusses the pharmaceutical dry powder coating process. Section 

6.3 discusses the reasons for developing this technique and the challenges 

faced by traditional coating methodologies. Section 6.4 describes the process 

and provides a review of the main parameters affecting this process. The 
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detailed modifications to the original procedure are reviewed in section 6.5 

including a critical analysis of the benefits of using a pre-plasticised polymer. 

Section 6.6 proposes a novel design of a dry coating methodology based on 

dividing the plasticising system into internal and external parts. This 

methodology was only discussed theoretically here due to the lack of the 

necessary equipments to test it in this study. Lastly, the two final sections 

discuss contact angle measurement and solubility parameter approaches to 

identify a suitable plasticising system that would deliver a smoother process as 

well as enhanced performance. 

6.3 Rational e for solventless coating  

Concerns have been raised over solvent-based coating due to the 

environmental hazardous effects of solvent vapours, health and safety, and the 

increased cost of these solvents (Nakagami, 1991). Aqueous-based coating has 

reduced many of these problems; however, this technique still suffers from 

many drawbacks: 

�x It is very time and energy consuming. Since water has a high heat capacity, 

significant energy is needed to evaporate the water. 

�x Because of the higher viscosity of the aqueous dispersions, low 

concentrations of the coating polymer are used and subsequently large 

amount of water need to be evaporated. 

�x Unless the temperature and viscosity are controlled properly, the spray 

nozzle could be blocked by premature coalescence of the polymer in the 

dispersion. 
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�x The technique produces inferior film quality than that produced by organic 

solvents. This was emphasised by the higher volume of polymer required to 

obtain the same enteric protection, higher percentage of plasticisers needed 

to form the film, the inferior stability (aging phenomenon) (Thoma, 1999) as 

well as problems associated with plasticiser permanence in the film (Bando 

and McGinity, 2006). 

�x Sometimes an additional heating after-treatment (curing) step is necessary 

to form a continuous, nonporous film. 

�x Some drugs are water sensitive and using aqueous materials will thus 

enhance their degradation. 

6.4 Process of dry coating  

Instead of using a carrier liquid to deliver the coating polymer to the surface of 

the dosage form, the dry powder coating process is conducted by directly 

depositing coating particles on the dosage form surface by simultaneous 

spraying or feeding of the polymer powder and the plasticiser. Particles are 

brought into close contact with the dosage form by means of mechanical forces 

and/or the capillary force of the plasticisers (usually liquid). Since the particle 

size of the polymer powder is small, the Van der Waals forces, the surface 

tension of the polymer, and the capillary forces of the liquid plasticiser are 

stronger than the gravitational and Columbic repulsion forces and are strong 

enough to keep the powder attached firmly to the dosage form; the powder 

particles are then either cured at higher temperature (above their Tg) to form a 

continuous film (Belder, 2001), or left as mono or multi layers of porous barrier 
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powders (Ivanova, 2005) as illustrated by figure 6-1. 

When the first trials (Obara, 1999, Pearnchob, 2003a, Pearnchob, 2003b, 

Pearnchob, 2003c) were conducted, the process was not completely dry. A 

small amount of water (8% of core weight) had to be added either in the thermal 

after-treatment (curing) step or mixed as an emulsion with the plasticiser to 

ensure complete coalescence of the coating particles and thus homogeneous 

film formation. The technique was conducted with relative success on pellets 

and tablets using hydroxypropyl methylcellulose acetate succinate (HPMCAS), 

ethylcellulose (EC), Eudragit RS, and shellac. All these materials have relatively 

low Tg values around 122oC, 133 oC, 58 oC, and 50 oC respectively. Several 

machines have proved to be compatible with dry coating method including 

centrifugal granulator, fluidized bed, and ventilated pan coater. 
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Figure ��6-1 Dry coating principle and stages: (1) powder (polymer alone or with 
plasticiser ) is fed over the core. (2) powder layer is formed around the core, a: 
continuous porous layer, b: discrete layer. (3) film formed after curing at higher 
temperature. Adapted with modification from (Shin -Etsue, 2000)  

 

6.4.1 Key parameters  

There are many important parameters to be considered when the dry coating 

process is to be conducted. Some of them have been clearly identified in 

aqueous and dry coating such as particle size and the plasticiser wettability 

effect. However, many others have not been considered fully such as mixing, 

glidant role and effect, and the viscous flow of the polymer. 

1.6.3.1 Plasticiser  wettability and glidant  

 In addition to its ability to reduce the Tg of the polymer, the plasticiser used in 

dry coating should possess good wettability to the polymer. This is necessary to 

Plasticiser 

Polymer particle 
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ensure quick diffusion of the plasticiser into the polymer chains within the 

process time and, subsequently, to reduce the agglomeration problem. Obara et 

al. (Obara, 1999) found that mixing the plasticiser (TEC) with an oily surfactant 

(acetylated monoglyceride 9-45K (AMG)) improved its spreadability over the 

polymer. Subsequently the efficiency of the coating process increased and the 

agglomeration problem was solved. Moreover, Pearnchob et al. (Pearnchob, 

2003a) found that AMG, which has an inferior plasticising ability in ethanol-cast 

(EC) films, was more effective than TEC when they were physically blended 

with (EC) powder. This was attributed to the fact that AMG has better wettability 

to EC than TEC. However, the exact plasticising effect of AMG was not yet fully 

understood. 

As in aqueous coating, talc has been added to enhance the surface 

smoothness of the coat and to prevent stickiness. However, an excess amount 

of talc is generally used in a dry coating process to overcome the agglomeration 

problem caused by the large amount of liquid plasticiser used. 

1.6.3.2 Particle size  

The effect of powder particle size has been previously studied in aqueous 

coating; Eckersley et al. (Eckersley, 1990) and Brown (Brown, 1956) concluded 

that MFT as well as the degree of film formation are functions of particle size. 

This was further supported by the observation that micronised EC requires 

more plasticiser than colloidal EC to form flexible films(Nakagami, 1991, 

Keshikawa, 1994).  Higher curing temperatures were also required to form a 

film from larger particle size (Keshikawa, 1994). The same was apparent in dry 

coating. Shellac of large particle size (27.1µm) failed to be deposited over the 
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pellets surface when the process temperature was lower than 60 - 65 oC (Tg of 

shellac is 50.4 oC) (Pearnchob, 2003b). However, a reliable comparison study 

(where the particle size is the only variable) has not been conducted in dry 

coating as yet. 

1.6.3.3 Method of polymer -plasticiser  mixing  

Initially, the fluid bed coater used in dry coating was equipped with a top spray 

nozzle while the powder feeder was positioned near the bottom of the column. 

This design led to inefficient mixing of the polymer powder with the liquid 

plasticiser, thus necessitating a higher amount of plasticiser to reduce the Tg of 

the HPMCAS based formulation to form the film under process and curing 

temperatures. A later study (Kablitz, 2006) utilised a three way spray nozzle to 

deliver the powder and the liquid plasticiser in close contact. This aided in 

reducing the volume of plasticiser used. Despite the improvement achieved by 

the three way nozzle, the polymer-plasticiser mixing efficiency of dry coating is 

still inferior to that of organic and aqueous coating (Pearnchob, 2003a).  

Zheng et al. (Zheng, 2004) pre-plasticised the coating polymer by a hot melt 

extrusion process using a plasticiser and a thermal lubricant. The pre-

plasticised powder was then sprayed on the dosage form in a completely dry 

process (no liquid involved). The resultant film has better quality and used a 

significantly lower amount of plasticiser when compared to the film formed by 

simultaneous spraying of both the polymer and the plasticiser (Pearnchob, 

2003b). However, no reliable comparison, using the same machine and 

conditions, has been conducted to identify the effect of pre-plasticising the 

polymer on the outcome of the coating process. 
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1.6.3.4 Thermal after treatment (c uring)  

In aqueous and dry coating, polymer particles should soften under process 

temperatures to flow, coalesce and form a continuous film. In the majority of 

cases, this is not fully achievable within required process temperature regimes 

and time spans (Pearnchob, 2003a). Furthermore, it has been noted that film 

quality worsens as the powder feeding rate increases suggesting that a certain 

time for powder material to spread as a uniform layer is necessary (Obara, 

1999). Therefore an additional curing step is usually required for the plasticiser 

to diffuse homogeneously into the polymer powder (Bodmeier and Paeratakul, 

1997). 

Curing involves conditioning of the coated dosage form at an elevated 

temperature alone (Kablitz and Urbanetz, 2007) or accompanied by an elevated 

relative humidity (Pearnchob, 2003a) to ensure appropriate film formation. 

However, cured films formed by dry coating exhibit the presence of an irregular 

structure and the films produced can be more porous and inhomogeneous 

when compared to  those produced with aqueous formula (Pearnchob, 2003a). 

This is possibly due to the lack of understanding of the temperature-time effect 

on the viscosity of the polymer. Therefore, it is essential to establish a master 

curve to estimate the relaxation time at the temperature in question in a similar 

way to what has been explained in chapter 4. 

6.5 Advant ages and disadvantages of dry coating  

The main advantages of the dry coating method are the significant reduction in 

process time and energy. Dry coating requires around one third or one quarter 
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the time of the aqueous coating process (Obara, 1999). Moreover, water 

sensitive drugs can be coated by this method without the risk of degradation. 

However this process has many drawbacks. Firstly, it is limited to polymers 

which have low Tg values. Furthermore, high percentages of plasticiser and 

glidant are necessary compared to those for wet coating. Finally, film integrity is 

inferior to that produced by wet coating. Consequently, a higher coating level is 

necessary to obtain a functional film. Poly methacrylate (Eudragit) provides an 

exceptional case where the same coating level in all techniques provides similar 

results (Pearnchob, 2003b). This may be attributed to the low Tg value of this 

polymer. 

Although the temperature used in dry powder processes is generally higher 

than that for the aqueous coating method, the absence of high humidity 

conditions and the shorter procedure time may compensate for this increase in 

temperature. 

 

6.6 Efforts to modify  dry coating  

Kablitz et al. (Kablitz, 2006) conducted a dry coating process study using a 

rotary fluid bed coater that produces a high mixing efficiency. The rotary fluid 

bed process provides efficient mixing through utilising a  high speed radial flow 

of air which creates centrifugal and shear forces strong enough to loosen 

agglomerates (Watano, 2003, Watano, 2004) and to enhance particle 

deformation. This eliminates the necessity of using talc as an anti-tacking agent. 

The plasticiser amount needed to reduce the Tg of the polymer near process 
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temperatures was significantly reduced due to four factors: A) the high shear 

forces decrease the viscosity of the polymer inducing more coalescence. B) 

efficient mixing of the polymer with the plasticiser is induced. C) reducing the 

loss of plasticiser previously absorbed by the talc. D) using a three-way spray 

nozzle helped to deliver the plasticiser and the powder in close contact thus 

enhancing their mixing. The design was successful and the coating formula 

contained approximately half the amount of the plasticiser mixture used in the 

standard dry coating procedure. 

This method however is limited to one machine and cannot be reproduced by 

other conventional coating machines that lack these strong shear forces. 

Moreover, hard tablets and pellets need to be used to withstand the significant 

shear forces involved. 

Trials have been conducted without any liquid. Cerea et. al. (Cerea, 2004) used 

a laboratory scale spheroniser to blend a mixture of polymer powder and 

plasticiser. This method however is not practical since it cannot be easily scaled 

up to conventional coating machines without significant loss in coating 

efficiency. Moreover, a relatively long curing time was necessary, considering 

the low Tg value of the polymer used (Eudragit PO® of Tg around 50 oC). Other 

trials have utilised hot- melt extrusion method to plasticise the polymer and then 

cryogenically grinding the extrudates (Zheng, 2004, Sauer). �+�H�U�H���³�Srimer�  ́waxy 

substances were sprayed on the core before the start of the process to enhance 

powder adherence. Other trials have used part of the plasticiser to wet the core 

before the coating process (Terebesi and Bodmeier, 2010). However, in all 

these trials, the lack of a liquid will decrease the efficiency of the process upon 
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scale-up since its presence plays a role in the adherence of the coating powder 

to the dosage form as well as to the previous layers of the coat as the process 

develops. Moreover, before it is completely taken up by the polymer, the liquid 

plasticiser also temporarily exerts capillary forces that facilitate the deformation 

of the polymer particles by eliminating air gaps (Brown, 1656, Smikalla et al., 

Brown, 1956, Kablitz and Urbanetz, 2007).  

 

6.6.1 Rational e for pre -plasticis ing the polymer in dry coating  

In order to exert their plasticising effect, plasticisers should diffuse into polymer 

particles. In aqueous suspensions, this process commences during the 

preparation step. In dry coating, however, plasticisation starts only during the 

coating process. 

When the plasticiser is sprayed over the polymer surface, it needs to spread 

over that surface, diffuse into the relatively large polymer particles and then 

interact with their polymer chains. Polymer particles will not lose their glassy 

state completely until this plasticising process is complete (Toussaint, 1997). 

Nevertheless, by the time this process occurs, the subsequent polymer layer 

already will have been deposited.  Due to the lack of the capillary forces of the 

carrier liquid, gaps between the solid polymer particles will not fully disappear 

upon coalescence and the resultant film will be porous. This has been 

confirmed by images obtained by SEM studies of dry coating films (Pearnchob, 

2003a, Kablitz and Urbanetz, 2007). 
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Plasticising polymer particles prior to the coating process can promote 

homogeneous rapid softening of the polymer particles shortly after their 

deposition providing compact film structures (Zheng, 2004). Furthermore, 

reducing the amount of plasticiser in the liquid mixture (plasticiser and glidant 

mixture), which is to be sprayed, will enhance its anti-tacking efficiency. 

Subsequently, less talc will be enough to counteract the agglomeration problem. 

The reduction in talc volume will reduce the amount of liquid absorbed by the 

talc; therefore, a reduced volume of this mixture will be sufficient to exert the 

glidant effect. The summary of these events sequences are presented in figure 

6-2. 

 

 

Figure ��6-2 Sequences of events taking place in dry powder coating to explain the need 
for extra plasticiser  and talc.  

 

6.7 Method suggested in this study  

As mentioned in the previous section, the plasticiser used in dry coating, should 

not be all sprayed on the core without premixing with the polymer. On the other 

hand, if all the plasticiser is used to pre-plasticise the polymer, the resultant 

powder will be soft and not practical for storage or handling. Moreover, the 

High Tg polymer  Excess plasticiser  
required  

Excess talc is  used  
Excess plasticiser  
required  

Agglomeration  

Inefficient mixing  
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effect of capillary forces of the liquid (although weak and temporary (Kablitz and 

Urbanetz, 2007, Brown, 1656) ) will be diminished. It is therefore necessary to 

use two plasticising systems: an internal plasticiser (to pre-plasticise the 

polymer powder) and external plasticiser (in the liquid phase):  

�x Internal plasticiser:  Its role is to partially pre-plasticise the polymer 

powder to lower its Tg to a value that is just higher than the coating 

process temperature. The ideal internal plasticiser effectively lowers the 

Tg and provides the required mechanical flexibility. It should also have 

good permanence in the film. 

�x External plasticiser: this is to be added to the glidant (or act as a glidant 

by itself) to form the liquid phase that is to be sprayed simultaneously 

with the polymer powder. The role of this plasticiser is to provide the 

capillary forces necessary to enhance the adherence of the coating 

powder to the core as well as the adherence of the powder layers to 

each other with minimal air gaps. It should also lower the Tg of the 

polymer to allow viscous flow at the process temperature and to ensure 

adequate film formation. Ideally, this plasticiser should be a liquid of a 

strong wettability to the polymer to ensure rapid diffusion.  

 

6.8 Contact angle measurements  

As mentioned before, the external plasticiser should possess good wettability to 

the polymer. Contact angle measurements provide a useful means to quantify 

the wettability of different plasticisers over the surface of the polymer (Obara, 
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1999). This process was used in this study to identify the best external system 

to be used with HPMCAS.  

 

6.8.1 Results  

The mean and the standard deviation of the contact angles of three additives 

(TEC, TEAC, and AMG) and the mixture of the first two with AMG (3:2 w/w) is 

recorded in table 6-1 and presented in figure 6-3. 

  



193 
 

Table ��6-1 Contact angles of different liquid additives over HPMCAS tablets. SD is the 
standard deviation. N is the number of samples.  (n �• 8) 

Plasticiser Name  
Average Contact Angle 

(Degrees) 

TEC 15.82 ± 0.57 

AMG 11.53 ± 0.69 

TEAC 10.65 ± 0.84 

TEC + AMG 3:2 w/w  10.29 ± 0.69 

TEAC+AMG 3:2 w/w  9.5 ± 0.56 

 

 

Figure ��6-3 Contact angle measurements of some liquid additives over HPMCAS surface. 
�³�7�(�&���$�0�*�´�� �D�Q�G�� �³�7�(�$�&���$�0�*�´�� �D�U�H�� �������� �Z���Z�� �P�L�[�W�X�U�H�V. Error bars represen t the stand ard 
deviation values of at least 8 samples for each plasticizer.  
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6.9 Solubility parameters of the polymer and the plasticiser s 

Solubility parameters of the polymer and the plasticisers were calculated using 

equations derived from the regular solution theory by Hilderbrand and Scott 

(section 1.8). The molar vaporisation energy and molar volume values were 

calculated using the group contribution method (Fedors, 1974, Barton, 2000). 

The results were then compared to determine the optimum plasticising system 

for HPMCAS. 

6.9.1 Results and discussion  

The solubility parameters of HPMCAS, TEC, TEAC and AMG were calculated 

using group contribution method. The percentage of the constituent groups of 

HPMCAS-MG was considered to be 24% for hydroxypropoxyl, 53% for acetyl, 

and 28% for succinoyl (Fukasawa and Obara, 2004). The calculations and 

results for the solubility parameters of each group and the total value for 

HPMCAS are shown in tables 6-2 to 6-5. 

Table ��6-2 Group contribution to the molar vaporization energy (U) and molar volume (V) 
of hydroxypropoxyl  group at 25 oC 

Groups 
U/ 

KJmol-1 
�T�h�l��

KJmol-1 
V/cm3mol-

1 
�T�s�l���u3mol-

1 

3CH2 4.94 14.82 16.1 48.3 

1OH 21.9 21.9 13 13 

Total 
 

36.72 
 

61.3 
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Table ��6-3 Group contribution to the molar vaporization energy (U) and molar volume (V) 
of acetyl group at 25 oC 

Groups 
U/ 

KJmol-1 
�T�h�l��

Kjmol-1 
V/cm3mol-

1 
�T�s�l���u3mol-

1 

1CH3 4.71 4.71 33.5 33.5 

1CO 17.4 17.4 10.8 10.8 

Total 
 

22.11 
 

44.3 

 

Table ��6-4 Group contribution to the molar vaporization energy (U) and molar volume (V) 
of succinoyl  group at 25 oC 

Groups 
U/ 

KJmol-1 
�T�h�l��

KJmol-1 
V/cm3mol-

1 
�T�s�l���u3mol-

1 

2CH2 4.94 9.88 16.1 32.2 

1CO 17.4 17.4 10.8 10.8 

1CO 17.4 17.4 10.8 10.8 

1OH 21.9 21.9 13 13 

Total 
 

66.58 
 

66.8 
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Table ��6-5 Group contribution to the molar vaporization energy (U) and molar volume (V) 
of HPMCAS at 25 oC 

Groups 
U/ 

KJmol-
1 

�Ã���������
�•�‘�Ž-1 V/cm3mol-
1 

�Ã�����…�•3mol-1 

CH2 4.94 4.94 16.1 16.1 

5 CH 3.43 17.15 -1 -5 

4 O 3.35 13.4 3.8 15.2 

1OH 21.9 21.9 13 13 

1-6ring 1.05 1.05 16 16 

1.9 CH3 4.71 8.95 33.5 63.65 

0.24*Hydroxypropoxyl 36.72 8.81 61.3 14.71 

0.53* Acetyl 22.11 11.72 44.3 23.48 

0.28* Succinoyl 66.58 18.64 66.8 18.70 

 
Total 106.56 Total 175.85 

�Ü
L 
§
�?�Ã�Î

�Ã�Ï

L

�5�4�:�ä�9�:�v�5�4�4�4

�5�;�9�ä�<�9
= 24.6 MPa1/2  

 

The above calculated value for the solubility parameter of HPMCAS compares 

well with the solubility parameters of the solvents in which HPMCAS is soluble. 

For example: acetone and methanol have reported solubility parameters of 20.2 

MPa1/2 and 29.6 MPa1/2 respectively and both are good solvents of HPMCAS. 

On the other hand, ethanol, which has a solubility parameter of 26.0 MPa1/2 can 

only partially solubilise HPMCAS (Shin-Etsue, 2000). Ethanol has to be mixed 

with water in a ratio of 8:2 w/w to dissolve HPMCAS. This discrepancy might be 

explained by the effect of hydrogen bonding in the polar solvents. The group 

contribution method does not account for the hydrogen bonding effect on 
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solubility and therefore is less accurate in predicting the solubility when 

involving the formation of strong forms of such bonds.  

The solubility parameter of the plasticisers was also calculated. Table 6-6 

illustrates the results for the solubility parameters of TEC 

Table ��6-6 Group contribution to the molar vaporization e nergy (U) and molar volume (V)  
of TEC at 25 oC 

Groups 
U/ 

KJmol-
1 

�T�h�l��
KJmol-

1 

V/cm3mol-
1 

�T�s�l���u3mol-
1 

3 CH3 4.71 14.13 33.5 100.5 

5 CH2 4.94 24.7 16.1 80.5 

3 COO 18 54 18 54 

1 C 1.47 1.47 -19.2 -19.2 

1 OH 29.8 29.8 10 10 

 
Total 124.1 Total 225.8 

�Ü
L 
§
�?�Ã�Î

�Ã�Ï

L

�5�6�8�ä�5�v�5�4�4�4

�6�6�9�ä�<
= 23.4 MPa1/2 

The solubility parameters of TEAC was also calculated and the results are 

presented in table 6-7 

Table ��6-7 Group contribution to the molar vaporization e nergy (U) and molar volume (V) 
of TEAC  at 25 oC 

Groups 
U/ 

KJmol-
1 

�T�h�l��
KJmol-

1 

V/cm3mol-
1 

�T�s�l���u3mol-
1 

4 CH3 4.71 18.84 33.5 134 

5 CH2 4.94 24.7 16.1 80.5 

4 COO 18 72 18 72 

1 C 1.47 1.47 -19.2 -19.2 

 
Total 117.01 Total 267.3 

�Ü
L 
§
�?�Ã�Î

�Ã�Ï

L

�5�5�;�ä�4�5�v�5�4�4�4

�6�:�;�ä�7
= 20.9 MPa1/2 
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Because of its complex structure, the solubility parameters of AMG cannot be 

calculated as precisely as that of TEC and TEAC. AMG is an acetylated 

monoglyceride of fatty acids from soybeans. As a natural product, soybean oil 

composition changes from batch to batch and contains a wide spectrum of fatty 

acids with various chain lengths. Therefore, there is no feasible method to 

determine the exact composition of AMG. Instead this study relied on 

calculating the solubility parameters of the major fatty acids available in 

soybeans with the percentage obtained from (Biotechnology, 1994). The results 

are recorded in tables 6-8 to 6-14 

 

Table ��6-8 Group contribution to the molar vaporization energy and (U) and molar volume 
(V) of palmitic acid at 25 oC 

Groups 
U/ 

KJmol-1 
�T�h�l 

KJmol-1 
V/ 

cm3mol-1 
�T�s�l 

cm3mol-1 

1 CH3 4.71 4.71 33.5 33.5 

14 CH2 4.94 69.16 16.1 225.4 

 
Total 73.87 Total 258.9 

 

Table ��6-9 Group contribution to the molar vaporization energy (U) and molar volume (V) 
of stearic acid at 25 oC 

Groups 
U/ 

KJmol-1 
�T�h�l��

KJmol-1 
V/cm3

mol-1 
�T�s�l���u3m

ol-1 

1 CH3 4.71 4.71 33.5 33.5 

16 CH2 4.94 79.04 16.1 257.6 

 
Total 83.75 Total 291.1 
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Table ��6-10 Group contribution to the molar vaporization energy (U) and molar volume (V) 
of oleic acid at 25 oC 

Groups 
U/ 

KJmol-1 
�T�h�l��

KJmol-1 
V/ 

cm3mol-1 
�T�s�l 

cm3mol-1 

1 CH3 4.71 4.71 33.5 33.5 

14 CH2 4.94 69.16 16.1 225.4 

2CH 4.31 8.62 13.5 27 

 
Total 82.49 Total 60.5 

 

Table ��6-11 Group contribution to the molar vaporization energy (U) and molar volume (V) 
of linoleic acid at 25 oC 

Groups 
U/ 

KJmol-1 
�T�h�l��

KJmol-1 
V/ 

cm3mol-1 
�T�s�l 

cm3mol-1 

1 CH3 4.71 4.71 33.5 33.5 

12 CH2 4.94 59.28 16.1 193.2 

4CH 4.31 17.24 13.5 54 

 
Total 81.23 Total 87.5 

 

Table ��6-12 Group contribution to the molar vaporization energy (U) and molar volume (V) 
of li nolenic acid at 25 oC 

Groups 
U/ 

KJmol-1 
�T�h�l��

KJmol-1 
V/ 

cm3mol-1 
�T�s�l 

cm3mol-1 

1 CH3 4.71 4.71 33.5 33.5 

10 CH2 4.94 49.4 16.1 161 

6 CH 4.31 25.86 13.5 81 

 
Total 79.97 Total 114.5 
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Table ��6-13 Group contribution to the molar vaporization energy (U) and molar volume (V) 
of soybeans fatty acids at 25 oC 

FA fraction 
U/ 

KJmol-1 
�T�h�l��

KJmol-1 
V/ 

cm3mol-1 
�T�s�l 

cm3mol-1 

palmitic acid 0.12 73.87 9.16 258.9 32.10 

stearic acid 0.04 83.75 3.43 291.1 11.94 

oleic acid 0.22 82.49 18.15 60.5 13.31 

linoleic acid 0.54 81.23 43.86 87.5 47.25 

linolenic acid 0.08 79.97 5.99 114.5 8.59 

Total 1 Total 80.60 Total 40.69 

 

Table ��6-14 Group contribution to the molar vaporization energy (U) and molar volume (V) 
of AMG at 25 oC 

Groups 
U/ 

KJmol-1 
�T�h�l��

KJmol-1 
V/ 

cm3mol-1 
�T�s�l 

cm3mol-1 

1 CH 3.43 3.43 -1 -1 

2 CH2 4.94 9.88 16.1 32.2 

2 COO 18 53.82 18 53.82 

0.01 
COOH 

39.3 0.39 23.8 0.24 

0.65 
Acetyl 

4.71 3.06 33.5 21.78 

0.34 FA 80.60 27.41 40.69 13.84 

 
Total 97.99 Total 120.87 

�Ü
L 
§
�?�Ã�Î

�Ã�Ï

L

�=�;�ä�=�=�v�5�4�4�4

�5�6�4�ä�<�;
= 28.5MPa1/2 

 

The results indicate that the three plasticisers exhibit solubility parameters 

within ±4 MPa1/2 of HPMCAS. This indicates a theoretically strong miscibility for 

all the plasticisers in the polymer. Among the three plasticisers, TEC has the 
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closest solubility parameter to that of HPMCAS. However, the difference should 

not be significant as the solubility parameter of TEAC is similar to that of 

acetone which is a very good solvent of HPMCAS. This might partially explain 

the apparent discrepancies between the Tg values measured from the first and 

the second DSC scan. TEAC has apparently high solubility in acetone (probably 

better than that of TEC and AMG). Hence, during the drying step of the cast 

films, acetone migrates from the bottom to the top of the film before 

evaporating. If the plasticiser is more soluble in acetone than in HPMCAS, it will 

migrate with the solvent to the top of the film causing phase separation. 

Therefore, during the first scan in DSC, TEAC is not as effective plasticiser as 

TEC. Nevertheless, in the second run the plasticiser has diffused in the polymer 

and the results are similar to those for TEC. This, however, should not be a 

problem in the dry coating or even aqueous coating techniques. In fact, TEAC 

has less water solubility and is expected to diffuse and partition more readily 

than TEC into the polymer rather than the aqueous phase. This explanation, 

however, does not clarify the discrepancies observed between the DSC scans 

of AMG. 

 

6.10 Conclusion  

The dry coating process is a promising novel technique to solve many 

drawbacks of traditional coating techniques. Nevertheless, this newly developed 

process has its own disadvantages in terms of final film quality (Pearnchob, 

2003b) and the high percentage of additives required (Obara, 1999). This study 

proposes an optimised dry coating process in which the liquid plasticiser/glidant 
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is to be split into two parts. The first part is used to pre-plasticise the polymer to 

ensure homogeneous and effective plasticisation. The second part includes the 

rest of the plasticiser with the glidant and probably a small percentage of water. 

This external plasticiser is to be sprayed simultaneously with the powder during 

the whole process (and not only prior to the coating process) to ensure wetting 

of the core. It can also provide a negative capillary force to eliminate air gaps as 

further powder is deposited ensuring an enhanced coalescence of the coat. 

Unfortunately, this proposed method was not tested in this study due to the lack 

of the necessary coating equipments. 

TEC or TEAC both exhibit a strong plasticising effect to HPMCAS and either 

one can be used as the internal plasticiser. TEAC has the advantages of 

providing a harder film at room temperature than TEC. This is of particular 

significance in dry coating where extra plasticiser is usually required. 

Mixtures of TEAC and AMG can be considered as ideal external plasticisers. 

This is illustrated by the low contact angle results of TEAC/AMG compared to 

the rest of the systems investigated in this study. 

Finally, the three plasticisers TEC, TEAC and AMG have close solubility 

parameter values to those of HPMCAS. Furthermore, TEAC has similar 

solubility parameters to acetone which might explain the discrepancies in the Tg 

values between the first and second DSC scan of the cast samples. 

Nonetheless, this should not be a concern is aqueous or dry coating techniques 

as TEAC has a lower water solublity than TEC. 
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Chapter 7  

Conclusion and future work  
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7 Conclusion and future work  

7.1 Introduction  

Polymeric substances, including cellulose derivatives, are widely used in 

pharmaceutical dosage forms for various applications. This is essentially due to 

the wide range of physicochemical properties that can be tailored to meet the 

specific demands of drug design (Jones, 2004a). Coating of pharmaceutical 

solid dosage forms is an area where polymers have been used extensively for 

the last 50 years. However, their behaviour at various process conditions has 

not been fully investigated. Instead, the literature mainly focuses on few 

properties such as the Tg and the tensile strength of these coats. While those 

properties provide vital information about the final film quality, they are of limited 

use when designing and determining the parameters of a typical coating 

process. In fact, coating of pharmaceutical dosage forms is still more or less 

considered to be an art based on the trial-and-error approach rather than a 

quality by design (Cole, 1995). 

Hydroxypropyl methylcellulose acetate succinate (HPMCAS) is a cellulose 

derivative polymer with gastric resistance functionality. The percentages of 

acetyl and succnoyl can be adjusted to control the onset pH for drug release. 

This material also exhibits a relatively low Tg compared to other cellulose 

derivatives (Obara, 1999). Despite these advantages, HPMCAS is still of limited 

use in the pharmaceutical industry mainly due to the extra processing required 

to ensure its smooth implementation. Indeed, this polymer is prone to premature 

film formation and its aqueous formulae may cause spray nozzle blocking 

(Kablitz, 2006). The manufacturing company recommend cooling the aqueous 
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suspension below 20 oC to avoid such problems when TEC is used as a 

plasticiser. 

This work aimed to investigate the thermal and rheological properties of 

HPMCAS and compare the effect of various concentrations of different 

plasticisers on these properties. The feasibility of employing this information to 

determine the optimum coating conditions that could improve the processability 

of HPMCAS was investigated. A systematic approach for determining the 

optimum coating formulation and the ideal coating parameters was developed 

and is illustrated in figure 7-1.   

7.2 Characterisation of the polymer and the additives   

Thermal and rheological properties of the raw materials, the polymer and the 

plasticisers (TEC, TEAC, AMG and their mixtures), were investigated. 

7.2.1 Thermal characterisation  

The thermal degradation plot for HPMCAS-MF powder exhibits two separate 

transitions. The higher, around 350 oC is identical to the literature value for the 

degradation of HPMC (Wang et al., 2007). This suggests that the one at lower 

temperature, around 250 oC, is due to the degradation of the acetyl and / or 

succinoyl groups. Moreover, the moisture content of HMCAS-MF powder is less 

than 2% which means it is of relatively low hygroscopicity compared to some 

other polymers such as Kollidon (Kibbe, 2009) or even HPMC (Rogers, 2009). 
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Figure ��7-1 Systematic algorithm for the selection of the optimum coating formulation and 
process parameters using quality -by-design approach.  

  

Selection of potential plasticisers 

�x Contact angle measurements 
�x Solubility parameters 
�x Thermal analysis of raw materials 
�x Rheological analysis of raw materials 

Potential candidates are selected and further 

evaluated in free films 

 

Free film characterisation 

�x TGA 
�x DSC: theoretical vs. experimental Tg. 
�x S.E.M 
�x Rheology: theoretical vs. Experimental 

The most optimum formulation is identified. 

Thermal and rheological data used to 

determine coating parameters 

In situ lab scale coating experiments 

�x Visual observation 
�x Surface roughness and gloss 
�x Disintegration test 
�x Dissolution test 

Parameters are optimised and scaled up. 
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Among the plasticisers studied, TEC has higher moisture content than both 

TEAC and AMG. It also exhibits the lowest boiling point. Nevertheless, both 

TEC and TEAC lose up to 40 % of their weight around 150 oC in TGA studies.  

DSC results reveal that the polymer powder exhibits a single glass transition at 

119 oC indicating that the polymer is in a completely amorphous state (within 

the detection limit of the DSC). TEC and TEAC are also amorphous with Tgs of 

-70oC and -73 oC respectively. On the other hand, the thermogram of AMG 

exhibits multiple transitions including two melting peaks. This is to be expected 

from a natural oil derivative such as AMG. Interestingly, the thermograms of the 

mixtures of TEC or TEAC with AMG reveal incomplete miscibility (at least at the 

ratio 3:2 w/w). However, no clear phase separation was observed visually. 

7.2.2 Rheological characterisation  

Frequency sweep test results, carried out at 20 oC indicate Newtonian 

behaviour over the frequency range measured for all formulations. In addition, 

TEAC and AMG exhibit comparable viscosities value that is double the viscosity 

of TEC. 

7.2.3 Contact angle and solubility parameters  

Contact angle results show that TEAC is the most effective in wetting the 

surface of HPMCAS among the three plasticisers. Moreover, the TEAC/AMG 

3:2 w/w mixture exhibits a lower contact angle value (and therefore better 

wettability) than TEC/AMG 3:2 w/w and TEAC alone. These findings suggest 

that TEAC alone or in combination with AMG is a promising potential plasticiser 

for HPMCAS especially in the dry coating process where strong wetting 
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capability is necessary to ensure efficient coating (Obara, 1999). 

Furthermore solubility parameter calculations, using the group contribution 

method, revealed that all the plasticisers have solubility parameter values within 

±4 MPa1/2 of that of HPMCAS. Greenhalgh et. al. illustrated that good miscibility 

of the components of  solid dispersion systems is expected when the 

components have a difference in solubility parameters of less than 7 MPa1/2 

(Greenhalgh et al., 1999). The solubility parameter value of TEC is closer to that 

of the polymer than TEAC. The latter, on the other hand, exhibits a solubility 

parameter value comparable to that of acetone which is a good solvent to 

HPMCAS. These factors might partially explain the inhomogeneous distribution 

of TEAC in the free HPMCAS films as observed by the discrepancy in the Tg 

values measured in the two DSC scans when compared to those for TEC. 

TEAC might have slightly less affinity to HPMCAS compared to acetone and 

therefore might migrate to the surface of the film as the acetone evaporates. 

However such migration phenomenon is not expected in aqueous or dry 

coating. In fact, TEAC is expected to be less water soluble than TEC because 

of its longer carbon chain. 

 

7.3 Characterisation of the free f ilm formulations  

Thermal characterisation of the films was carried out using DSC in two 

procedures. In the first set of tests, samples were preheated at 10 oC/min to 100 

oC whereas the second set of samples was preheated to 150 oC (above the Tg 

of HPMCAS). DMA tests were also carried out. The samples for the latter were 



209 
 

preheated to 100 oC, pressed at 200 kN to a thickness of either 0.7± 0.05 mm 

or 0.4± 0.05 mm, held isothermally for 5 minutes. Before reducing the 

temperature to 25± 3 oC, the pressure was then gradually reduced over a time 

of one minute time. Two dual cantilever clamps were used: large (L= 35 mm) 

and small (L= 8 mm). 

Rheological tests were carried out using a shear rheometer with a parallel plate 

geometry (PPSR)  and DMA (L= 8 mm, thickness = 0.7± 0.05 mm). 

7.3.1 Thermal characterisation  

The thermograms of HPMCAS free films preheated to 100 oC reveal two 

thermal transitions both at temperature values higher than the Tg recorded for 

HPMCAS-MF powder. The addition of either TEC or TEAC resulted in a 

decrease in the value of both transitions with the one at the lower temperature 

value exhibiting a significantly higher �û cp value (the dominant transition). In 

contrast, adding AMG resulted in a reduction in the temperature value of one 

transition only. The transition with higher Tg remained almost constant despite 

an increasing AMG percentage in the formulations and was the more prominent 

transition with a higher �ûcp value.  

Interestingly, when samples were preheated to 150 oC (higher than both 

transitions), the thermograms showed only one transition in all plasticised and 

unplasticised samples. 

Among the plasticisers, and in all techniques, TEC was the most effective in 

reducing the Tg of the polymer. In contrast, AMG was the least effective 

especially in DSC samples preheated only to 100 oC. This suggests that, 
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despite its ability to wet the surface of HPMCAS effectively, AMG requires 

thermal activation to diffuse efficiently between the chains of the polymer. This 

might be due to the surface active properties of this material (Kablitz and 

Urbanetz, 2007). 

On the other hand, DMA data illustrated significant differences in the shape, 

and value of the transitions in the graphs of tan delta and loss and storage 

modulus when the clamp size or sample thickness was changed. Moreover, the 

Tg value of the same samples differ by up to 35 oC between tan delta and loss 

moduli graphs. This difference was almost constant and irrespective to the 

absolute value of the Tg. 

In general, the relative performance of the additives varies according to the 

technique considered as well as to the test conditions such as sample 

thickness, clamp size and preheating conditions. Therefore the comparison of 

the effect of additives on polymeric formulations should not be defined solely 

using one thermal technique. 

 

7.3.2 Rheological and mechanical characterisation  

Dynamic rheological tests were carried out using DMA and PPSR techniques. 

DMA is designed to perform mechanical tests on solid materials with elastic 

moduli high enough to hold the sample and prevent its sagging. The DMA 

�U�H�V�X�O�W�V���D�U�H���X�V�X�D�O�O�\���H�[�S�U�H�V�V�H�G���L�Q���W�H�U�P�V���R�I���H�O�D�V�W�L�F���P�R�G�X�O�X�V�����(�¶�������O�R�V�V���P�R�G�X�O�X�V�����(�´����

and tan delta. In contrast, PPSR is typically used to carry out rheological tests 

on liquid or rubbery samples with significant viscous moduli. The PPSR results 
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are usually �H�[�S�U�H�V�V�H�G���L�Q���W�H�U�P�V���R�I���V�W�R�U�D�J�H���P�R�G�X�O�X�V�����*�¶�������O�R�V�V���P�R�G�X�O�X�V�����*�´�����D�Q�G��

complex viscosity �:�ß�Û�;. The glass-rubber transitional stage usually representing 

the limit of applicability for both techniques is an important stage in coating 

process. During film formation, polymer particles should be elastic enough to 

overcome the shear forces and temperature while passing through the tubes 

and the spray nozzle. Once they impinge on the tablet, they are subject to 

deformation and viscous flow and then coalesce to form a film. Following the 

coating process, the resultant coat should be hard and tough enough to 

withstand handling and packaging steps. In other words, the polymer transforms 

from a glassy to a rubbery state and back again during a typical coating 

process. Therefore, to understand a coating formulation behaviour and the 

effect of various additives, the rheological properties of the polymer should be 

studied both below and above Tg using, preferably, unified parameters. For this 

reason, it was decided in this study to calculate the complex viscosity modulus 

�R�I�� �W�K�H�� �I�L�O�P�V�� �X�V�L�Q�J�� �'�0�$�¶�V�� �H�O�D�V�W�L�F�� �D�Q�G�� �O�R�V�V�� �P�R�G�X�O�X�V�� �G�Dta. This requires the 

assumption that the polymer, below its Tg, is a very viscous liquid that would 

flow if left for sufficient time. 

The complex viscosity results, collected by DMA and PPSR at similar 

temperature, are comparable and follow the same trends. Therefore the WLF 

equation was used to produce a continuous master curve that covers the glass 

and rubber stages of the polymer. Moreover, the Maxwell model was found to fit 

the measured points of the produced master curve. 

Furthermore, the complex viscosity data obtained from DMA and PPSR 

exhibited power law behaviour over the measured frequency range. Below the 
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�7�J���� �(�¶�� �K�D�V�� �D�� �K�L�J�K�H�U�� �Y�D�O�X�H�� �W�K�D�W�� �(�´�� �D�Q�G�� �W�K�H�� �E�H�K�D�Y�L�R�X�U�� �F�R�X�O�G�� �E�H�� �V�D�L�G�� �W�R�� �E�H��

�G�R�P�L�Q�D�W�H�G���E�\���W�K�H���H�O�D�V�W�L�F���P�R�G�X�O�X�V�����$�E�R�Y�H���W�K�H���7�J�����K�R�Z�H�Y�H�U�����*�´���E�H�F�R�P�H�V closer 

�W�R���*�¶���E�X�W���W�K�H�\���U�X�Q���S�D�U�D�O�O�H�O���W�R���H�D�F�K���R�W�K�H�U�����7�K�H�U�H���D�U�H���P�X�O�W�L�S�O�H���F�U�R�V�V�L�Q�J���S�R�L�Q�W�V���E�X�W��

none of the distinctive zones, usually exhibited by linear thermoplastic 

polymers, are readily apparent. No signs of chain relaxation (terminal zone) 

even at temperatures well above the Tg were absent. Even formulations with 

30% plasticising levels failed to show any sign of chains disentanglement. In 

general, all the formulations showed a balance in their storage and viscous 

moduli with no dominance of the viscous com�S�R�Q�H�Q�W�����(�Y�H�Q���Z�K�H�Q���*�´���Z�D�V���K�L�J�K�H�U��

than G�¶�����W�K�H���U�D�W�L�R���Z�D�V���Q�H�Y�H�U greater than 2. This means the films exhibit a gel-

like structure over the whole temperature and frequency range studied. 

Generally, and at all temperatures, plasticised films exhibited lower moduli 

values compared to non-plasticised films. All films exhibited shear thinning 

behaviour which was well described by power law behaviour. 

Interestingly, different plasticisers exhibited both different complex viscosity 

values and different shear thinning indices. The relative values of these 

parameters were not always in the same ranking as the Tg value of the films. 

TEAC-based formulae showed significantly higher complex viscosity values 

compared to their TEC-based counterparts. This means that TEAC-based 

formulations can be potentially used as plasticising systems in aqueous 

suspensions of HPMCAS to reduce or eliminate the spray nozzle blocking 

problem. Premature film formation, responsible for nozzle blocking, is due to the 

polymer particles softening at the temperatures and shear forces at the tip of 

the nozzle. Using formulations with higher complex viscosities might help 

alleviate this phenomenon. It has to be pointed that this study was carried out 
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on dry films, thus, the plasticising effect of the water is not accounted for. 

However, the fact that TEAC is more hydrophobic that TEC suggests that the 

plasticising effect of water will be either similar or less significant in the case of 

TEAC than with TEC. 

Overall, this confirms the previous finding that Tg values should not solely be 

used in determining the most effective and suitable plasticiser for film coating. 

Finally, a Maxwell model prediction of the relaxation time was not achieved 

experimentally when step strain tests were conducted. Rather the polymer 

showed no signs of relaxation even after 105 s. It was therefore proposed that 

the polymer behaviour is actually following the �³sticky reptation�  ́ model which 

assumes that temporary cross linking interactions are continuously formed and 

broken to keep the polymer in a dynamic stability as a gel-like structure. 

 

7.4 Effect of various additives on the aqueous coating 

processes and outcomes  

Aqueous coating experiments were carried out to investigate the potential 

advantages of TEAC-based formulations over their typical TEC-based 

counterparts to reduce or eliminate spray nozzle blocking. Coat quality was 

assessed using dissolution tests, scanning electron microscopy and surface 

roughness measurements. 

The results showed that a TEC/AMG 3:2 w/w formulation can be used for 

aqueous coating without the need for cooling of the coating suspension. The 
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coating process went smoothly and no incident of nozzle blocking was 

observed. In contrast, TEC-based formulation required cooling of the coating 

suspension and still caused the spay nozzle to block. 

Dissolution tests revealed that TEAC/AMG 3:2 w/w provided comparable gastric 

resistance to that of the similar TEC-based formulation. The coat was also of a 

similar roughness. TEAC alone was shown not to be a good candidate as it 

caused the polymer particles to swell. This caused nozzle blocking despite the 

fact that the particles did not coalesce or form a premature film. Instead, the 

blocking was caused by the swollen particles blocking the fine tube at the 

nozzle tip.  

 

7.5 Future work  

There is plenty of scope to take this work further either to confirm some of the 

findings or to build on them. 

Firstly, dry coating experiments should be performed in situ to investigate the 

possibility of using TEAC or TEAC/AMG as a plasticiser. Moreover, the concept 

of dividing the plasticising system into internal and external parts needs to be 

examined. Theoretically, this procedure could improve coating efficiency and 

final coat quality. However, the lack of available modified coating equipment 

hindered the possibility of performing such tests in this thesis. 

In addition, the concept of calculating complex viscosity from DMA moduli and 

its compatibility with the results obtained from PPSR requires further 

exploration. Pharmaceutical literature usually focuses only on a tensile mode of 
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testing. Tensile tests are easier to model and stress forces are easier to explain 

than those for the dual cantilever geometry. In this study, it was assumed, for 

the sake of simplicity, that the dual cantilever technique produces only shear 

forces. In actuality, the dual cantilever geometry produces shear, compression 

and bending stresses making modelling more complex. Using a tensile clamp 

would provide a simpler model that could be more easily linked to the shear 

stresses produced by the PPSR. Moreover, it would be interesting to try to 

simulate complex viscosity data from DMA and PPSR to produce a master 

curve for a typical linear thermoplastic polymer to find out if its behaviour 

complied with Maxwell model predictions above and below the �P�D�W�H�U�L�D�O�¶�V��Tg 

value. 

Finally; the TEAC/AMG ratio could be refined to produce the optimum 

plasticising system for HPMCAS-MF as well as for other grades of this polymer. 

Furthermore, this methodology can be used to optimise coating parameters for 

other insoluble polymers and to improve shelf-life stability by predicting the 

optimum curing time and conditions. 
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Appendix 1  

Typical results obtained from DMA. The one below is for free HPMCAS film 

plasticised with 30% w/w of TEC. 

Time Temperature Frequency 
Storage 
Modulus 

Loss 
Modulus 

Complex 
Viscosity 

Tan Delta 

min °C Hz MPa MPa MPa·sec 
 

7.54 19.74 0.01 338.1 125.1 1992 0.3702 
11.34 19.8 0.02 425.9 125.5 1227 0.2946 
15.13 20.13 0.03 475.3 121.2 903.5 0.2551 
18.92 19.92 0.04 514 123.1 730.2 0.2396 
21.46 20.2 0.06 549.1 122.3 518.1 0.2227 
22.99 20.27 0.1 591 121.7 333.5 0.206 
24.53 19.98 0.16 631.1 119.7 221.9 0.1897 
26.32 19.69 0.25 671.3 117.7 150.7 0.1753 
26.99 19.7 0.4 705.8 119.7 98.9 0.1696 
29.65 20.12 0.63 738.4 118.2 65.6 0.1601 
32.21 20.26 1 771.2 117.7 43.11 0.1526 
32.52 20.19 1.6 803.1 117.8 28.04 0.1467 
32.86 20.09 2.5 834 118.2 18.62 0.1418 
32.97 20.05 3 846.5 118.5 15.75 0.1399 
33.28 19.95 6.3 895.8 120.7 7.928 0.1347 
33.6 19.85 10 927.4 123.2 5.17 0.1328 

33.79 19.79 15.8 957.8 127.3 3.379 0.1329 
33.97 19.73 25 989.9 133.3 2.208 0.1347 
34.16 19.69 39.8 1020 147.3 1.43 0.1445 
34.35 19.65 63 1052 153.5 0.9322 0.146 
34.44 19.63 100 1100 171.1 0.6151 0.1555 
48.31 29.78 0.01 129.7 78.94 839.3 0.6084 
52.1 30.35 0.02 168.3 89.7 527 0.5328 
55.9 29.75 0.03 199.8 100.6 412 0.5037 
59.7 30.35 0.04 221.5 107 339.9 0.4828 

62.26 29.97 0.06 254.4 110.4 255.4 0.4339 
63.81 29.61 0.1 301.1 122.6 179.7 0.4071 
65.35 29.76 0.16 338.5 121.4 124.2 0.3585 
67.15 30.18 0.25 369.5 125.6 86.26 0.3399 
67.82 30.32 0.4 400.3 126.6 58.01 0.3162 
70.49 30.04 0.63 439 128.4 40.12 0.2926 
73.06 29.63 1 491 131.9 28.1 0.2686 
73.38 29.66 1.6 520.7 132.4 18.56 0.2542 
73.73 29.7 2.5 553.7 133.3 12.59 0.2408 
73.84 29.72 3 566.5 133.8 10.72 0.2361 
74.16 29.78 6.3 616.3 134.8 5.534 0.2187 
74.48 29.85 10 650.3 136 3.672 0.2091 
74.67 29.89 15.8 678.8 138.2 2.423 0.2035 
74.87 29.94 25 710.7 141.7 1.602 0.1993 
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75.06 29.99 39.8 735.1 151.9 1.042 0.2066 
75.26 30.04 63 759.9 153.8 0.6801 0.2025 
75.35 30.07 100 801.2 168.2 0.4524 0.21 
89.06 39.89 0.01 20.58 21.19 163.2 1.029 
92.85 40.22 0.02 28.25 31.25 116.4 1.106 
96.64 39.83 0.03 38.34 36.55 97.57 0.9532 
100.45 40.28 0.04 45.78 39.55 83.59 0.864 

103 39.85 0.06 55.16 46.63 66.53 0.8453 
104.55 39.69 0.1 73.69 58.67 52.05 0.7962 
106.11 39.93 0.16 90.12 64.76 38.33 0.7186 
107.92 40.25 0.25 107 69.59 28.22 0.6503 
108.61 40.3 0.4 124 80.98 20.46 0.6531 
111.3 39.93 0.63 150.1 85.73 15.16 0.5713 
113.89 39.84 1 185.9 95.76 11.55 0.5152 
114.24 39.9 1.6 210.2 102.7 8.079 0.4886 
114.6 39.97 2.5 238.7 109.7 5.807 0.4598 
114.74 40 3 250.4 112.4 5.056 0.449 
115.08 40.06 6.3 297.8 119.8 2.816 0.4024 
115.41 40.12 10 330.8 125.4 1.955 0.3792 
115.61 40.16 15.8 360.9 128.9 1.34 0.3572 
115.81 40.19 25 393.1 134.5 0.9184 0.3421 
116.02 40.22 39.8 420.2 141.1 0.6154 0.3358 
116.23 40.24 63 445 135.1 0.4079 0.3037 
116.34 40.25 100 522.8 165.6 0.3031 0.3167 
129.96 49.88 0.01 2.867 3.264 24.01 1.139 
133.77 50.18 0.02 3.958 4.638 16.85 1.172 
137.57 49.91 0.03 5.264 6.051 14.77 1.15 
141.36 50.09 0.04 6.303 7.191 13.21 1.141 
143.9 50.01 0.06 7.989 9.097 11.15 1.139 
145.44 49.91 0.1 10.83 12.43 9.109 1.147 
146.99 49.92 0.16 14.49 16.03 7.464 1.106 
148.8 50.03 0.25 18.67 19.88 6.028 1.065 
149.48 50.07 0.4 24.35 24.95 4.817 1.025 
152.16 50 0.63 31.11 31.32 3.872 1.007 
154.73 49.91 1 41.64 39.85 3.185 0.9572 
155.05 49.92 1.6 52.71 47.64 2.454 0.9038 
155.4 49.93 2.5 66.4 56.78 1.931 0.855 
155.52 49.94 3 72.72 60.68 1.745 0.8344 
155.85 49.96 6.3 102.5 76.85 1.123 0.7501 
156.18 49.98 10 126.1 88.35 0.8507 0.7008 
156.4 50 15.8 151.4 98.93 0.6325 0.6536 
156.61 50.01 25 180.8 110.6 0.4685 0.6117 
156.83 50.03 39.8 210.6 125.6 0.3404 0.5965 
157.02 50.04 63 248 138.5 0.2492 0.5586 
157.12 50.05 100 297.9 157.5 0.1862 0.5287 
170.86 59.91 0.01 0.7972 0.7062 5.886 0.8858 
174.66 60.12 0.02 0.961 0.8973 3.633 0.9337 
178.46 59.93 0.03 1.145 1.08 2.899 0.944 
182.25 60.06 0.04 1.299 1.232 2.473 0.9484 
184.8 60.01 0.06 1.534 1.499 1.975 0.9773 
186.34 59.97 0.1 1.946 2.001 1.542 1.028 
187.88 59.98 0.16 2.415 2.509 1.203 1.039 



230 
 

189.67 60.01 0.25 3.011 3.183 0.9686 1.057 
190.35 60.02 0.4 3.754 4.189 0.7772 1.116 
193.03 60.01 0.63 4.902 5.558 0.65 1.134 
195.6 59.99 1 6.404 7.334 0.538 1.145 
195.91 59.99 1.6 8.305 9.645 0.4396 1.161 
196.25 59.99 2.5 10.74 12.44 0.3634 1.158 
196.37 59.99 3 11.97 13.79 0.3365 1.152 
196.7 59.99 6.3 18.36 20.5 0.2414 1.116 
197.03 59.99 10 24.12 26 0.196 1.078 
197.24 59.99 15.8 31.32 32.48 0.1578 1.037 
197.43 59.99 25 41.03 41.15 0.1285 1.003 
197.63 59.99 39.8 52.26 56.48 0.1068 1.081 
197.82 59.99 63 65.67 64.73 0.08088 0.9857 
197.92 60 100 90.39 81.24 0.06716 0.8988 
211.86 69.91 0.01 0.4518 0.356 3.179 0.7879 
215.66 70.08 0.02 0.4821 0.4329 1.79 0.8979 
219.46 69.96 0.03 0.5533 0.4658 1.332 0.8418 
223.25 70.03 0.04 0.6047 0.5012 1.085 0.8288 
225.79 70 0.06 0.6827 0.5592 0.8128 0.819 
227.33 69.98 0.1 0.7823 0.6569 0.5645 0.8397 
228.88 69.99 0.16 0.9179 0.7738 0.4146 0.843 
230.68 70 0.25 1.083 0.915 0.3135 0.8446 
231.35 70.01 0.4 1.276 1.116 0.2343 0.8747 
234.02 70 0.63 1.537 1.37 0.1806 0.8909 
236.58 69.99 1 1.882 1.71 0.1405 0.9091 
236.9 69.99 1.6 2.274 2.167 0.1085 0.9528 
237.25 69.99 2.5 2.789 2.734 0.08633 0.9806 
237.36 69.99 3 3.049 3.014 0.07898 0.9886 
237.68 69.99 6.3 4.34 4.456 0.05456 1.027 
237.99 69.99 10 5.682 5.888 0.04522 1.036 
238.18 69.99 15.8 7.787 8.102 0.0393 1.04 
238.37 69.99 25 10.34 11.31 0.03388 1.094 
238.56 70 39.8 11.04 19.16 0.0307 1.735 
238.75 70 63 12.65 20.76 0.02132 1.641 
238.84 70 100 23.99 29.69 0.0211 1.238 
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