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Chapter 1 

INTRODUCTION 

 

Abstract 

In this chapter, an overview of the important aspects of the formulation and the process 

development of a functional encapsulated product is given. It is shown that there is a need of 

quantification methods that enable tight control of the coating morphology and therefore the 

coating performance. Three aspects are described that can merit better characterization, 

involving (i) the effect of small molecules on the coating properties, (ii) the coating structure-

related quality, i.e. thickness distribution and pore structure that directly influence the coating 

transport properties, and (iii) the relationship between the process settings and the coating 

morphology. To provide better quantification and therefore control of these aspects has 

become the main goal of this thesis. In this chapter, an outline of this thesis is also provided. 
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1.1. Challenges in the development of functionally coated particles 

Functional encapsulation is a fast growing technology applied to give new attributes to 

a product leading to additional values. A coating layer that covers the product acts as a barrier 

that immobilizes or protects the product, for a certain period of time that is controlled by 

applying the right properties of the coating film. This concept is very promising for industries 

like the pharmaceutical, agricultural, detergent and functional food industries. It is possible to 

improve their product efficacies by controlling its release in the right place and at the right 

time (1). Additionally, these product substances are sometimes very reactive and therefore 

must be targeted in one way or another to prevent unwanted side effects and to protect 

against environmental changes during application and storage. 

The coating functionality is basically a transport-related functionality and depends 

greatly on the properties related to the morphology of the coating film, i.e. the thickness, the 

pore structure and the mechanical properties of the coating films. The final properties of the 

coating films are determined by the material properties, as well as the coating process and the 

environmental conditions (2-3). For this reason, the development of functionally coated 

particles must involve a combined design of formulation, process and environmental aspects 

that are centered on the targeted coating qualities, as illustrated in Figure 1-1. 

Among many micro-encapsulation technologies available, film coating technology e.g. 

fluidized bed coating process, is often the method of choice. In this process, the coating layer 

is gradually built up by continuous spraying of a coating solution or suspension on particles, 

which is immediately followed by a drying step. The challenges in tailoring the coating 

formulation and process become greater when dealing with aqueous coating solutions. With 

the increased awareness in the health safety and the environmental aspects, it becomes the 

utmost preference among other coating systems. Nevertheless, the application of aqueous 

coating systems is often hampered by the problems encountered during their formulation and 

manufactures. Many polymers are generally more miscible in organic solvents than in water, 

therefore they usually leads to films with poorer barrier, poorer adhesion and less desirable 

mechanical properties when they are applied as aqueous systems (4). Moreover, most of the 

aqueous coating systems contain hydrophilic polymers, which take up water and lead to the 

inevitable presence of water trace in the coating films. Although water is not considered a 

hazard itself, it can act as a plasticizer, which alters the properties and therefore the 

functionality of the coating films.  
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Figure 1-1. Interactions between formulation, process and environmental factors centered at 
the coating film qualities. 

 

To deal with these issues, the development scientists have mostly relied on the use of 

additives such as fillers, tackifiers, and other plasticizers to improve the coating quality. 

Combining different kinds of polymers, which compensate each others deficiencies to 

produce the desired coating qualities, has also commonly been done. This formulation-based 

approach focuses on the selection of the right material properties, e.g. molecular weight, 

chemical functional groups, etc. and the composition of the mixture, which is required to 

achieve an optimum coating quality (5) and has become the subject of many works in the 

literature.  

The right process settings are indispensable from the formulation-based approach to 

obtain high coating quality. Poor coating qualities can be obtained when the formulation is 

applied at inappropriate process condition and vice versa. Process-based approaches have 

however been less explored as a way to attain high coating quality (3). For coating systems 

such as aqueous coating systems, it becomes increasingly important to perform the coating 

process at its optimum conditions to avoid any formation of flaws such as cracks and pores 

in the coating. The lack of understanding of the fundamental mechanisms controlling the 
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film formation has resulted in a heuristic approach to coating process optimization. With the 

many variables involved, the development of functionally coated particles requires typically a 

considerable amount of trials and time. Moreover, it relies also mostly on direct tests of the 

final product, which evaluate the final performance of the product such as the rate of 

dissolution. Such tests only contain implicit information about the coating quality. 

Furthermore, if such tests show that the functional coating fails to perform appropriately, 

they will hardly ever give information on the exact reason for the failure. This makes an early 

prediction of coating failure a big challenge. In industries such as the pharmaceutical 

industries, where the availability of drug substance and the time constraints at the early 

phases of development are not large, such predictability is particularly desirable.  

This has been the driver of this research to develop alternative methods that enable a 

timely effective coating formulation and process development. Focuses will be given on the 

science-based tools that can aid (i) the evaluation of the influences of the environmental 

factors on the coating performance for formulation purposes; (ii) the quantification methods 

of coating morphologies; and (iii) the quantification of the influence of the process 

parameters on the process performance and the resulting coating quality. These three tools 

will facilitate a more rational design and optimization of the coating processes that lead not 

just to an efficient process but also to optimum coating qualities (6). 

 

1.2. Formulation design: Considerations of Water-Polymer Interaction 

Water is a crucial component in the environment as well as in the aqueous coating 

systems. Additionally, water in a polymer may also increase the polymer´s chain mobility i.e. 

by acting as a plasticizer. Therefore, the knowledge on its effect on the mechanical and 

transport properties of the polymer films is recognized to be of importance in relation to the 

coating performance. 

In general, the impact of water on the polymer films does not only depend on its 

concentration but also on its physical state in the polymer films. The amount of water sorbed 

in the films is known to depend on the water activity of the film and the solubility limit of 

water within the polymer matrix, which depends on the characteristics of the polymer (7-8). 

The exact form of this dependency and the exact information on the solubility coefficients 

are not always available in the literature. For this reason, the measurement of water sorption 

isotherm has become a routine task during coating formulation research (9).  
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The aspect of water in the polymer films, has however been less assessed during the 

coating formulation. Water in different states affects the properties of the polymers in 

different ways, e.g. via plasticization, swelling and transition from glassy to rubbery state (10). 

Thereby, the mechanical and transport properties of the polymer will be affected at various 

degrees. Sole measurement of water concentration in the polymers will not be sufficient to 

predict the impact of water on the polymer properties.  

 

1.3. Process design: Controlling Film Morphology 

The film morphology is fundamental to other film properties, such as the mechanical 

and the transport properties. It is not only dependent on the inherent properties of polymer 

materials, such as the polymer chemistry, molecular structure and molecular weight (5), but 

also on the conditions of the film formation.  

 

1.3.1. Theory on Film Formation 

To provide their functional properties, usually barrier properties, coating polymers 

have often to be in their glassy state. Yet, they must be applied in the rubbery state. Glassy 

polymers become rubbery when they are heated above their glass-transition temperatures and 

or plasticized with solvents or other additives. The choice of drying conditions (air 

temperature, air flow rate and relative humidity) can therefore control the rubbery-glassy 

transitions as water is removed from the coating solution.  

The evolution of coating structure of glassy polymer during drying is illustrated Figure 

1-2. Initially, the coating is dissolved in sufficient solvent (~>20% polymer), the coating is in 

the rubbery state. As the drying front moves from the film surface to the substrate, the top 

layer of the coating film will be the first that turns to glassy state. As it proceeds, part of the 

coating will be in the glassy state and part of it will be in the rubbery state. When sufficient 

solvent has been removed, the whole coating turns glassy (11). Two scenarios are described 

in Figure 1-2 according to the time that glassy skin is formed during drying: (A) when the 

glassy skin is formed shortly after drying begins and (B) when the formation of glassy skin is 

delayed, for example by applying slow drying and keeping a high relative humidity above the 

film surface.  

In the glassy state, the structural rearrangement of the polymer while it dries results in 

a non-ideal volumetric behavior. This un-relaxed glassy state during drying will lead to the 

presence of free volume and also the formation of pores when the solvent is finally removed 
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from the polymer matrix under the glassy skin. Contrarily, when the rubbery-glassy transition 

of the polymer films is delayed, the coating film will reach a smaller volume and therefore a 

thinner coating thickness. The gradual occurrence of the rubbery-glassy transition in the 

drying direction also causes the structural gradients across the coating films (11). This 

signifies the importance of proper characterization of the film morphology during the drying 

process of the glassy coating systems. Thereby, the necessary adjustment in the coating 

formulation can also be performed to improve film structure, e.g. by addition of plasticizer, 

which can delay the rubbery-glassy transitions of the polymer films.  

 

Coating Rubbery state
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Glassy state

Glassy state

Rubbery state

t = 0

End of drying
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Rubbery state

Glassy state

Glassy state

Rubbery state
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A

B
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t = 0

End of drying
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Glassy state

Glassy state
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ΔXB
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A
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Figure 1-2. The evolution of coating structure during drying process of a glassy polymer 
system (adapted from (11)). Two scenarios are described according to the differences in the 
rubbery-glassy transition time: (A) when it occurs shortly after drying begins and (B) when it 
is delayed. It is illustrated how a thinner and therefore a denser coating film can be formed 
when drying undergoes the “B” scenario rather than the “A” scenario. 

 

1.3.2. Film Morphology and Its Characterization 

The importance of film morphology in relation to the transport properties of the 

coating films has been demonstrated in various works. Kleinbach and Riede (12) showed that 

three different coating morphologies (see Figure 1-3) can result in three different release 

profiles of the active ingredient. Chen and Lee (13) in their work illustrated the effect of non-
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uniform thickness and deformation of coating film on the drug release characteristics through 

numerical calculation. They showed that the initial lag time is especially sensitive to variation 

on the coating morphology.  At high perturbation, the time for permeation of an active 

component at the thinnest point of the coating can reach about 12-fold compared to that at 

the thickness equal to the average thickness (13).   

 

 
Figure 1-3. Correlation between coating morphologies and its release properties (taken from 
(12)). 
 

These results make clear that control of morphology of coating should not only aim 

to obtain a certain average thickness of coating but also a uniform coating thickness around 

the particle. Other important film morphologies for the transport properties of the coating 

films are the coating porosity, the pore size distribution and the tortuosity of the pore 

structure in the coating film (14-15). The correlation between the solute release from the 

films and the pore structure can be explained by percolation theory (16). As the number of 

pores increases, the pores can combine to form a conducting channel that crosses the coating 

thickness (17), providing the medium for permeation to occur. In addition, connecting pores 

will also facilitate fast transfer of a permeant through the film, simply because the diffusion 

coefficient of such a permeant is much higher in pores. 

The characterization method for film morphologies is therefore a key development 

tool, which helps to control the coating quality and also to optimize the coating process. 

Several techniques have been reported to characterize film morphology. A selection of the 

potential techniques is given in Table 1-1.  
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Table 1-1. Selection of techniques available to characterize coating morphology 
 Characterisation    
Technique and its principle Δx CTD ε PSD Advantages Disadvantages Remarks 
NIR and Raman Spectroscopy (Imaging) 
The thickness of the coating film is determined 
by monitoring the decrease of absorption 
characteristic bands of a component of the core 
particle and monitoring the increase of 
characteristic bands of a component in the 
coating material (18-24).  

Y Y N N  On-line measurement 
 Non-invasive 
 Requires no sample 
preparation 

 

 Accuracy depends on 
the accuracy of 
reference method to 
measure coating 
thickness 

 Complex calibration 
procedure 

Reviews on the opportunities 
and challenges using NIR and 
Raman Spectroscopy 
techniques are given by 
Räsänen and Sandler (25) and 
Rantanen (26), respectively. 

Laser-Induced Breakdown Spectroscopy 
(LIBS) 
This technique makes use of the emission of the 
element in the coating pigments e.g. Fe or Ti (27-
28) from a plasma formed by a high-energy laser. 
The area under the curve of emission intensity of 
this element upon a number of laser pulses is 
calculated and correlated to the amount of 
coating sprayed (27).  

Y N N N  On-line measurement 
 Requires no sample 
preparation 

 

 Invasive 
 Assumption on coating 
density is required to 
calculate coating 
thickness 

 

 

Terahertz pulse imaging 
This technique uses multiple terahertz pulses, 
which wavelength is between the microwave and 
IR regions. The coating thickness is determined 
based on the time to flight between pulses. By 
mapping over the entire surface of the tablet, the 
statistical distribution of the coating thickness 
and its quality can be quantified (29-32). 

Y Y N N  On-line measurement 
 Non-invasive 
 Requires no sample 
preparation 

 Low resolution (analysis 
is limited to coating 
thicker than ~20μm) 

 

X-ray computer-aided tomography (XRCT) 
Using high energy source, X-rays are directed 
toward a sample. Gradients in the material 
density and attenuation will result in the variation 
of the intensity of the X-ray beam transmitted 
back to the detector (33). In this way, a gray-scale 
image can be obtained by mapping the spatial 
variation of the X-ray intensity.  

N N Y Y  Non-invasive 
 Requires no sample 
preparation 

 Ability to provide 
pore connectivity 

 

 Lengthy computation 
time  

 Poor contrast between 
pores and coating film 
affecting the 
measurement accuracy 

 Low resolution (analysis 
is limited to pores 
bigger than 4μm (32)) 

The modern setup of XRCT 
also allows reconstruction of 
3 dimensional images by 
stacking the 2-dimensional 
image slices taken along the 
sample depth. 
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 Characterisation    
Technique and its principle Δx CTD ε PSD Advantages Disadvantages Remarks 
NMR Cryoporometry and DSC 
Thermoporosimetry  
These two techniques base the measurement of 
the pore size distribution on the size-dependent 
freezing/melting point depression encountered 
by a solvent entrapped inside the small cavities 
within the coating matrix (34-36). By determining 
the amount of liquid at different temperatures, an 
apparent pore size distribution can be calculated. 

N N Y Y  High resolution, 
allowing pore size as 
small as 10nm to be 
measured (34-36) 

 Invasive 
 Assumption on pore 
geometry is required for 
the calculation of pore 
size 

Accuracy of the measurement 
depends on the selection of 
heating rate and solvent use as 
probe 

Mercury porosimetry 
Pore size distribution is determined by measuring 
the volume of mercury intruding into the pore 
applied at different pressures (37). 

N N Y Y  A wide range of pore 
size can be measured 
(0.003-360μm) (37) 

 

 Invasive 
 Assumption on pore 
geometry is required for 
the calculation of pore 
size 

 It does not show the 
true pore size but the 
size of the bottle-
necking pores. 

 Does not detect closed 
pores or vacuoles 

 

Quantitative microscopy analysis: 
Scanning Electron Microscopy (38-39) 

Y Y Y Y  High resolution 
 Direct measurement 
of coating thickness 
and porosity   

 Invasive 
 Sample preparation, 
which can alter film 
structure 

 

Quantitative microscopy analysis: 
Confocal laser scanning microscopy (40-41) 

Y Y Y Y  Non-invasive 
 High resolution 

 Requires the presence of 
a fluorescent agent in 
the coating 

 

(ΔX = coating thickness, CTD = Coating thickness distribution, ε = porosity, and PSD = pore size distribution, Y = Yes, N = No) 
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Most of the techniques only allow the measurement of either the coating thickness or 

the coating porosity. So far, the quantitative microscopy analysis is the most promising 

method that can provide both the information on the coating thickness and the pore size 

distribution. Additionally, although techniques like cryoporometry and mercury porosimetry 

do facilitate the measurement pore size distribution, they can not give any spatial information 

on the distribution of the pores in the coating. This becomes the rationale to develop a 

quantitative image analysis method that provides more complete characterization of a coating 

morphology as a tool in coating formulation and process development. A confocal scanning 

laser microscopy (CSLM) was chosen among other microscopy techniques, e.g. optical (42), 

atomic force microscopy (43), and scanning electron microscopy (38-39), as a method to 

acquire the images owing to its high resolution and its ability to characterize cross-sectional 

structure of coating film in a non-invasive way. 

 

1.4. In the case of fluidized bed coating process 

Fluidized bed coating process has been often the method of choice for its versatility 

to coat particles with basically any kind of shell materials (polysaccharides, proteins, 

emulsifiers, fats, complex formulations, enteric coating, powder coatings, etc) (44). Despite its 

wide use, the fluidized bed coating process possesses several key challenges particularly in the 

selection of the appropriate process window that avoids both spray-drying and over-wetting 

(45-46) and results in a tight control on the coating uniformity (47) and morphology (6, 48). 

Difficulties arise with the large number of variables involving in the fluidized bed coating 

process (49).  

For a complex process like fluidized bed coating process, it is sometimes helpful to 

study the process in detail at each process step – a so-called multi-scale approach (50-51). 

Figure 1-4 illustrates the phenomena occurring in the fluidized bed coating process at three 

levels: macro-, meso-, and micro-scale. At macro-scale, the coating process is characterized 

by a continuous process of spraying of a coating solution and drying by hot air through the 

fluidized particles. At meso-scale, the coating process is characterized by considering the 

phenomena between the particles and the droplets, such as how the droplet is deposited on 

the particle and how the droplet is further evaporated. At micro-scale, the formation of a 

coating film from an aqueous solution follows the film formation theory, where with further 

evaporation of water, the polymer chains will be in a closer proximity facilitating chain 

entanglements and formation of a dense film.  
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Figure 1-4. Illustration of multi-scale phenomena occurring in fluidized bed coating process 
(adapted from (52)). 

 
The complex of variables playing roles in the processes at different scales is illustrated 

in Figure 1-5. In this figure, it is also described that the processes at different scales interact 

with each other and are important for subsequent processes. For example, the balance 

between the spraying and the drying rate determines the process thermodynamics. The 

process thermodynamics will determine the ambient condition for the droplet evaporation 

and therefore the kinetics of droplet evaporation. Later, the kinetics of droplet evaporation 

will determine the extent of chain entanglement and therefore the coating morphology. This 

underpins the importance of understanding and control of each phenomenon in order to 

achieve total control of the fluidized coating process to attain the desired film morphology 

(50). 
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Figure 1-5. Key variables on the multi-scale processes in the fluidized bed coating process 

 

A number of studies have been performed to understand the phenomena occurring in 

the fluidized bed coating process. Focuses have been given on the particle movement and the 

droplet size distribution due to their impact on the coating uniformity (49, 53-55). Also the 

fluidization conditions will influence the type and the rate of the particle growth that will take 

place in the bed (56-57). Accordingly, efforts have been given to develop methods to 

understand the particle movement and its variation along the fluidized bed. Techniques like 

magnetic tracing method (6, 58), high speed video imaging (6), positron emission particle 

tracking and (PEPT) (59) and numerical modeling like computational fluid dynamics (60) 

have been shown to be valuable methods in this field. Novel designs of nozzles have also 

been developed that produce narrow distributions of droplet size (61-62).  

Temperature and humidity are also found as the critical factors dictating the drying 

rate of the coating solution on the particle surface (63). When the gas temperature is too high, 

there is little or no coating growth because of the spray drying of the coating solution, 

whereas at high humidity, the bed is likely to collapse due to the wet quenching (64-65). 

Studies have been performed to map the temperature and humidity profiles within the bed to 
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accurately define the spraying and drying zone (56, 66-67), which are therefore useful to 

improve droplet-particle contact in the fluidized bed coating process.  

These efforts have resulted in better understanding of the sources of variations in the 

coating quality. Yet, the coating morphology itself being important coating quality is still 

difficult to achieve without excessive experimental trials. This situation is led by the lack of 

quantitative tools for optimizing coating morphology as a function of coating formulation 

and operating variables (68).  

 

1.5. This Thesis 

The previous sections identified three aspects of interest in relation to the formulation 

and process development of functional encapsulation: (i) the mechanism of small molecules 

that acts as a plasticizer in affecting the diffusivity of permeants in the glassy polymer films is 

unclear; (ii) there are needs for methods to measure the morphology of the coating;  such 

methods should enable the measurement of coating thickness distribution around the 

particles and the quantification of properties like the pore size distribution and the total 

porosity; and (iii) the correlations between process conditions and coating morphology and 

thereby coating performance is unknown. 

These three items are the basic themes of this thesis. In line with our interest in glassy 

hydrophilic polymers, hydroxypropyl methyl cellulose (HPMC) was used as a model coating 

material in this study.  

 Before being able to predict its impact, it is important to understand the way water 

changes the barrier properties of a coating film. In the literature, it is generally assumed via 

changing the viscoelasticity of the polymer. In Chapter 2, the significance of this 

phenomenon is compared with other related phenomena to the moisture sorption, i.e. the 

volumetric changes of the coating film. The internal stress concept was applied as it takes 

into account both changes.  

The effect of water sorption on the moisture permeability is further investigated in 

Chapter 3 by looking at the volume-temperature behavior of the polymer-moisture mixtures. 

This leads to the estimation of fractional free volume and a way to predict the diffusivity in 

the glassy coating films. This technique is considered a potential alternative method to screen 

the coating formulations. 
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The differences of water state in the HPMC films are assessed in Chapter 4. Its effect 

on the transport of moisture as well as another, hydrophobic component i.e. oxygen in the 

environment, in the HPMC film is elucidated.  

A proper characterization method is required to perform control of the morphology 

of the coating film. Chapter 5 describes a technique developed to characterize the coating 

morphology based on quantitative image analysis. Using this method, the coating thickness 

distribution, the total porosity and the pore size distribution in the coating films can be 

measured. These measurements can then be used to evaluate the performance of the coating 

process and to predict the performance of the films. 

Applying the multi-scale approach, as described in sub-chapter 1.4, the assessment of 

the fluidized bed coating process performance begins with the characterization of the coating 

process regimes. Chapter 6 describes the application of the macroscopic thermodynamics 

model and Stokes criteria to separate layering and agglomeration regime during the coating 

process. The results will lead to the operating window in which the best coating quality can 

be achieved.     

In a fluidized bed coating process, droplets are the building blocks of the coating layer. 

Thus, it is important to control the deposition and the drying process of a droplet on a 

particle in order to control the morphology of the coating layer. Chapter 7 looks into these 

particle-droplet level phenomena, i.e. the meso-scale. Their extent under different process 

conditions is estimated using engineering models and their correlations with the coating 

porosity is presented.  

Image analysis has further been used as a tool to understand the building-up of 

droplets in the fluidized bed coating process. The results are presented in Chapter 8. The 

spatial distributions of pores in the coating film were quantified. The governing factors 

determining the evolution of coating structure during the process and the distribution of 

pores in the coating film are discussed.  
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Chapter 2 

USING THE INTERNAL STRESS CONCEPT TO ASSESS 

THE IMPORTANCE OF MOISTURE SORPTION-

INDUCED SWELLING ON THE MOISTURE 

TRANSPORT THROUGH THE GLASSY HPMC FILMS 
 

Abstract 

The purpose of this research was to elucidate the significance of the changes in the 

mechanical and the volumetric properties on the moisture diffusivity through the polymer 

films. The internal stress concept was adapted and applied to estimate the relative impact of 

these property changes on the total stress experienced by a polymer film during storage. 

Hydroxypropyl methylcellulose films were used as a model material prepared at various 

conditions and stored at different relative humidities. The changes in the internal stress of 

these films due to moisture sorption were studied. It was demonstrated that the stress-

relaxation of the films increases at increasing moisture content. A definite loss of stress in the 

film was shown to occur at moisture content higher than 6%. At this point, a significant 

increase of the moisture diffusivity was visible. Further investigations revealed that the loss of 

stress is especially due to the swelling of the polymer rather than the changes in the inherent 

strain (the quotient between the tensile strength and the modulus of elasticity) of the HPMC 

films. This implies that the impact of the moisture sorption on the diffusivity is 

predominantly via the volume addition rather than just via the alteration in the mechanical 

properties of the films. Additionally, the presented approach also brings up a new application 

of the internal stress concept, which in essence suggests the possibility to estimate the 

diffusion coefficient of a polymer film from its sorption isotherm and mechanical analysis 

data.  

 

 

 

 

 

 

Published in AAPS PharmSciTech 9 (3): 891-898 (2008) 
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2.1. Introduction 

It is well known that hydrophilic polymers take up significant amount of water e.g. 

during storage or processing (69). This presence of water modifies the rheological properties 

of the polymers, which can affect important aspects like the film functionalities of polymers 

used as coating materials. The plasticization effect of water has been demonstrated as a 

decrease of the glass transition temperature (70) and as changes of the mechanical properties, 

such as in the modulus of elasticity and the tensile strength (71). Simultaneously, the 

interaction with water also affects the physical state of these polymers, which extent is 

dependent on the glass transition temperature of the polymer itself and the amount of water 

bound to the polymer chains. In polymers with low glass transition temperature, the 

transition of the polymer phase from glassy to rubbery state occurs at lower water content 

than in polymers with high glass transition temperature. Obviously, when the polymer 

changes from glassy to rubbery state, the viscoelasticity and the volume of the polymer 

tremendously change. Additionally, some changes in these polymer properties may still be 

expected to occur with increasing moisture content even when the polymer is still in the 

glassy state. These alterations to any extent are important considering that the functionality of 

the coating material may be affected.  

A glassy material is often chosen as a coating material, because it is able to provide 

better barrier functionality. Nevertheless, less work has been done to investigate the extent of 

the alteration of the polymer properties by moisture in the glassy state.  In this study, the 

viscoelasticity and volume changes of Hydroxypropyl Methylcelullose (HPMC) polymer by 

water was investigated and the effect of these changes on the permeability of HPMC for 

moisture (taken as an important functionality) was elucidated. 

It is known that internal stresses develop within a coating film on a core during film 

formation and during subsequent storage e.g. due to the shrinkage of the film after its 

solidification point as solvent evaporates from the system (72-73), through temperature 

variations (73) and relative humidity (RH) changes (74-76). Okutgen et al. (75) have combined 

these different mechanisms and formulated a model to estimate the internal stress (P) as 

described in Eq. 2-1.  
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This model basically depicts the internal stress induced by the volume changes due to 

the differences in moisture content at the solidification point and during the storage of the 
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coating. It also considers the volume changes due to the difference in the thermal and in the 

swelling behavior of the core and the coating substrates. Thereby, the final changes in the 

coating volume are also corrected by the mobility of the polymer chains themselves to remain 

intact. Originally, this concept has been utilized to predict the incidence of internal stress 

related film coating defects (77-78). When the internal stresses exceed the tensile strength of 

the film, the adhesion and cohesion related film coating defects such as cracks, edge splitting 

and peeling are likely to occur.  

In this work, this concept was adapted and the transition of the internal stress through 

water activity changes was monitored. The water vapor permeability (WVP) of HPMC films 

and the mechanical properties were measured at various RH’s and correspondingly at various 

product water activities. It is known that water can act as a plasticizer in HPMC and cause the 

swelling of the HPMC films. This means that the influence of water on the WVP can either 

be via altering the viscoelasticity and/or the volume of the HPMC. As both modifications in 

the viscoelasticity and the volume are comprised in the internal stress, the impact of water 

sorption should also be seen in the internal stress.  Therefore, in this study, the internal stress 

concept was applied to aid the understanding of the impact of moisture sorption on the water 

vapor permeability. 

 

2.2. Materials and Methods 

2.2.1. Materials 

Hydroxypropyl methylcellulose (HPMC) (Methocel E5, LV USP/ EP premium grade) 

from Dow, supplied by Colorcon, UK, was used as a model coating polymer. Citric acid and 

sodium dihydroxyphosphate (NaH2PO4) were obtained from JT Baker, The Netherlands. 

The pigment used is Carmoisine (E122) from Pomona BV, The Netherlands, which is a 

water soluble food-grade dye. 

 

2.2.2. Methods 

2.2.2.1. Film Production 

In this study, the free films were made by casting or spraying. HPMC was dissolved in 

cold water (5% w/w water) and was stirred for about 1 hour to assure a homogeneous 

solution. Whenever applicable, the pigment was added during early stirring at concentration 

of 0.1% by solution weight. The HPMC solution was then poured into a mold made of High 

Density Polyethylene (HDPE), from which the HPMC film could easily be removed after 
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drying. Three different drying temperatures were used, i.e. room temperature (25°C), 40°C 

and 60°C. Drying at room temperature, 40°C and 60°C lasted for 48 hours, 16 and 8 hours, 

respectively. The moisture contents retained in the films after these drying conditions were 

found to be 5.21%, 1.08% and 0.69%, respectively. These values were determined from the 

difference in the film weight after drying and the theoretical weight of the polymer in the film 

divided by the polymer weight. For sprayed films, the coating solution was sprayed by using a 

two-fluid nozzle normally utilized in thin layer chromatography and by using pressurized (1.5 

bar) nitrogen flow. The coating solution was sprayed layer by layer onto a poly-tetrafluor-

ethylene sheet, which was put on top of a glass plate that was heated at 60°C. The films 

obtained had an average thickness of 80-100 μm.  

The crosslinking process of the HPMC films was performed based on the formulation 

and conditions developed by Coma et al. (79). The cross-linking agent and catalyst used were 

citric acid and sodium dihydroxyphosphate (NaH2PO4), at concentrations of 15% and 7.5% 

by weight of HPMC respectively, in order to reach >95% degree of cross-linking (79). These 

agents were added to the film forming solution before casting or spraying. Initially, the films 

were dried at 60°C, before they were finally cross-linked at 190°C for 15 minutes. 

 

2.2.2.2. Film Characterization 

A. Film Thickness  

The film thickness (Δx) was measured with Mitutoyo micrometer with an accuracy of 

1 µm. For each film, the thickness was measured 5 times at different locations. The standard 

deviation of the thickness measurement for each film was less than 10%.   

 

B. Sorption Isotherm  

The sorption isotherms of different free films were obtained from the analysis 

performed in a sorption analyzer SPS11-100n from Projekt Messtechnik (Germany) at 25°C. 

The relative humidity (RH) inside the sorption chamber was conditioned by mixing a dry 

nitrogen gas flow with a gas flow saturated with water, programmed from 0 to 70% and from 

70 to 0% at 10% steps. Each step was held until equilibrium was reached, allowing the 

sorption and desorption to be prudently monitored. The mass of samples used was about 100 

mg of each film and the results were reported as the equilibrium moisture content (in g/g 

film) at different RH’s. 
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C. Water Vapor Permeability (WVP) and Diffusivity of Water Vapor (D) 

The WVP was measured at 25°C by using a permeation cell inside a sorption analyzer 

SGA-100 from VTI (Hialeah, USA). The permeation cell used is a cup with a wide top-edge 

to where the free films were attached. The diameter of the free films available for the 

permeation process is 14.80 mm and the permeation cell is 4.33 mm in depth. The saturated 

salt solution was placed in the permeation cell providing a constant RH gradient from outside 

to inside of the permeation cell during the permeation of moisture. Different salts were 

chosen, according to the desired RH outside the permeation cell (inside the sorption 

chamber), so that the gradient of RH of each permeability measurement was always between 

15-20%. The type of salts and their corresponding RH are listed in Table 2-1. 

Table 2-1. Saturated salt solutions used to provide various humidity levels in this study 

Saturated salt solution Relative humidity 

SiO2 0% 
LiCl 12% 
CH3COOK 22% 
MgCl2 33% 
K2CO3 43% 
Mg(NO3)2 54% 
NaNO2 64% 
NaCl 75% 

  

The WVP was calculated according to Eq. 2-2 (80). The WVP was taken as the slope 

of the plot between the mass increase (Δm) due to the moisture transfer into the permeability 

cell and the product of time (Δt), the area of the coating film (A) and the differential partial 

pressure (ΔP), divided by the film thickness (Δx). 

x
PAtWVPm

Δ
Δ⋅⋅Δ

=Δ                      (2-2)

 Furthermore, the diffusivity of water vapor through the HPMC films was determined 

by dividing the WVP with the solubility of the water vapor in the film. Solubility was defined 

as the concentration of the moisture in the film equilibrated at a certain partial pressure (ΔP) 

and temperature. In our situation, an average solubility was used, as there was a difference in 

the water activity at the two surfaces of the film during the determination of the WVP. 

Therefore, the average value of the relative humidity outside and inside the permeation cell 

was used and the corresponding moisture uptake at this average relative humidity was taken 
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as the average moisture content in the film (Cavg). Subsequently, the solubility of the water 

vapor in the film was determined according to Eq. 2-3. The solubility of the water vapor was 

defined in the volume unit of the polymer. Here, the true density of the HPMC E5 polymer 

was taken as 1.328x106 g/m3, which was measured in a gas pycnometer (Micromeritics type 

Accupyc 1330) with nitrogen as the inert gas. 

P
C

S trueavg
avg Δ

⋅
=

ρ
              (2-3) 

  

D. Mechanical analysis 

The mechanical analysis was performed using a tensile-meter LR5K (Lloyd 

instruments) with crosshead speed of 2.5 mm/min. The free films were cut using an ASTM 

D.638T.4 stamp and equilibrated at different RH. The initial sample length and the width of 

the sample are 55 and 6.7 mm, respectively. During analysis, the stress and the strain were 

measured and from the slope of the plot, the Young modulus of elasticity (E) can be 

determined, as defined in Eq. 2-4.  

ε
σ

==
Strain
StressE                         (2-4) 

Stress and strain have been defined elsewhere (81). Furthermore, the maximum tensile 

strength (σf) was determined from the maximum stress applied before the film starts to break. 

 

E. Glass Transition Temperature 

The glass transition temperature was determined using a Differential Scanning 

Calorimetry (DSC). The Modulated DSC scans were made from 25°C to 250°C on a Mettler 

Toledo DSC 822e with a scan rate of 5°C/min, period of 1 min, and amplitude of 0.5°C, with 

continuous flow of nitrogen at 40 ml/min. The films were cut using a 4-mm hollow-punch to 

fit into the crucible and then were equilibrated at different relative humidities. The sample 

films weighed between 3-6 mg and were hermetically sealed in 40 μl aluminum crucibles. The 

DSC cell was calibrated with indium, which melt temperature of 429.6 K and fusion enthalpy 

of 28.54 J/g. The glass transition temperatures were determined from the reversible heat 

curve, taken as the mid-point value. 
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F. Degree of Swelling  

The degree of swelling (ϕ) of the HPMC free films was measured optically using a 

stereo microscope (Olympus SZ40, Olympus, Zoeterwoude, The Netherlands), equipped 

with a Sanyo CCD color camera to capture the images. Images of film samples (having a 

similar dimension as the ones used for the determination of the glass transition temperature) 

were taken before and after equilibrated at different RH’s. The obtained images are 700x525 

pixels and have a resolution of 10 μm per image pixel. The area of the respective films before 

(Ao) and after equilibrated at different RH’s (ARH) were determined using image processing 

toolbox provided in MATLAB® R2007a. An average diameter could be calculated from the 

determined area, assuming a circular shape of the film sample. The degree of swelling was 

defined as the ratio between the increase in diameter (DRH -Do) and the original diameter (Do) 

of the film sample, as given in Eq. 2-5. The results are shown in Table 2-2. 

5.0
o

5.0
o

5.0
RH

o

oRH

A

AA

D
DD

⎟
⎠
⎞⎜

⎝
⎛

⎟
⎠
⎞⎜

⎝
⎛−⎟

⎠
⎞⎜

⎝
⎛

=
−

=

π

ππ
ϕ                            (2-5) 

Table 2-2. Influence of the relative humidity during storage on the degree of swelling of 
HPMC films made at various drying temperatures 

 Drying temperature 

RHstorage 25°C 40°C 60°C 
22% 0.65% 0.10% 0.06% 
43% 1.29% 0.89% 0.41% 
64% 3.25% 2.95% 1.68% 
75% 23.89% 22.74% 22.28%

 

G. Internal Stress 

The terms Tcubic ΔΔ )(α and 
V
VΔ  in Eq. 2-1 contribute to the total internal stress when 

there is a difference in the coefficients of thermal expansion and the volumetric changes 

between the core and the coating film during process and storage, respectively. As the 

internal stress was studied on free films, these terms became irrelevant to our situation. 

Therefore, in this study, the internal stress was calculated based only on the stress induced by 

the difference of the moisture content in the film during the storage and solidification point 

(as given in Eq. 2-6). 
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Adapted from Okutgen et al. (1995) and Okhamafe and York (1985), this equation can 

be compared to the mechanical strength of the material (the tensile strength, σf), in order to 

estimate the excess of stress in the film, given in Eq. 2-7. If the internal stress within the film 

is equal to or greater than the mechanical strength of the film (P > σf), cracks and other 

defects may occur. This equation has been successfully used to predict the failure of the film 

(75, 77-78). 
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In this study, the loss of stress (an inverse of Eq. 2-7, rewritten as Eq. 2-8) was used 

rather than the excess of internal stress, as it is our purpose to asses the physical phenomena 

when the internal stress is reducing due to impact of higher moisture content.  
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For every film equilibrated at fixed RH, the losses of stress were calculated using the 

measured maximum tensile strength and Young modulus of elasticity, both derived from the 

mechanical analysis data and the volume fraction of moisture retained in the film, which was 

taken from the sorption isotherm.  

The Poisson’s ratio of the HPMC films was taken as 0.35, which is a common 

approximation value for many polymeric materials (72, 82-83). Due to the difficulties of the 

determination of the fraction of moisture at solidification point, in this study a value of 0.12 

was taken, while Croll (1979) suggested a value of 0.162 for polyisobutyl methacrylate. 

Despite this arbitrariness, the trend of the correlation between the excess of internal stress 

and the moisture content remains the same and the estimated internal stresses are in the same 

order of magnitude as the values reported by others (75).   

 

2.3. Results and Discussion 

In Figure 2-1, the sorption isotherms of different HPMC E5 free films are presented. 

It is shown that the sorption behavior is merely a material property, as the differences in the 

film production methods and conditions barely affect the moisture uptake. Furthermore, the 

moisture sorbed in the HPMC films causes the plasticization of the film.  
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Figure 2-1. Sorption isotherms of HPMC E5 free films produced by different methods and 
conditions. 
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Figure 2-2. The glass-rubber transition temperature of different HPMC E5 free films at 
different moisture contents. 
 

This was signified in the decrease in the glass transition temperature (Tg) of HPMC 

films at increasing moisture content (Figure 2-2). However, even at moisture content higher 
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than 10%, the Tg of the HPMC films is not lower than 120°C, which is clearly higher than the 

room temperature. This means that the HPMC films containing different moisture contents 

tested in this study are still in their glassy state. 

The water vapor permeabilities (WVP) and the diffusivities of moisture through the 

HPMC free films at different humidity levels were determined. The WVP is directly related to 

the diffusivity of the moisture through the films. Therefore, currently only the moisture 

diffusivity data are presented and shown in Figure 2-3.  
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Figure 2-3. Correlation between the moisture content and the diffusion coefficient of 
moisture through the HPMC films.  
 

It is shown in this figure that the moisture diffusivity through the HPMC films 

increases significantly with the moisture content at moisture content higher than 6%. Below 

this value the moisture diffusivity is hardly changed. This stepwise impact of the moisture 

sorption on the moisture diffusivity is (i) due to the alteration in the physical state of the 

HPMC polymer and (ii) due to the water state in the polymer at high moisture content. This 

study focuses especially on the first aspect. The swelling behavior of the HPMC polymer 

family upon contact with water is extensively known in literature (84-86). Also the swelling 

occurrence of the HPMC polymer under humid condition has been reported (87). However, 

an accurate measurement of the degree of swelling of a polymer upon contact with water 

vapor is rather difficult as an in-situ measurement is required. In our approach for measuring 
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the degree of swelling, the films were exposed to the room ambient for a short period of time 

while taking the images. During this time, there might be some moisture sorption or 

evaporation. Despite the experimental error that has been introduced, our results confirmed 

the significant swelling occurrence of the HPMC films at high moisture content (at 

RH>64%), as shown in Table 2-2. This finding implicates that the influence of moisture on 

the transport properties of the glassy HPMC films may also be via other manner, i.e. causing 

the polymer swelling rather than only via changing the mechanical properties of the HPMC 

films. 

Furthermore, the internal stress concept was assessed, by which both impacts of the 

changes in the mechanical properties and in the volume of the HPMC films by moisture 

sorption on the diffusivity of moisture through the HPMC films can be elucidated. The loss 

of stress was estimated according to Eq. 2-8 and plotted against the moisture content (Figure 

2-4). The influence of the film preparation conditions on the correlation between the loss of 

stress and the moisture content is negligible. This is also confirmed by the fact that the total 

data was well fitted into one correlation with the moisture content in the film (see Figure 2-4). 

In this figure, it can be seen that there is a transition in the loss of stress with the increase of 

moisture content: from a negative (i.e. excess of stress) to a positive value.  

y = 0.5836x - 0.0369
R2 = 0.8194
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Figure 2-4. Transition in the loss of stress with increasing moisture content. 
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Eq. 2-8 comprises 2 terms, where the first term corresponds to the mechanical 

properties of the HPMC films and the second term corresponds to the volume change in the 

HPMC films, which both are affected by the moisture sorption. As derivation, the first term 

can also be considered as the maximum strain before fracture (εf), while the second term can 

be considered as the internal strain (εi). Therefore, Eq. 2-8 can be rewritten as Eq. 2-9. 

if strain Total εε −=                                              (2-9) 

According to the original application of this model, the internal strain is generally 

perceived as the shrinkage of the film e.g. due to solvent evaporation during film formation 

and storage. This can also be seen in the negative sign of the internal strain in Eq. 2-9, 

showing its negative contribution to the total strain. Looking at the second term in Eq. 2-8: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−
−

− R

RS

1)1(3
1

φ
φφ

υ
, the value of this term reduces linearly with the increase of moisture 

content in the film (φR). This means that with increasing moisture content, the shrinkage of 

the film is gradually compensated with the swelling of the film, giving a lower value of the 

internal strain. When the value of this term is lower than 
E

fσ
, the loss of stress is shifted 

from a negative to a positive value. Assuming that the swelling of the film is similar in every 

direction, this total strain can be regarded as the volumetric change in the film. Therefore, it 

can be suggested that the point when the loss of stress (or total strain) passes the zero value 

may be related to the start of significant swelling of the film matrix. 

In this work, in spite of the decrease of the modulus of elasticity (E) with increasing 

moisture content (shown in the left-corner of Figure 2-5), the value of 
E

fσ
 changes very little 

with the variation of the moisture content and can be considered constant (as it is still within 

the 95% of confidence limits of the real slope of correlation, displayed in Figure 2-5). This 

trend is also consistent for films made with different conditions (therefore, the mechanical 

properties from various HPMC films were not clustered during plotting). This leads to the 

conclusion that the loss of internal stress is mainly influenced by the changes in the second 

term due to the direct contribution of moisture i.e. via volume addition. Furthermore, this 

explains the good correlation between the loss of stress and moisture content described in 

Figure 2-4.    
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Figure 2-5. The quotient between the tensile strength and the modulus of elasticity of 
various HPMC films at increasing moisture content.  

 

0.0E+00

2.0E-12

4.0E-12

6.0E-12

8.0E-12

1.0E-11

1.2E-11

1.4E-11

1.6E-11

-5% -4% -3% -2% -1% 0% 1% 2% 3% 4% 5%

Loss of Stress (%)

D
iff

us
io

n 
C

oe
ffi

ci
en

t o
f W

at
er

 V
ap

or
 (m

2 /s
)

Uncrosslinked, Tdrying = 25°C
Uncrosslinked, Tdrying = 40°C
Uncrosslinked, Tdrying = 60°C
Crosslinked

Figure 2-6. Correlation between the diffusion coefficient of moisture through the HPMC 
films and the loss of stress calculated from the internal stress model.  

 



28              Chapter 2 

The feasibility of using the internal stress concept to indicate swelling from the loss of 

stress (reduction of internal stress) data has been further examined. For this purpose, the plot 

between the diffusion coefficient and the loss of stress was made, presented in Figure 2-6. 

From this figure, it can be seen that the transition in the diffusivity of moisture through the 

glassy HPMC films (from almost constant to an increase) is also related to the transition in 

the loss of stress. At the point that the loss of stress is around zero, the diffusion coefficient 

starts to increase significantly, which is due to the swelling in the film. Eventually, this finding 

also verifies the plausibility of using the internal stress concept to indicate the moisture 

sorption-induced swelling occurrence, which significantly affects the diffusion coefficient. 

Considering this relationship between the diffusivity of moisture and the loss of stress and 

the factors influencing the loss of stress discussed before, it can be signified that in the glassy 

state, the impact of the changes in the mechanical properties on the transport properties is 

relatively smaller than the direct impact of the moisture in affecting the volume of the coating 

material.  

It can further be seen that the diffusion coefficient and the loss of stress are 

consistently correlated for HPMC films made at different drying temperatures. This means 

that it may later be possible to develop a model to estimate the diffusion coefficient for 

different kind of films based on the loss of stress data, which is easier than to measure the 

permeation properties directly. Also, it can be noticed that the diffusion coefficient of the 

cross-linked films are significantly lower than the diffusion coefficient of uncrosslinked films, 

although the correlation between the diffusion coefficient of crosslinked films and the 

relative humidity is similar with that of uncrosslinked films. This implies that other factors 

may also play a role in influencing the diffusion coefficient, such as the porosity, as it has 

been reported by Coma et al. (79). These variables, which are altered by process conditions 

such as cross-linking should also be included in order to improve the model. 

Considering that the determination of water vapor permeability is much more time 

consuming than the mechanical and sorption isotherm analysis, this application of the 

internal stress model may be promising for formulation purposes. At least, the transport 

properties may only have to be determined at a certain RH while the other values at elevated 

RH’s may further be estimated. Via this approach, the swelling of film coating may also be 

estimated quite simply but more accurately than with other methods e.g. from the 

measurement of the film thickness before and after storage at different RH. Furthermore, the 

calculation is rather simple and requires parameters that can generally be found in literature. 
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2.4. Conclusions 

Both swelling and changes in the mechanical properties were observed in the HPMC 

films due to different levels of moisture sorption. The assessment of the internal stress of the 

HPMC films has shown that the significant increase of the moisture diffusivity at high (>6%) 

moisture content is correlated with the loss of stress in the films. Further assessment revealed 

that the loss of stress is mainly due the swelling occurrence rather than the changes in the 

mechanical properties of the films. This concludes to the predominant impact of the 

moisture-induced swelling on the transport properties of HPMC films in the glassy state. This 

also indicates the benefit of using the presented approach, which enables the estimation of 

swelling for the prediction purpose of the moisture diffusivity through a coating film.  
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NOTATIONS 

A Film area [=] m2  
Cavg Average moisture content [=] %-weight  
E Young modulus of elasticity [=] MPa 
P Internal stress [=] MPa 
Savg Average solubility of moisture in the total film [=] g/m3Pa 
Tg Glass transition temperature of the coating material [=] K 
V Original volume of the core [=] m3 
WVP Water Vapor Permeability [=] g/m.Pa.s 
Δm Moisture gain at certain permeation time [=] g 
ΔP Difference of partial pressure of water vapor at two sides of the coating film [=] Pa 
ΔRH Gradient of the relative humidity [=] %  
Δt Time [=] s 
ΔT Difference between the glass transition temperature of the coating and the temperature 

of the film during process and storage [=] K 

ΔV Volumetric changes of the core [=] m3 
Δx Film thickness [=] m 
Δα(cubic) Difference in thermal expansion coefficient of the core and the coating material [=] K-1 

  
εi Internal strain [=] % 
εf Maximum strain before fracture [=] % 
εtotal Total strain [=] % 
φR Volumetric fraction of water retained in the film during storage [=] % 
φS Volumetric fraction of water at solidification point (during drying) [=] % 
Υ Poisson ratio [=] - 
ρtrue True density [=] g/m3 
Σ Stress [=] MPa 
σf Maximum tensile strength before fracture [=] MPa 
ϕ Degree of swelling [=] - 
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Chapter 3 

PREDICTING THE DIFFUSION COEFFICIENT OF 

WATER VAPOR THROUGH GLASSY HPMC FILMS AT 

DIFFERENT ENVIRONMENTAL CONDITIONS USING 

THE FREE VOLUME ADDITIVITY APPROACH 
 

Abstract 

Prediction of diffusion coefficient of polymer materials is important in the pharmaceutical 

research and becomes the aim of this paper.  This paper bases the prediction method on the 

estimation of the polymer fractional free volume at different environmental conditions. 

Focusing on the glassy polymers, the free volumes of polymer films were estimated using the 

model of Vrentas, Duda et al. (Macromolecules, 1988, 21, 1470-1475). The required data are 

the moisture sorption and glass transition temperature data, which were measured on various 

hydroxypropyl methylcellulose (used as a model material) free films at different water 

activities. The temperature and molecular weight particularly determine the free volume of 

the polymer, while the sorbed water can either decease or increase the specific free volume of 

the polymer. At high water activity, the amount of water sorbed in the film increases to such 

level that the direct free volume addition by water becomes proportional to the contribution 

of the polymer itself. This confirms the importance of considering the environmental effect 

on the diffusivity of polymer during coating material selection. The presented approach 

enables the prediction of the diffusivity at any given relevant material variable and therefore 

has the potency to be used as a formulation development tool.  
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3.1. Introduction 

Polymers are widely used for functional encapsulation in the pharmaceutical products. 

The polymer coating can serve different purposes such as protection against the environment 

e.g. moisture and oxygen. The diffusion coefficient data of the relevant permeants through 

polymers is therefore an important criterion during material selection.  

A significant amount of water (one of the most common permeants for polymers) 

sorbed by polymers subjected to a wide range of storage conditions is well known to increase 

the diffusivity (69). When the extent of the impact of these factors on the diffusivity through 

the coating films can be predicted beforehand, the failure of the coating functionality after a 

certain period of storage can also be anticipated.  

When they adsorb water, glassy polymers may either stay in the glassy state or be 

shifted to rubbery polymers. Depending on the state of the polymer, water alters the physical 

properties of the polymers through different mechanisms. While the effect of water sorption 

on the diffusivity in polymers at the rubbery state has been established in the literature (88-

90), its effect on the diffusivity in polymers at the glassy state has yet not been fully 

understood due to the non-equilibrium character of the glassy state (91). This situation 

motivates this study to focus on glassy polymers, which are also often used for functional 

encapsulation.  

The volumetric (i.e. free volume) changes in the glassy polymers caused by the 

presence of a small molecule (like water and polymer additives) has been described by Zheng, 

Sauer, et al. (92) and Vrentas and Vrentas (93). These volumetric changes are correlated to the 

diffusivity in polymer, such as reported in several papers (94-97). In their models, the 

diffusion coefficient of a permeant is correlated to the fractional free volume (FFV) of the 

polymer. The free volume itself can be determined using methods such as positron 

annihilation lifetime spectroscopy (PALS) (98-99) or the method of Vrentas, Duda et al. (100), 

which relies on the specific (per unit mass) volume and the free volume of the different 

components in a polymer-solute mixture. The latter approach is applied in this study.  

The ultimate goal of this manuscript is to predict the diffusion coefficient of a 

permeant through an amorphous polymer film in the glassy state using the estimated 

fractional free volume of the polymer-solute mixtures at different relative humidities and 

temperatures. Hydroxypropyl methylcellulose (HPMC) was taken as a model material, which 

is one of the most commonly used materials in the pharmaceutical industries for film coating. 

This material takes up moisture through a wide range of RH levels, but it remains in the 
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glassy state, which makes it a suitable material for our study. The moisture sorption causes 

both the swelling of the films and the reduction of the glass transition temperature. Both of 

these effects are incorporated in the present free volume model by which the diffusion 

mechanism of moisture through the glassy HPMC films can also be elucidated. 

 

3.2. The Model 

 The FFV of polymer is defined as the ratio between the specific free volume of the 

polymer-solute system ( FHV̂ ) and the specific bulk volume of polymer films ( bulkV ,2̂ ), as given 

in Eq. 3-1.  

bulk,

FH

V̂
V̂FFV
2

=             (3-1) 

The definition of the FHV̂  is schematically given in Figure 3-1, while the bulkV ,2̂  is defined as 

the specific volume occupied by the polymer molecules including the free volume and pores 

contained in the free films. The calculation of the FFV as a function of moisture content in 

the polymer matrix and temperature, starts with the determination of several volumetric 

properties of the polymer. 

 

Figure 3-1. Schematic presentation of the different components constituting the volume of 
an amorphous polymer in the glassy state (left) and after addition of moisture (right) 
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Figure 3-1 schematically depicts the different components of which the volume of a 

film matrix consists. In this figure and the rest of this chapter, the superscript “0” denotes the 

specific volume of pure component, either of solute or of polymer, while the subscripts “1” 

and “2” denote the solute and the polymer, respectively. The subscripts “g” and “m” denote 

the glassy and mixture state, respectively.  

In a dry film, the total volume of the polymer consists of the specific occupied 

volume ( 0
2 occ.V̂ ) and the free volume of the pure polymer ( 0

2
ˆ
FHV ). The specific occupied 

volume of the polymer ( 0
.2̂ occV ) is defined as the volume occupied by the polymer molecules, 

which is impenetrable to other molecules. In this manuscript, it was considered to be the 

specific volume of polymer at 0 K (zero point volume), which is related to the Van der Waals 

volume ( 0
2 vdw.V̂ ) as depicted in Eq. 2 (101). The 0

2 vdw.V̂  was calculated using the additive group 

contributions method (102).  
0

2
0

2 31 vdw,occ, V̂.V̂ =                        (3-2) 

For systems such as our glassy HPMC-moisture system (so called the “wet” system), 

the total volume of the film ( TV ) is the sum of the specific occupied volume of polymer 

( 0
2 occ.V̂ ), the specific free volume of the polymer ( 2FHV̂ ), and the total volume of water, 

consisting the specific occupied volume of water ( 0
1 occ.V̂ ) and the specific free volume of 

water ( 0
1FHV̂ ). According to Maeda and Paul (103) and Vrentas, Duda et al. (100), the presence 

of bound water leads to reduction of the (free) volume in the polymer ( V̂Δ ), referred as the 

antiplasticization effect. As a consequence the free volume of the polymer in this system 

( 2F̂HV ) is lower than the free volume of the polymer in the dry system ( 0
2FHV̂ ). This specific 

free volume 2F̂HV  can be estimated using the definition that the total specific volume of 

polymer ( gV̂2 ) is the sum of the specific occupied volume ( 0
2 occ.V̂ ) and the specific free volume 

of the polymer ( 2F̂HV ), given in Eq. 3-3. This implies that to derive the 2F̂HV , both the 0
2 occ.V̂  

and the gV̂2  have to be initially determined.  

0
222 occ.gFH V̂V̂V̂ −=                         (3-3) 

The approach to estimate the specific volume of polymer in the polymer-solute 

system ( gV̂2 ) is schematically depicted in Figure 3-2, which also shows the definition of the 

symbols used. In this figure, the correlation between the specific volume of polymer and 
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temperature is illustrated. A dry polymer at a glass transition temperature (Tg2) has a specific 

volume of ( )2
0

2 gTV̂ . A temperature reduction to a temperature T leads to a volume change of 

this dry polymer according to Eq. 3-4.  

( ) ( )[ ]TTTV̂V̂ gggo,g −−= 222
0

2
0

2 1 α                      (3-4) 

Here, g2α  is the thermal expansion coefficient of the polymer in the glassy state. Using this 

equation, it is possible to calculate the specific volume of the pure polymer in the non-

equilibrium glassy structure ( 0
2 o,gV̂ ). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2. Volume-temperature behavior of an amorphous polymer: ---, volume of 
equilibrium liquid; , volume of pure polymer glass;  _ , volume of polymer glass in mixture 
of polymer and solute. 
 

The presence of low molecular weight solute, such as water causes structural changes 

in the polymer, which reduces the glass transition temperature to Tgm. In addition, the specific 

volume of the polymer also changes from ( )2
0

2 gTV̂  to ( )gmTV̂2 . This volume change is 

governed by the thermal expansion coefficient of polymer in the liquid state ( 2α ), as given in 

Eq. 3-5.  

( ) ( ) ( )[ ]gmgggm TTTV̂TV̂ −−= 222
0

22 1 α          (3-5) 
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Changing the temperature of a polymer film containing a certain amount of moisture 

to a temperature below the glass transition temperature leads to a further decrease in the 

polymer volume, as given in Eq. 3-6. Here, it is assumed that the thermal expansion 

coefficient of the polymer in the glassy state ( g2α ) is neither affected by the presence of 

water nor by the molecular weight of the polymer.  

( ) ( )[ ]TTTV̂V̂ gmggmg −−= 222 1 α                      (3-6) 

In summary, the estimation of the gV̂2  starts with the determination of the ( )2
0

2 gTV̂ , 

followed by the calculation of the ( )gmTV̂2  and finally gV̂2 . In Figure 3-2, the difference 

between 0
2 o,gV̂  and gV̂2  ( V̂Δ ), which is the volume change of the polymer as an effect of 

antiplasticization and the corresponding free volume of polymer ( 2F̂HV ) are also depicted. 

When the gV̂2 is derived, the 2F̂HV  can be calculated (using Eq. 3-2), which together with the 

0
1FHV̂ sums up the total free volume of the polymer-solute mixture ( FHV̂ ), according to the 

rule of additivity shown in Eq. 3-7 (100). This total free volume was used to calculate the 

fractional free volume (FFV), which correlates to the diffusion coefficient of solute through 

a polymer film.   

22
0

11 FHFHFH V̂V̂V̂ ωω +=             (3-7) 

 

3.3. Materials and Methods 

3.3.1. Materials 

Hydroxypropyl methylcellulose polymers with different molecular weights (Methocel 

E5, E15 and E50, LV USP/ EP premium grades, Dow Chemical) were used as model 

coating materials. Their average molecular weights are 14637, 20227 and 28644 g/mole, 

respectively (104). This polymer contains in average 29% of methoxyl and 8.5% of 

hydroxypropyl groups (105), which structure is given in Figure 3-3. 

 

Figure 3-3. Chemical structure of hydroxypropyl methyl cellulose used in this study (104). 
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3.3.2. Methods 

3.3.2.1. Film Production 

HPMC was added to cold water (5% w/w water) and stirred for about 1 hour to 

assure a homogeneous solution. The HPMC solution was then poured into a mold made 

from High Density Polyethylene (HDPE), where the formed film could be easily removed 

after drying. Three different drying temperatures were used, i.e. room temperature (25°C), 

40°C and 60°C. Drying at room temperature, 40oC and 60oC lasted for 48, 16 and 8 hours, 

respectively. The films obtained had an average thicknesses between 80 and 100 μm, 

measured using a Mitutoyo micrometer.  

 

3.3.2.2. Determination of Moisture Sorption and Glass Transition Temperature 

The moisture sorption and the glass transition temperature of various free films 

equilibrated at different relative humidities were measured using the method described 

previously (106). 

 

3.3.2.3. Determination of Volumetric Properties 

The characterization of the volumetric properties of HPMC films comprises the 

determination of the specified occupied volume of polymer, the specific bulk volume of 

polymer film and the specific volume of HPMC films at room temperature (25°C) at 0% and 

53% RH. The specific occupied volumes of polymer ( 0
2 occ.V̂ ) were calculated according to Eq. 

3-2, described in Section 3.2. The results are listed in Table 3-1.  

 

3.3.2.4. Specific Bulk Volume of polymer film ( bulkV ,2̂ ) 

In this study, the specific bulk volume of polymer ( bulkV ,2̂ ) is defined as the volume 

occupied by the polymer molecules including the free volume and pores contained in the free 

films. The specific bulk volume of HPMC films was measured in triplicate by weighing and 

measuring the thickness of a piece of a free film, cut in a round form with a diameter of 2 cm. 

The measured values are given in Table 3-1. 

 

3.3.2.5. Specific Volume of HPMC films at room temperature 

The specific volumes of the HPMC-moisture mixture were determined using a gas 

pycnometer with nitrogen as the inert gas. Using this approach, it was assumed that nitrogen 
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can pass through the pores but not the polymer and the water contained in the polymer. 

Therefore, the volume measured is the sum of the polymer volume (both the occupied and 

the free volume) and the volume of the solute (also both its occupied and free volume). This 

also means that the volume measured for dry film refers to the specific volume of pure 

polymer at glassy state ( 0
2 o,gV̂ ), while the volume measured for “wet” film refers to the total 

volume of polymer-moisture system as described in Eq. 3-8. For this measurement, the dry 

films correspond to the film equilibrated at 0% RH, while the “wet” films were taken from 

the films equilibrated at 53% RH. 

( ) 0
11211 V̂V̂V̂ gpycnometer ωω +−=                       (3-8) 

 

Table 3-1. Data and variables used for the calculation of free volume and  
fractional free volume 

Variables Value / Formula 

ω1 (moisture content) Is a function of relative humidity (sorption 
isotherm) 

ω2 (polymer content) = 1- ω1 
Tg2 (glass transition temperature of pure 
polymer  

Taken as the glass transition temperature of free 
films at ω1 = 0 

Tgm (glass transition temperature of glassy 
polymer-solute mixture) 

Measured from HPMC free films containing 
different moisture contents. 

T (measurement temperature) 25°C 
α2g (coefficient of thermal expansion of 
glassy polymer) 2.746 + 0.168 x10-4 K-1 

α2 (coefficient of thermal expansion of liquid 
polymer) 4.8x10-4 K-1 (107) 

0
1FHV̂  (specific free volume of water) 5.917x10-7 m3/g (108) 

0
2 occ,V̂ (specific occupied volume of polymer) For HPMC E5   = 6.820x10-7 m3/g 

For HPMC E15 = 6.958x10-7 m3/g  
For HPMC E50 = 7.064x10-7 m3/g 

bulkV ,2
ˆ (specific bulk volume of polymer) For HPMC E5   = 1.057x10-6 m3/g 

For HPMC E15 = 1.015x10-6 m3/g  
For HPMC E50 = 9.890x10-7 m3/g 

( )2
0

2 gTV̂  (specific volume of pure polymer at 
its glass transition temperature) 

For HPMC E5   = 7.741x10-7 m3/g 
For HPMC E15 = 7.794x10-7 m3/g  
For HPMC E50 = 7.821x10-7 m3/g 

 

The measurements were performed using a pycnometer from Micromeritics type 

Accupyc 1330 set at a pressure of 132.4 kPa. The sample holder of 12.56 ml volume was 

filled with polymer films to about 2/3 of the total volume and accurately weighed. For each 

sample, the equipment was set to automatically measure the density threefold. The loss of 
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moisture after the measurement was less than 0.04%, implying that the drying effect during 

the test was negligible. 

 

3.3.2.6. Determination of Diffusion Coefficient of Water Vapor through HPMC Films 

The diffusion coefficients were measured according to the method described in 

Laksmana et al. (2008). 

 

3.4. Results and Discussion 

3.4.1. Estimation of the specific volume of pure polymer at its glass transition 

temperature ( ( )2
0

2 gTV̂ ) 

The used model (Section 3.2) reveals that the estimation of the specific volume of 

glassy polymer in the polymer-solute mixture ( gV̂2 ) comprises of a two-step calculation (Eqs. 

3-5 and 3-6). It starts with the estimation of the specific volume of pure polymer at its glass 

transtition temperature ( ( )2
0

2 gTV̂ ) (see Figure 3-2, which also defines the symbols). In this 

study, the ( )2
0

2 gTV̂  was estimated using the definition given in Eq. 3-4. Here, the coefficient 

of thermal expansion of glassy HPMC polymer ( g2α ) was required. Since this coefficient has 

not been reported in literature, it was estimated. The estimation was performed using the 

correlations between the 0
2 o,gV̂ and the gV̂2 with the ( )2

0
2 gTV̂  given in Eqs. 3-4 to 3-6. 

Substituting the ( )gmTV̂2  in Eq. 3-6 with Eq. 3-5 leads to a correlation between the gV̂2  and 

the ( )2
0

2 gTV̂ . Further, using Eq. 3-4, the ( )2
0

2 gTV̂  in the derived equation is substituted, 

resulting in Eq. 3-9. 

( ) ( ) ( )( )( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−−+−−−=−+− TTTTTTTT

V̂
V̂

TT
V̂
V̂

gmgmggmg
go

g
ggmg

go

g
2220

2

2
2220

2

2 1 ααα         (3-9) 

Using the 0
2 o,gV̂ and the gV̂2  (which is the %,gV̂ 532 ) data measured using the 

pycnometer method, the g2α  was estimated using Eq. 3-9. The data were taken from nine 

different films made of 3 different HPMC grades and at three different drying temperatures. 

The g2α was estimated to be 2.746 + 0.168 x10-4 K-1. This value is about the half of the 

coefficient of thermal expansion of liquid HPMC polymer ( 2α ). This ratio between the 

thermal expansion of liquid and solid polymer has been commonly reported for other types 
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of polymers in the Polymer Handbook (109). Compared to these data, the estimated 

g2α seems to be reasonable. The calculated values of the ( )2
0

2 gTV̂  are shown in Table 3-1.   

 

3.4.2. Estimation of the specific volume of polymer in the glassy polymer-solute 

mixture ( gV̂2 ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 3-4. The moisture sorption (A) and the glass transition temperature (B) of HPMC 
films at different relative humidities 
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Having the required constants ( 2α  and g2α ) and the ( )2
0

2 gTV̂  values, it is now 

possible to estimate the gV̂2 . The moisture sorption isotherms and the glass transition 

temperature data used for the calculation are shown in Figure 3-4(A) and (B), respectively. 

Basically, there are 2 factors influencing the specific volume of polymer in the glassy 

polymer-solute mixture ( gV̂2 ), i.e. (i) the specific volume of the pure polymers and (ii) the 

moisture content.  

 

3.4.2.1. Correlation between the gV̂2  and the 0
,2̂ ogV  

As shown in Figure 3-2, the reduction in the specific volume of polymer in the glassy 

polymer-solute mixture ( gV̂2 ) due to the decrease of temperature is actually due to the effect 

of temperature in the specific volume of pure glassy polymer ( 0
,2̂ ogV ), assuming a constant 

g2α . In Figure 3-5, the correlation between the 0
,2̂ ogV  and temperature is illustrated. In this 

figure, it can also be seen that the drying temperatures used to prepare the HPMC films only 

have a small influence on the correlation between the specific volume of pure glassy polymer 

( 0
,2̂ ogV ) and storage temperatures. 

 

Figure 3-5. Influence of temperature on the specific volume of the pure glassy HPMC films. 
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The grade (molecular weight) of the HPMC used has a larger effect on the correlation 

between the 0
,2̂ ogV  and temperature than the drying temperature used in the film production. 

For this reason, the focus in the remaining of this chapter will be on the impact of molecular 

weight. As g2α is independent from molecular weight, the impact of temperature for different 

grades of HPMC films is demonstrated to be the same. 

 

3.4.2.2. Correlation between the gV̂2  and moisture content 

Due to the strong interaction between the HPMC and moisture, the glass transition 

temperature of the HPMC films decreases and thereby the specific volume of the polymer in 

the polymer-solute mixture ( gV̂2 ) is reduced. The glass transition temperatures of HPMC 

containing different moisture contents were determined, together with the specific volumes 

of the polymer at room temperature (25°C).  

Figure 3-6 depicts the calculation steps and it shows a typical example of how the 

increase in moisture content lowers the glass transition temperature of the HPMC-moisture 

mixtures (Tgm) and therefore reduces the specific volume of HPMC in the HPMC-moisture 

mixtures ( gV2
ˆ ). Furthermore, the comparison of the gV2

ˆ  to the values of the corresponding 

specific volume of pure HPMC in glassy state ( 0
,2̂ ogV ) and at glass transition temperature 

( )T(V̂ g2
0

2 ) and the specific occupied volume of HPMC ( 0
2 occ,V̂ ) are also illustrated in this plot. 

The data values used for this plot are given in Table 3-2. The computation results of the gV2
ˆ  

for other HPMC films with various moisture contents at 25°C are shown in Figure 3-7 (left).  

At different temperatures, the amount of moisture sorbed in the films also differs. 

Correspondingly, the glass transition temperature of the HPMC-moisture mixture (Tgm) also 

changes according to the amount of moisture sorbed in the film. In this study, the Tgm were 

measured for HPMC films equilibrated at various RH’s at 25°C. The correlation between the 

Tgm and moisture content obtained from this measurement also applies for HPMC films 

stored at different temperatures as this correlation is not a function of temperature. This 

leads to the possibility to estimate the Tgm of films equilibrated at various RH’s and at 

temperatures other than 25°C, as long as the moisture content in the film at the 

corresponding environmental conditions is known.   
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Figure 3-6. Typical volumetric behavior of HPMC films at different temperatures and 
moisture contents (taken from the data of HPMC E5 film dried at 60°C, cast and uncross-
linked). 

 

 
Figure 3-7. Specific volume of various HPMC films containing different moisture content 
and at different temperatures. 
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Table 3-2. Example of calculation results of the fractional free volume of HPMC films 
equilibrated at different water activities at 25°C (taken from HPMC E5 films dried at 60°C). 

Ratio of contribution of 

ω1 

 

Tgm 

 
( )gmTV̂2

 x10-9 

( )TV̂ g2

 x10-9 
)T(V̂FH

0
2

 x10-9 

2FHVΔ
 due 
to 

anti-
plastic
ization

x10-9 

2FHVΔ
due 
to 

free 
water 
x10-9 

Total 
FFV 

 

0
2FHV̂  2FHVΔ

due to 
anti-

plastici-
zation 

2FHVΔ
 due 
to 

free 
water 

 
 (K)  (m3/  (m3/g)    on the total FFV 

0.0% 451.0 773.1 740.6 58.59 0.00 0.00 5.5% 100% 0% 0%
0.8% 446.5 771.4 734.0 58.59 -0.64 4.94 5.9% 93.1% -1.0% 7.9%
1.8% 442.0 769.8 739.3 58.59 -1.29 10.41 6.3% 86.3% -1.9% 15.6%
2.8% 439.6 768.8 739.0 58.59 -1.65 16.60 6.8% 79.2% -2.3% 23.1%
4.0% 437.3 768.0 738.7 58.59 -1.98 23.72 7.4% 72.0% -2.5% 30.4%
5.4% 430.7 765.5 737.7 58.59 -2.95 32.11 8.0% 65.4% -3.5% 37.9%
7.1% 422.1 762.3 736.4 58.59 -4.23 42.26 8.8% 58.7% -4.6% 45.6%
9.3% 410.5 758.1 734.7 58.59 -5.97 54.94 9.7% 51.8% -5.8% 53.5%

12.1% 394.4 752.1 732.2 58.59 -8.43 71.40 10.9% 44.6% -7.3% 61.8%
 

In this study, the moisture sorption isotherms at various temperatures were estimated 

using the GAB Guggenheim-Anderson-de Boer (GAB) equation (Eq. 3-10) (110-112). In this 

equation, the dependency of the GAB constants on temperature is assumed to follow an 

Arrhenius equation (113). Fitting the moisture sorption isotherm data at 25°C, the parameters 

mw  (the monolayer capacity), CgHΔ  (the difference in enthalpy between monolayer and 

multilayer sorption), and kHΔ  (the difference between the heat of condensation of water and 

the heat of sorption of a multimolecular layer) were derived (listed in Table 3-3). Using these 

constants, the moisture sorption isotherms of various HPMC films at temperatures other 

than 25°C were estimated according to Eq. 3-10. In this equation, w and aw are the amount of 

moisture sorbed in the film (w/w film) and water activity, respectively. 
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                      (3-10) 

Using the determined the Tgm, the gV̂2  of various HPMC films at different moisture contents 

and temperatures were calculated (according to Eq. 3-5 and 3-6), which results are presented 

in Figure 3-7 (right).   
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Table 3-3. GAB fitting constants for various HPMC films made 
 at different drying temperatures 

Material Tdrying (°C) Wm 
CgHΔ  kHΔ  

25 0.0621 1353.0326 -575.5756 
40 0.0814 803.8153 -857.4135 

HPMC E5  

60 0.0503 1444.6737 -360.3730 
25 0.0759 431.2233 -629.9492 
40 0.0543 1644.0544 -504.9855 

HPMC E15 

60 0.0561 1563.5785 -545.1206 
25 0.0784 557.1271 -616.8794 
40 0.0616 729.2134 -425.4367 

HPMC E50  

60 0.0520 561.0839 -270.2907 
 

3.4.3. Estimation of Fractional Free Volume of HPMC Films (FFV) 

 Variation in the specific volume of polymer in the glassy polymer-solute mixture ( gV̂2 ) 

results in changes of the free volume of the polymer ( 2FHV̂ ). Combining the results from the 

estimation of 2FHV̂ with the free volume of water ( 1FHV̂ ), it is possible to calculate the total 

free volume and thus the FFV of HPMC films, as described in Figure 3-1. Figure 3-8 shows 

the calculated FFV of various HPMC films as function of moisture content and temperature. 

The HPMC films with higher molecular weights (HPMC E15 and E50) have higher 

specific volumes ( gV2̂ ) than those of the glassy HPMC E5-moisture mixtures (see Figure 3-7). 

In contrast, the FFV decreases with the increase of molecular weight, as seen in Figure 3-8.  

Along with the increase of gV̂2 , other specific volume related properties, especially the 

specific occupied volume ( 0
.2̂ occV ) also increases (see Table 3-1). As the FFV is calculated from 

the difference between the specific volume of glassy polymer-solute mixture ( gV2̂ ) and the 

0
.2̂ occV , when the increase in the 0

.2̂ occV  is higher than the increase in the gV2̂ , the FFV will be 

reduced, as demonstrated in this study. At a temperature below the glass transition 

temperature, the rearrangement of the molecular chains occurs very slowly and therefore the 

polymer is in the non-equilibrium state. This explains why the molecular weight has less 

influence on the kinetics of this process, resulting in less impact on the specific volume of 

polymer in the glassy polymer-solute mixture than on the specific occupied volume of the 

polymer. 
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Figure 3-8. Fractional free volume of different grades - HPMC films containing different 
moisture contents and at different temperatures. 
 

3.4.4. Prediction of Diffusion Coefficient of Moisture through HPMC Films   

The diffusion of small molecules through a polymer film is assumed to occur through 

the free volume in the film (94-97). The diffusion coefficient of moisture through various 

HPMC films at 25°C and the corresponding FFV of the films are given in Figure 3-9. The 

correlation was found to be a step-wise correlation and consistent for various HPMC films 

made at different drying temperatures and molecular weights. For films with FFV lower than 

+8%, the diffusion coefficient of water vapor through the HPMC films is close to constant. 

Above this FFV level, the moisture diffusivity through the HPMC films seems to follow an 

exponential correlation with the FFV.  

The obtained correlation between the diffusion coefficient and FFV was further used 

to estimate the diffusion coefficient at different moisture contents and temperatures. The 

results are shown in Figure 3-10 as the continuous surface plot. To validate the model, 

diffusion coefficients of moisture through HPMC E5 films at 40°C were measured. Figure 3-

10 (top-left) shows the correlation between the measured and the predicted values of the 

diffusion coefficient of moisture through HPMC E5 films at 40°C. The plot confirms that 

the model predicts the diffusion coefficient at this temperature rather well, with a correlation 
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coefficient (R2) around 0.99 was found. This implies that suitability of the present model to 

predict the diffusion coefficient at various storage conditions. 
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Figure 3-9. Correlation between the diffusion coefficient of moisture and the FFV of 
HPMC films (measured at 25°C). 
 

 
Figure 3-10. Estimation of the impact of moisture content and temperature on the moisture 
diffusivity through HPMC E5 films. 
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Our theoretical as well as our experimental results show that in order to lower the 

diffusion coefficient, the fractional free volume in the film has to be reduced. When the film 

is dry, the FFV is determined purely by the type of polymer, its molecular weight and the 

storage temperature. As shown in Figure 3-8, the FFV of the polymer decreases with the 

increase of polymer molecular weight. Therefore, when it is not possible to select another 

type of material, a polymer with a high molecular weight should at least be chosen rather than 

the low molecular weight grade, to obtain maximum protection of a core material. 

Once water is present in the film, the moisture content significantly affects the FFV. 

When water is bound into the polymer, it reduces the free volume of the polymer, shown in 

negative values as given in Table 3-2. When the amount of water is excessive, water directly 

adds the free volume of the total film. This volume addition is much higher than the volume 

reduction due the bound water (see Table 3-2). As a result, the total free volume increases 

tremendously with the increase in moisture content. At this point, the contribution of water 

to the total FFV is proportional to the contribution of the polymer itself (see the ratio of the 

FFV contributed by the polymer compared to the FFV contributed by free water given in 

Table 3-2). This implies that for a reproducible performance of the film, the storage 

conditions of the coating films, i.e. RH and temperature should be well controlled. 

       

3.5. Conclusions 

In this paper, a volume additivity-based approach to estimate the fractional free 

volume (FFV) of HPMC films stored in a wide range of relative humidities and temperatures 

is presented. The estimation is straight-forward, incorporating the sorption-isotherm and the 

glass transition temperature data for films with different solute contents. The FFV of HPMC 

films was found to be determined by the moisture content, storage temperature and the 

molecular weight of HPMC. A correlation between the diffusion coefficient of moisture 

through the HPMC films and the FFV was found. This enables the estimation of diffusion 

coefficient of moisture through the HPMC films at different environmental conditions. It can 

further be stated that considering its accessibility, this approach offers a rapid prediction of 

diffusion coefficient, which can be useful during the formulation and the stability evaluation 

of a coating material. 
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Chapter 4 

GAS PERMEATION RELATED TO THE MOISTURE 

SORPTION IN FILMS OF GLASSY HYDROPHILIC 

POLYMERS 
 

Abstract 

The purpose of this paper is to elucidate the effect of integral sorption of moisture on gas 

permeation in glassy hydrophilic polymers. The oxygen and the simultaneous moisture 

sorption into various hydroxypropyl methylcellulose (HPMC) films were measured under a 

wide range of relative humidities using sorption analyzer equipment. Correspondingly, the 

oxygen permeability at different ambient conditions was measured using an oxygen detector. 

The solubility of oxygen in the HPMC film was found to be affected by the amount of water 

and therefore by the water state. At low moisture content, the water molecules are present as 

bound water, which promotes the sorption of oxygen in the HPMC films. At moisture 

content higher than 5%, water clusters are rapidly formed, which increase the affinity of 

HPMC polymer towards water rather than towards the oxygen molecules, resulting in a 

decrease of oxygen solubility in the polymer. This was found to be the governing factor for 

the reduction of the oxygen permeability in the glassy HPMC films at high water activity. 

This proposes a specific interaction between moisture sorption and oxygen transport in 

coating films like HPMC, which is of important aspect in the coating design and formulation.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Journal of Applied Polymer Science, in press (2009) 
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4.1. Introduction 

Glassy hydrophilic polymers are often the materials of choice for functional 

encapsulation when protection of the core material is necessary. In terms of their barrier 

properties, glassy polymers are superior over rubbery polymers (5). The film forming 

properties and the environmental and safety aspects of hydrophilic polymers are more 

favorable than the more hydrophobic counterparts that often form poor films and require the 

use of organic solvents during processing (114-115).  

During processing and storage, moisture is often present next to other gases in the 

ambient air. For hydrophilic polymers, there is significant moisture sorption and 

simultaneous diffusion of moisture over a wide range of relative humidity, which will alter the 

polymer barrier properties against other compounds, such as oxygen (116). This implies that 

the examination of gas transport through a film coating material should not be separated 

from the accompanying transport and sorption of other permeants. To our knowledge, the 

determination of permeability has mostly been performed under pure gas environment. 

Moreover, the data presented are also not always in agreement with each other without any 

further clarity on the underlying mechanism that explains these differences (117-120).  

The fact that polymers in the glassy state are in a non-equilibrium situation leads to 

the complexity in the transport and sorption of gases in glassy polymers, where more than 

one mode of permeant transport may be present (5, 121-122). From the perspective of 

product design, this makes a glassy hydrophilic polymer a challenging system.  

This paper was set to study the effect of the sorption of moisture on gas permeation 

in glassy hydrophilic polymers. Hydroxypropyl methylcellulose (HPMC) was used as a model 

polymer and oxygen as a model permeant. The determination of the oxygen permeability was 

performed under the atmospheric conditions with various relative humidities. 

 

4.2. Materials and Methods 

4.2.1.  Materials 

Hydroxypropyl methylcellulose (HPMC) (Methocel E5, LV USP/EP premium grade) 

from Dow, supplied by Colorcon, UK, was used as a model coating material.  
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4.2.2. Experimental Methods 

4.2.2.1. Film Production 

In this study, the free films were made by a casting method. HPMC was dissolved in 

cold water and was stirred for about 1 hour to assure a homogeneous solution. Three 

different concentrations (2, 5 and 10% w/w HPMC in water) and temperatures (25, 40 and 

60°C) were used to investigate the influence of the initial coating solution concentration and 

temperature on the film properties. The HPMC solution was then poured into a mold made 

from High Density Polyethylene (HDPE), from which the formed film could be easily 

removed after drying. The drying times were 48, 16 and 8 hours for films dried at 25, 40 and 

60°C, respectively.  The films obtained had an average thickness of around 80 µm. 

 

4.2.2.2. Film Characterization 

A. Film Thickness  

The film thickness (Δx) was measured with Mitutoyo micrometer with an accuracy of 

1 µm. For each film, the thickness was measured 5 times at different locations. The standard 

deviation of the thickness measurement for each film was less than 10%.   

 

B. Determination of Oxygen Permeability (OP) 

The oxygen permeability (OP) of the films was measured using the OxySense™ 210T. 

The OP through the HPMC films was determined at various relative humidities (RH’s), using 

an experimental set-up, which is schematically depicted in Figure 4-1. 

Seven saturated salt solutions (LiCl, MgBr2, NaI, Mg(NO3)2, NaBr, KI, and KBr) 

were used to create various RH’s ranging from 12% to 80% with interval steps around 10% 

(123-124). The OxyDot™ was glued inside a vial. When it is illuminated by LED (blue) light, 

this dot responds by emitting red light back to the detector, which intensity and fluorescent 

lifetime are reduced with the increasing concentration of oxygen in the surroundings of the 

dot. Initially, the vials were purged with nitrogen flow to eliminate any oxygen inside the vials. 

While purging with nitrogen, the vials were carefully sealed with the test films, which were 

pre-equilibrated at the relevant RH. The test films were clamped to the vial by an aluminum 

cap, as depicted in Figure 4-1. Subsequently, the vials were placed inside a jar, which 

contained a saturated salt solution, giving a certain RH at room temperature. For each relative 
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humidity, a new film sample was used from each film formulation. The OP was measured in 

two-fold for each HPMC film. 
 

 Aluminum cap 
Rubber o-ring 
Tested film 

OxydotTM 

Light Source 

 

Detector 

 

Saturated salt solution 

O2 

 

Figure 4-1. Schematic representation of the experimental set up for the oxygen permeability 
measurement. 

 

After the prepared vials were placed in the jar, the jar was purged with nitrogen for 24 

hours to allow the film to reach the equilibrium without any presence of oxygen, and 

afterwards with air for 5 minutes to supply back the oxygen inside the jar. Thereafter, the 

measurement of the oxygen permeation started.  Subsequently, the oxygen concentration (%) 

inside the vial was measured, every 30 minutes during the first day and each hour on the 

second day. The amount of oxygen transfer from the jar to the vial is considerably low during 

the respective measurement time. For this reason, the oxygen content in the jar was assumed 

to be constant. 

A typical measurement curve of the oxygen permeability (OP) of the HPMC films is 

shown in Figure 4-2. The OP values were calculated according to Eq. 4-1, where Δm, Δt, Δx, 

A, ΔP are the increase of the oxygen mass inside the vial (Δm), time interval, film thickness, 

film area and the difference in the partial vapor pressure of oxygen, respectively.  

2OPAt
xmOP

ΔΔ
ΔΔ

⋅⋅
⋅

=                                   (4-1) 
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Figure 4-2. A typical measurement curve and the calculated oxygen permeability of HPMC 
E5 films (taken from the permeation of oxygen at 30% RH through the HPMC film made 
from 5% concentration and dried at 25°C). 
 

The oxygen analyzer measured the oxygen concentration ( [ ]tO2 ) in percentage, 

instead of the oxygen mass. Therefore, the Δm was calculated according to Eq. 4-2, where Vv 

and 2oρ  are the vial volume and the oxygen density, respectively.  

[ ] 2 2 ovt VOm ρ⋅⋅=Δ                           (4-2) 

The difference in the partial pressure (ΔP) was computed using Eq. 4-3, where [ ] t O2  

is the oxygen concentration inside the vial at time t, while [ ] i O2 is the initial vial oxygen 

content.  

[ ] [ ]( ) totitO P O OP ⋅−= 222Δ            (4-3) 

The total pressure (Ptot) was calculated by taking into account the influence of the 

temperature (T) on the saturation pressure of water vapor ( sat

OH
P

2
) and the relative humidity 

(RH) as shown in Eq. 4-4.  
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( )RHPPP sat
atmtot OH

⋅−=
2

           (4-4) 

The sat

OH
P

2
 was calculated using an established correlation (125). The values of different 

properties used for the calculation of oxygen permeability are listed in Table 4-1. 

Table 4-1. Data of properties used to calculate the oxygen permeability. 

Variables Value 

Volume of the vial (Vv) 17.424x10-3 cm3 
Density of oxygen (ρO2) (126)  0.001331 g /m3  
Atmospheric pressure (Patm) 101325 Pa 
Saturation pressure of water vapor 
( sat

OH
P

2
) (125)  ( ) ( )PaCTP sat

OH
7.15362.190

2
−°⋅=  

Film Area (A) 1.23x10-4 m2 
Room temperature (T) 25°C 

 
 

In the beginning of the measurement, the oxygen permeability varied in time, due to 

the time needed for the film and the system to reach steady state. After the steady state was 

reached (which was on the second day of measurement), the oxygen permeability value 

became constant, as illustrated in Figure 4-2. Therefore the oxygen permeability was taken as 

the average of the oxygen permeability measured under the steady state condition. 

 

C. Determination of Sorption of Moisture and Oxygen and Solubility of Oxygen 

The equilibrium moisture contents and the solubilities of oxygen in different HPMC 

free films were determined from the analysis performed in a sorption analyzer SPS11-100n 

from Projekt Messtechnik (Germany) at 25°C. This apparatus is able to handle two types of 

carrier gases through the sorption chamber: nitrogen and air. The saturated water vapor and 

either nitrogen or air flow are mixed. Initially, the sorption isotherm was determined using 

the nitrogen and water vapor mixture and thereafter using air and water vapor mixture as 

ambient. Air was considered to contain 79% of nitrogen and 21% of oxygen. In these two 

different ambient gas mixtures, the amount of water vapor and nitrogen sorbed into the film 

is assumed to be constant. As a result, the difference between the mass gain fraction (ω) 

during sorption under nitrogen-water vapor and air-water vapor ambient was assumed to be 

due to the oxygen sorption into the film, as illustrated in Eq. 4-5. 
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) ( -)   (  
222222222 H-NH-air OHNOHONOOO ωωωωωωωω +++=−=       (4-5) 

For each kind of ambient mixture, i.e. humid air or humid nitrogen, the RH inside the 

sorption chamber was set from 0 to 80% with 10% steps. The conditions at each step were 

held constant until equilibrium was reached. The mass of samples used was about 4-5 g for 

each film. The equilibrium moisture contents in the films were taken as the final (equilibrium) 

mass gain during sorption under nitrogen and water vapor mixture.  

Furthermore, the solubility of oxygen (
2OS ) can be calculated according to Eq. 4-6, 

defined as the concentration of the oxygen within the film equilibrated at certain partial 

pressure of oxygen (ΔPO2) and temperature. trueρ  is the true density of the HPMC E5, which 

was used for this calculation to convert the mass-mass ratio of O2 to the mass-volume ratio 

to polymer film.  
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                       (4-6) 

 

4.3. Results and Discussion 

4.3.1.  Oxygen sorption in HPMC films containing moisture 

The relationship between the amount of oxygen sorbed in the HPMC films and the 

moisture content is presented in Figure 4-3. The present HPMC films are heterogeneous 

matrices, comprising HPMC polymer, sorbed moisture and oxygen. Furthermore, the films 

can contain different amount of voids and defects, such as cracks resulted from e.g. drying of 

films with different solid concentration and drying temperature. Differences in the film 

structure can also lead to the variation of the oxygen sorption in the films, as shown in Figure 

4-3. Higher oxygen sorption would most likely occur in films containing more voids. 

At the first place, the effect of HPMC concentration used in the coating formulation 

and the drying temperature on the oxygen sorption seemed to be inconsistent. This was 

mainly due the opposite effect of these factors on the film formation and therefore on the 

obtained film structure. With the increase of the solid concentration, the polymer chains were 

closer with each other and at the same time, the drying process was slower due to the higher 

viscosity of the solution. For films made of 10% of solid concentration, the first aspect was 

most likely to be more dominant, which led to a denser film as the polymer chains were at the 

closest proximity with each other. For films made of 2% of solid concentration, the faster 

drying would lead to more complete drying of the films, leaving less voids in the films. For 
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this reason, comparable oxygen sorption was found in films made of 2 and 10% of solid 

concentration. A deep point was found for films made of 5% of solid concentration, where 

the two aspects competed with each other and resulted in poorer film structure (more voids 

due to slower drying and that the polymer chains were not sufficiently close with each other). 

By increasing the drying temperature, a denser film structure was expected yet the formation 

cracks would also become significant, due to the increase of internal stress in the film (big 

gradient of relative humidity in and around the film) (106). It appeared that such crack 

formation was more significant in films dried at 60°C and caused higher oxygen sorption 

than films dried at 40°C.      
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Figure 4-3. Relationship between the solubility of oxygen and the moisture content in the 
HPMC E5 films. 
 

Considering the components in the HPMC films, the total amount of oxygen sorbed 

in the HPMC films can be considered as the total amount of oxygen sorbed in HPMC 

polymer itself and dissolved in moisture. The amount of oxygen dissolved in water (at 25°C) 

is much lower (4.036x10-4 g/m3Pa, calculated from the empirical equation given in Standard 

Methods for the Examination of Water and Wastewater (127)) than the amount of oxygen 

sorbed in the HPMC polymer (~1.4-24.5x10-2 g/m3Pa, this study). For this reason, the 

amount of oxygen dissolved in the moist HPMC films can be considered as the oxygen 

dissolved in the polymer only. Nevertheless, the influence of moisture content on the amount 
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of oxygen sorbed in the HPMC films is apparent, as it can be seen in Figure 4-3. This implies 

that water influences the oxygen sorption in the HPMC film in certain manner, logically via 

altering the properties of the polymer.  

As shown in Figure 4-3, at low moisture content, the amount of oxygen sorbed 

increases with the moisture content in the HPMC films, while at moisture levels above 5%, 

the amount of oxygen sorbed decreases with increasing moisture content in the film. This 

dual effect of moisture content on the oxygen sorption can be related to the state of water in 

the films, which also varies through different water activities. 

The water molecules sorbed in polymer matrix are present as “bound” and “free” 

water (128). In this study, the “bound” water is defined as the monolayer water on the 

adsorption sites of the polymer while the “free water” is defined as those water molecules 

that do not come into direct contact with the polymer matrix. The monolayer water can be 

estimated by fitting the sorption-isotherm data with the Guggenheim-Anderson-de Boer 

(GAB) equation, given in Eq. 4-7 (110-112). This model describes multilayer adsorption, 

which is suitable for the moisture sorption in the HPMC films. In Figure 4-4, the moisture 

sorption isotherms of the HPMC films tested in this study are given. In this equation, w and 

aw are the amount of the sorbed molecules and the water activity, respectively, while cg, wm, 

and k are the GAB parameters, which represent the energy of adsorption, the monolayer 

capacity and the state of the sorbed molecules above the first layer relative to bulk water, 

respectively. The values of these parameters derived from the fitting process are given in 

Table 4-2. The maximum water bound to the polymer sites could then be estimated from the 

monolayer capacity (wm), which is approached when the moisture content in the film is 

around 6%.   

( )( )wgww

wgm

kackaka
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w
+−−

=
11

                         (4-7) 

 

Table 4-2. GAB fitting parameters taken from water sorption isotherm of HPMC E5 films 
made at different concentrations and drying temperatures. 
[HPMC] 
(%w/w) Tdrying (°C) Cg k wm R2 

2% 25 2.203 0.8156 0.05955 0.9981 
5% 25 1.726 0.7928 0.06211 0.9969 
10% 25 1.747 0.7935 0.05768 0.9996 
5% 40 1.342 0.7076 0.08138 0.9999 
5% 60 1.791 0.8647 0.05025 0.9960 
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Figure 4-4. Moisture sorption isotherms of HPMC films. 

 
Due to the presence of previously sorbed water in the polymer, the extent of moisture 

sorption is dependent on the affinity of water either towards polymer or towards water itself 

(129). When the affinity of water towards polymer is lower relative to the water cohesion, 

clustering of water molecules will occur. This clustering phenomenon has been reported 

earlier in literature in particular for very hydrophilic or very hydrophobic glassy polymers, 

where the clustering of water is likely to occur at high water activity (130).  

Clustering criteria of water have been proposed by Zimm and Lundberg (131) using a 

parameter C1G11 + 1, which represents the average number of water molecules in a cluster 

and it correlates to the relative humidity (RH) and the volumetric fraction of water (V) in the 

polymer (Eq. 4-8). During calculation, the density of HPMC polymer was taken as 1.328 

g/cm3 (106). When C1G11 + 1 is larger than 1, clustering of water molecules occurs (132).  
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Using the water sorption isotherm data of HPMC films, this parameter was calculated. 

The results are presented in Figure 4-5. It is found that clustering of water molecules starts to 

occur at around 2% of moisture content. The monolayer capacity of HPMC films is reached 

at 6% of moisture content. This suggests that below this level, the water molecules can either 

be sorbed to the first layer or to the above layers. Close to the polymer surface, the water 
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tends to be destructurised (133). Therefore, as long as the entire first layer has not been filled, 

water clustering (multilayer sorption) is counterbalanced with the monolayer sorption. This 

explains the rather constant (average) water cluster size (C1G11 + 1) between 2% and 5% of 

moisture content. Above this level, the sorption of water will only takes place on the pre-

sorbed water and bridging of small water clusters occurs. This is confirmed in the significant 

increase in the water cluster size above 5% of moisture content (see Figure 4-5). 
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Figure 4-5. Average cluster size of water at different moisture contents. 

Figure 4-6 summarizes the mechanisms of moisture sorption in the HPMC films at 

different water activities and illustrates the possible effect on the oxygen sorption. This 

mechanism is proposed based on the understanding obtained from the evaluation performed 

on both the water state and the GAB moisture sorption. The specific mechanism of moisture 

sorption to HPMC films also explains the shifting effect of moisture content on the oxygen 

sorption in the HPMC films, which is illustrated in Figure 4-3. 

The high preferential sorption of water molecules above the precursor water 

molecules in the HPMC films leads the sorption oxygen molecules to occur through the 

polymer matrix. Via changing the availability of these sorption sites, the simultaneous 

moisture sorption alters the affinity of the HPMC films towards oxygen through different 

relative humidities. At very low moisture content (<2%), the effect of moisture sorption is 

insignificant. Therefore, oxygen molecules are sorbed on the first layer of the polymer 
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interaction sites, by which mode water molecules are also sorbed. At moisture content 

between 2-5%, the water molecules bound tightly to the polymer surface, causing 

plasticization, i.e. relaxation of the polymer chains. This helps the mobility of oxygen 

molecules to allocate to the sorption sites, shown in the increase of oxygen solubility in the 

HPMC films at moisture content lower than 5%. At high moisture content (above 5%), big 

water clusters (free water) are formed. Unlike the “bound” water, which is integrated in the 

HPMC matrix, big water clusters can be considered as discrete elements in the HPMC 

polymer leading to a different mechanism for the solubilization of oxygen. The solubility of 

oxygen in water is significantly lower than in the HPMC polymer, therefore the increasing 

amount of oxygen dissolving in the water clusters is negligible. Big water clusters are formed 

away from the polymer surface. This means that oxygen molecules have to diffuse through 

the layers of water clusters first, before they can come into contact with the polymer sorption 

sites. Water is a poor solvent for oxygen. Consequently the amount of oxygen sorbed to the 

polymer (oxygen solubility) decreases with the increasing fraction of water clusters at 

moisture content higher than 5% shown in Figure 4-3. 
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Figure 4-6. Illustration of the mechanism of moisture sorption in HPMC films at different 
moisture content and its effect on the sorption of oxygen. ΔH represents the heat of water 
sorption. 
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4.3.2. Oxygen permeability in HPMC films containing moisture 

The dual effect of water on the sorption of oxygen has clear impact on the oxygen 

permeation, as shown in Figure 4-7. It was difficult to obtain robust films at low relative 

humidity. In this condition, the films are very brittle, resulting in high occurrence of cracks in 

the films. This caused high variability of the oxygen permeability measured in films under 

very dry conditions. For this reason, only the measurement results of the oxygen permeability 

at relative humidity above 12% and correspondingly when the moisture content in the film is 

above 2% are further discussed. With the increase of moisture content, the integrity of the 

film increases. This was demonstrated by the lower variability in the experimental values of 

the oxygen permeability at high moisture content compared to those at low moisture content. 

A similar effect of moisture sorption on the oxygen permeability has been reported by 

Hu et al. (133), who demonstrated the reduction of oxygen permeability of aromatic 

polyamides at high RH. It is also apparent that clustering of water also occurs in this type of 

polymer, which explains the similarity of the effects water sorption on the oxygen transport 

through the film. 
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Figure 4-7. Influence of moisture content on the oxygen permeability. 
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According to Fick’s first law of diffusion, the flux of permeant J is proportional to the 

diffusivity and the gradient of permeant activity c through the thickness of the polymer film x 

like shown in Eq. 4-9. 

x
cDJ

∂
∂

−=                                 (4-9) 

Because the oxygen permeability measurements have been performed under more or less 

constant oxygen pressure, the oxygen sorption is a good representation of the oxygen activity. 

In this situation, Henry’s law (Eq. 4-10) applies, as the sorption of oxygen occurs 

predominantly in the dense phase of the HPMC matrix. In this equation, S and P are the 

solubility and the partial pressure, respectively. As a result, Eq. 4-11 can be derived by 

substituting Eq. 4-10 to Eq. 4-9. 

PSc ×=                                  (4-10) 

dx
dPDSJ −=                          (4-11) 

The product of the effective diffusivity D and solubility S is also known as the permeability. 

Thereby, the results in Figure 4-3 were combined with those in Figure 4-7 making it possible 

to calculate the effective diffusion coefficient of oxygen in the film, shown in Figure 4-8. It 

can be seen that the variation of diffusion coefficient through different moisture contents is 

relatively small considering the large variation in the diffusivity values measured.  

The previous section revealed that the oxygen sorption in the film correlates with the 

water state, which varies over a wide range of water content. Therefore, the influence of the 

moisture content shown on the oxygen permeability through the HPMC films is in fact 

mainly via altering the activity of oxygen in the HPMC film-humid air system, reflecting the 

changes in the affinity of the HPMC film towards oxygen. 

In Figure 4-7, it can be seen that the oxygen permeability slightly varies with the 

variation of the formulation and production condition of the HPMC films. It is apparent that 

the films made using higher concentration of HPMC solution have lower oxygen 

permeability at different relative humidities. The effect of drying temperature seems to 

increase the oxygen permeability. Despite this variation, unless they produce coating defects 

(present in dry films), the effect of moisture sorption on the oxygen permeability in the 

HPMC films seems to be larger than the effect of coating formulation and film production 

conditions. The effect is also consistent for the variety of films tested. 
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Figure 4-8. Relationship between the moisture content and the diffusivity of oxygen through 
HPMC films. 
 

4.4. Conclusions 

The sorption and transport of oxygen through glassy HPMC films containing 

moisture have been demonstrated to be influenced by the state of the water, which is 

dependent on the extent of the water sorbed in the polymer matrix. At low moisture content, 

most of the water molecules are present as bound water, which acts as plasticizer in the 

HPMC film promoting the sorption of the oxygen in the film. At high moisture content 

(>5%), water clusters are progressively formed, blocking the sorption sites for oxygen 

molecules. It has also been shown that oxygen permeability is primarily governed by the 

dissolution of oxygen in the polymer matrix. Films containing high moisture content will lead 

to low oxygen activity and therefore low oxygen permeability. This unique impact of 

moisture sorption on the oxygen permeability also implicates a feasible application of glassy 

hydrophilic polymers in the multilayer coating system for protection purpose.  
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Chapter 5 

QUANTITATIVE IMAGE ANALYSIS FOR EVALUATING 

THE COATING THICKNESS AND THE PORE 

DISTRIBUTION IN COATED SMALL PARTICLES 
 

Abstract 

This study aims to develop a characterization method for coating structure based on image 

analysis, which is particularly promising for the rational design of coated particles in the 

pharmaceutical industry. The method applies the MATLAB® Image Processing Toolbox™ to 

images of a coated particle taken with Confocal Scanning Laser Microscopy (CSLM). The 

coating thicknesses have been determined along the particle perimeter, from which a 

statistical analysis could be performed to obtain relevant thickness properties, e.g. the 

minimum coating thickness and the span of the thickness distribution. The characterization 

of the pore structure involved a proper segmentation of pores from the coating and a 

granulometry operation. The presented method facilitates the quantification of porosity, 

thickness and pore size distribution of a coating layer. These parameters are considered the 

important coating properties, which are critical to the coating functionality. Additionally, the 

effect of the variations in the coating process on the coating quality can straight-forwardly be 

assessed. Enabling a good characterization of the coating qualities, the presented method can 

be used as a fast and effective tool to predict coating functionality. Using this approach, the 

influence of different process conditions on coating properties can effectively be monitored, 

which at the end leads to process tailoring. 
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5.1. Introduction 

In the pharmaceutical industry, film coating has been applied for various purposes, 

such as appearance, taste masking, protection from environmental conditions and sustained 

or controlled release purposes. Next to the qualitative and quantitative coating formulation, 

the coating process conditions play an important role in determining the final properties and 

the functionality of the coating (41). Usually, the appropriate process conditions are difficult 

to establish after the first development tests. Therefore, in practice, the coating process 

development involves a lengthy series of experiments characterized by many process 

adjustments based on the results from the functional tests of the final product.  

In the literature, it has often been demonstrated that the coating functionality is 

correlated with certain coating properties such as coating thickness and porosity (e.g. 5, 12, 

135-136). For appearance purpose for example, pores in the coating or inhomogeneous 

coating thickness distributions, both inter-particle and intra-particle may not be a major 

problem. However, for functionalities that rely on the transport properties through the 

coating, e.g. extended release or protection, coatings with uniform coating thickness and 

without pores in the coating are needed (12). For this reason, a good characterization of the 

coating is needed from which the coating functionality can be predicted.  

Many coating characterization methods are based on the average values of the total 

population of particles in a sample, such as the determination of the coating thickness by 

converting coating mass to thickness (137). This approach is not able to give any information 

on the distribution of the coating and the local coating properties, which are needed for a 

better prediction of the coating functionality. Functionality tests such as dissolution rate also 

do not permit a direct correlation with the process parameters. Therefore, this work was set 

to develop a quantitative image analysis method, which offers an approach to quantify both 

overall and local coating properties of coated particles, i.e. the pore size distribution and the 

coating thickness distribution along the particle circumference. These outcomes can be 

directly correlated to the process conditions used.  

 The application of quantitative image analysis is a common practice in fields like the 

metal industry to detect mechanical defect of products during processing (138) and in the 

medical field to evaluate the treatment and drug efficacy (138-140). One of the advantages of 

such analysis is the possibility to perform visual inspection to validate the analysis results. In 

spite of its potency, only few papers in literature have described the utilization of quantitative 

image analysis in a pharmaceutical production environment (29-31, 39, 141). While a 
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terahertz pulsed imaging technique has shown the possibility for measuring the coating 

thickness distribution on tablets (29-31, 141), our presented method offers the possibility to 

quantify the complete coating structures, comprising of the thickness and the pore 

distribution, also on small particles amongst various cores. The quantification method was 

performed on images acquired using confocal scanning laser microscopy (CSLM), which 

facilitates the non-invasive visualization of the coating internal structure. This 

characterization method offers a way to tailor the coating process more effectively.  

 This chapter focuses on the description of the method proposed for the 

characterization of coating structures, while the correlation between the coating qualities and 

the process conditions will be the subject of the next chapter. We treated the coating, which 

constitutes polymer and pores, as a film layer formed over a particle. The coating has 

apparent thicknesses and structures. Pores are defined to be the macroscopic holes within the 

coating, which are visible with the resolution of the imaging technique used. Further, polymer 

is defined as the rest of the coating without the visible pores. These terms will be used 

consistently in this thesis.  

 

5.2. Materials and Methods 

5.2.1. Materials 

Microcrystalline cellulose/MCC (Avicel PH102, FMC BioPolymer), supplied by 

Internatio, (Zutphen, the Netherlands) was used as pellet excipient. Hydroxy-propyl 

methylcellulose/HPMC (Methocel E5 LV USP/ EP premium grade, Dow) supplied by 

Colorcon (Dartford Kent, UK) was used as coating polymer material. Carmoisine (E122, 

Pomona BV, Hedel, the Netherlands) was used as pigment in the coating. 

 

5.2.2. Experimental Methods 

5.2.2.1. Pellet Production 

The pellets were made in a high shear granulator (Gral 10, Machines Colette, 

Wommelgem, Belgium), with impeller and chopper rates of 600 and 3000 rpm, respectively. 

The pellets were made by mixing 500 g of MCC with 500 g of water, which was poured 

slowly (in 1 minute time) from the top of the Gral. The granulation was performed for 20 

minutes. The wet granules were further dried at 40°C for 8 hours in the vacuum drier 

(Elbanton, Kerkdriel, The Netherlands). Afterwards the pellets were sieved and the fraction 

800-1000 μm was used for further experiments. 
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5.2.2.2. Particle Coating 

The pellets were coated in the fluidized bed coater (Mycrolab, Oystar Hüttlin, 

Schopfheim, Germany). 150 g of pellets was used for each batch. The polymer solution can 

be sprayed either from the bottom or the top of the column. The spray rate in the process 

using top spray was set at 4.8 g/min while for process using bottom spray, the spray rate was 

varied at 2.4 g/min and at 4.8 g/min. The rest of the process conditions, i.e. inlet air 

temperature, inlet air flow rate, atomization pressure, microclimate pressure were kept 

constant at 70°C, 25m3/h, 1.5 bar and 0.6 bar, respectively. The coating process was 

performed until 20% weight ratio of coating to core was sprayed. The sprayed HPMC 

solution was HPMC (5% w/w in water) and carmoisine (0.1% w/w in water) dissolved in 

cold water and stirring it for about 1 hour. 

 

5.2.2.3. Determination of the Circularity of the Core 

The circularity of the MCC pellets was determined using Morphology G2 from 

Malvern Instruments (Worcestershire, UK), which was based on the particle image analysis. 

A LU planar 2.5x/0.075 objective (Nikon, Japan) was used to acquire the particle images. The 

circularity was calculated using the provided software (Mastersizer ver. 6.0) and was defined 

as the ratio of the circumference of a circle with the same area as the particle divided by the 

circumference of the actual particle image.  

 

5.2.2.4. Image Acquisition 

The coating layer was visualized using a Confocal Scanning Laser Microscopy (CSLM). 

This technique was chosen because of its high spatial resolution and its ability to visualize the 

internal structure of samples non-invasively by optical sectioning. In this analysis, the 

carmoisine acts as a fluorescent marker, which permits the visualization of the coating layer 

and the differentiation of the coating layer from the core. This relies on the good distribution 

of carmoisine in the HPMC films. This aspect was verified by the absence of hot-spots in the 

resulted CSLM images, which would have been the signs for inhomogeneous distribution of 

carmoisine in the HPMC films. Additionally, carmoisine has been used as pigment in diverse 

HPMC formulations (142-144), where any incompatibility (that leads to separation) between 

carmoisine and HPMC has not been reported. 
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The CSLM system used was a Leica inverted microscope DM IRE2 TCS SP2 (Leica 

microsystems, Germany). A green laser (HeNe 543nm/1.2mW) and a red laser (HeNe 

633nm/10mW) were used at 100% and 37.66% intensity settings. A HC Plan Fluotar 

10x/0.30 objective was used with a zoom factor of 1 or 10 resulting in scanned areas of 

1500μmx1500μm or 150μmx150μm and depth of fields of 50μm or 5μm, respectively. 

These two optical settings were used to acquire images for the characterization of coating 

thickness distribution and pore structure, respectively. The emission of the sample was 

collected at 652-716 nm. The acquired images were 1024x1024 pixels and have a gray 

resolution of 8 bit. Immersion oil type B (Cargille Lab, USA) was added to the coated 

particles prior to scanning. No interaction between the HPMC polymer and the immersion 

oil used is expected as HPMC is known as a barrier material against oils (145). For every 

sample from different process conditions, the images for the thickness determination were 

taken from three different particles. From each particle two images were taken from two 

random sides of the coating for the characterization of the pore structure.  

 

5.2.3. Quantitative Image Analysis 

The quantitative image analysis was performed using the image processing toolbox 

provided in MATLAB® R2007a. The quantification comprised the determination of the 

coating thickness distribution, the porosity and the pore size distribution.  

 

5.2.3.1. Coating Thickness Distributions 

A typical CSLM image acquired for the coating thickness analysis is shown in Figure 

5-1(A). Before the images were ready to be used for the thickness analysis, several steps had 

to be performed, comprising the image contrast enhancement and the image binarization. 

The contrast enhancement was performed using Contrast-Limited Adaptive Histogram 

Equalization (ADAPHISTEQ) command in the MATLAB® Image Processing Toolbox™. 

In this work, a tile size of 15x15 pixels was used, and the corresponding result of the contrast 

enhancement on the given image example is shown in Figure 5-1(B). The results and 

discussion section gives a justification for the choice of these settings. 

The image binarization was performed by using the Isodata threshold algorithm (146). 

In the resulted binary images, the pore and the polymer pixels have the intensity of “0” (black) 

and “1” (white), respectively, such as shown in Figure 5-1(C). Afterwards, the pores within 

the coating were closed, i.e. the pixel of the pores were set to “1” (Figure 5-1(D)). This means 
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that the coating thickness was defined as the total (apparent) thickness including the pores 

inside the coating.  

There are three algorithms that were used to determine the coating thickness 

distribution, the “Radius” method and two variations of the “Euclidean distance” method. In 

the “radius” method, the thickness analysis started by determining the centre of the particle 

(called centroid), and the inside boundary (facing the core) and the outside boundary (facing 

the background) of the coating layer, such as shown in Figure 5-1(E) and Figure 5-1(F), 

respectively. The centroid was determined using the REGIONPROPS command, while the 

coating boundaries were determined using the BWBOUNDARIES command provided in 

the MATLAB® Image Processing Toolbox™. The number of the inside and outside 

boundary pixels is typically above 1500, which varies slightly depending on the particle and 

coating roughness. The centroid and each of the inside boundary points were then connected 

with straight lines. This was repeated for all outside boundary pixels, as illustrated in Figure 5-

2 (left). The length of the line segments connecting the centroid-outside boundary and the 

centroid-inside boundary that run in the same direction are subtracted from each other. The 

results were taken as the coating thicknesses. In this way, the variation of the coating 

thickness along the particle circumference was measured, as depicted in Figure 5-2 (right).  

From the thickness measurements, we built a coating thickness distribution and a 

cumulative thickness distribution per particle, which form the basis for a statistical analysis. 

We obtained the estimation for the minimum coating thickness and the span (width) of the 

coating thickness distribution was also derived. The span of the coating thickness is defined 

as:  

%,n

%,n%,n

X
XX

Span
50

1090

Δ
Δ−Δ

=                        (5-1) 

where %,nX 10Δ , %,nX 50Δ , %,nX 90Δ  are the percentiles of the (number) thickness distribution at 

respectively 10%, 50% (median) and 90%.   

The two “Euclidean distance” methods measure the minimum coating thickness from 

each pixel on the inner to the outer boundary of the coating or vice versa. In this paper, the 

coating thickness was mainly measured using the “radius” method. The “Euclidean distance” 

methods have been used as an alternative for the “radius” method. The results from these 

methods are compared and presented in the results and discussion section.  
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Figure 5-1.  Image processing steps for the coating thickness characterization. (A) Raw 
image (B) After contrast enhancement (C) After binarization (D) After filling the pores 
within the coating (E) Determining the centroid (F) Determination of the outside and inside 
boundaries 
 

 
Figure 5-2. Schematic figure on how the coating thickness was determined using the present 
image analysis. 
 

5.2.3.2. Quantification of the Porous Structure 

Before pore characterization, the contrast of the CSLM images was enhanced and the 

images were transformed from gray-scale to binary images in a way similar to the procedure 

for the coating thickness analysis. Figure 5-3(A) to (I) show the typical transformation results 
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after the subsequent image processing steps for the pore characterization. Due to the 

complexity of the porous structure, a different method (i.e. based on Fuzzy c-means cluster) 

was used during the image binarization. In this algorithm, the pixel intensities were classified 

into n (n>3) clusters using the Fuzzy Clustering method (147-148). These clusters have mean 

intensities that increase from the lowest (cluster 1) to the highest (cluster n). This paper used 

two thresholds during the image binarization: the threshold between cluster 1 and 2 (called 

the lower threshold) and the threshold between cluster 2 and 3 (called the higher threshold).  

The typical binarization results of using lower and higher thresholds are presented in 

Figure 5-3(C) and Figure 5-3(D). The colors red and green were added to these images (also 

to Figure 5-3(G)) to aid the illustration of the coating and pore boundaries, respectively. 

Using the lower threshold value, only pixels that are very dark (low intensity) are segmented 

as pores or otherwise they would be segmented as polymer. This thresholding results in a 

more accurate determination of the coating boundaries (see Figure 5-3(C)). In contrast, using 

the higher threshold value, more pores are visible, while some portion of the polymer 

disappears, as only the very bright pixels (having high intensity) are segmented as polymer 

(see Figure 5-3(D)).  

Therefore, the next step was taken to combine the binarization results using lower and 

higher thresholds in order to obtain a binary image, which closely resembles the raw image. 

As the coating segmented using lower threshold (Figure 5-3(C)) is bigger than the coating 

segmented using higher threshold (Figure 5-3(D)), the algorithm started by defining the 

difference between these two binarized images, resulting in Figure 5-3(E)). Afterwards, the 

intersection between the images obtained using the 2 thresholds was determined, resulting in 

Figure 5-3(F). This implies that only the polymer pixels that exist in both images (Figure 5-3 

(D) and Figure 5-3(E)) are taken, which otherwise are taken as black pixels in the new figure 

(Figure 5-3(F)). As a result, all pores present in both images within the coating boundaries (i.e. 

segmented using the higher threshold) are shown in the new image (Figure 5-3(F)). The last 

step was to add the images obtained from these two steps ((Figure 5-3(E) and (F)), which 

result is shown in Figure 5-3(G). Mathematically, the algorithm that combines the images can 

be written as:  

( ) ( )3(D)-Fig5  3(C)-Fig53(D)'-Fig5 - 3(C)-Fig5               
   3(F)-Fig5                     3(E)-Fig5           3(G)-Fig5

∩∪=
+=

                         (5-2) 
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where the first and the second terms in the equation are equal to Figure 5-3(E) and (F), 

respectively. Fig5-3(D)' is an image obtained after filling the pores (removing the pores) in 

Figure 5-3(D) with white pixels.  
 

 

Figure 5-3.  Image processing steps for the pore characterization: (A) Raw image. (B) After 
contrast enhancement. (C) Binarization result using a threshold between low and medium 
intensity clusters. (D) Binarization result using a threshold between medium and high 
intensity clusters. (E) Image resulted after filling the pores in image D and subtracting the 
obtained image from image C. (F) Image resulted after intersecting image C and D. (G) 
Image resulted after adding image E and F. Red and green colors indicate the coating and the 
pore boundaries, respectively. (H) After selecting only the connecting pixels. Blue color 
indicates the analyzed coating region. (I) After removing the floating pixels inside the pores 
and taking the pores out of the coating. 
 

In some images, some white pixels can be found disconnected from the rest of the 

coating, either outside the main coating or inside the pores, as shown in Figure 5-3(G)). 

These disconnected pixels, further called “loose pixels” were considered differently, B
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dependent on their spatial distance to the main coating. If they are very close, they were 

considered to be a part of the coating, which was disconnected during image binarization due 

to the presence of surrounding polymer pixels with a low intensity as a result of the so called 

“partial volume effect” between them. However, if they are quite far from the main coating 

or inside the pores (so called “floating pixels”), they can not physically be a part of the 

coating and hence were considered as image noise. Therefore, an extra operation was 

performed to connect only the nearby loose pixels to the main coating and to exclude the 

distant loose pixels and the loose pixels in the pores from the analysis. To connect the nearby 

loose pixels to the main coating, a closing (a dilation followed by erosion) operation was 

performed (149). By selecting only the pixels between the connecting coating and pore 

boundaries, the rest of the loose pixels were automatically removed. The result example of 

this operation is shown in Figure 5-3(H). The blue shade reflects the area of the polymer, 

which was used for the analysis. The quantification of the porosity was then performed on 

this image. 

   

A. Porosity 

The coating does not cover the whole area of the image, of which a large proportion is 

constituted by the background and the particle core (here the particle core was also 

considered as background). This background is indistinguishable from the pores based on the 

pixel intensity. Therefore extra procedure was performed to separate the pores from the 

coating. This was performed by inversing the image thereby the pores become the true 

elements of the image and followed by inversing only the background back from white to 

black pixels. The result of this step is shown in Figure 5-3(I), where pores are shown as white 

pixels and the rest of the coating and the background shown as black pixels. Using this image, 

the porosity was quantified. The area of the pores was determined by calculating the area of 

the pores, which have been segmented from the coating (Figure 5-3(I)). The porosity was 

then calculated by dividing the area of pores by the area of the coating, which was the total 

area of the polymer and the pores.  

pores ofArea  polymer  ofArea 
pores ofArea 

coating ofArea 
pores ofArea Porosity

+
==                     (5-3) 
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B. Pore Size Distribution 

The pore size distribution was measured by using a method from image processing 

called “a morphological sieve” as used by Wu et al. (39). The principle of the approach has 

been comprehensively described and can be found in the original paper. The granulometry 

was performed on the images obtained after the pore separation procedure (Figure 5-3(I)). By 

applying closings with structuring element with increasing size, the pores progressively 

disappear and the remaining area of the white pixels at each size step was computed. As the 

result, a curve between the area of the white pixels (the area of pores) and its corresponding 

structuring element size (pore size) was derived. The difference between the area of the white 

pixels at certain pore size and the area of the white pixels at one step pore size behind is the 

area of the pore at its corresponding size. The results were normalized with the total area of 

pores and presented as the cumulative relative area distribution of the pore size.  

 

5.3. Results and Discussion 

5.3.1. Image Preparation: Image Binarization 

After the phases in the image, i.e. pores, polymer and background are well segmented, 

the quantification can readily be performed. Therefore, the binarization step is very critical as 

the quantification results are dependent on the segmentation results. One of the advantages 

of using image analysis is the possibility to perform the evaluation of the method visually. 

Figure 5-4(A) and Figure 5-4(D) show the differences in the binarization results using 

two different threshold selection methods: Isodata versus Fuzzy c-means cluster, respectively. 

It can be seen that the binary image obtained using fuzzy c-means cluster thresholding, 

resembles the original image better than the Isodata method. Additionally, the tile size used 

during the image contrast enhancement and the number of clusters used during thresholding 

were found to be important, as illustrated in Figure 5-4 (B), (C), and (D). Here, it can be seen 

using tile size 10x10 pixels (Figure 5-4(B)), less pores are segmented than using the 

thresholding conditions used in Figure 5-4(D). Using three clusters in the fuzzy c-means 

cluster thresholding (Figure 5-4(C)), a smaller portion of coating is visible in the resulting 

binary image. At different combination of thresholding conditions, the resulted binary images 

were visually compared. In this way, the tile size and the number of clusters used were 

optimized. The chosen settings for the tile size and the number of clusters are 15x15 pixels 

and 4, respectively. Considering their significant influence on the quantification results, values 

were kept constant in this study. 
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Figure 5-4.  Comparison in the binarization results by using different thresholding and image 
preparation settings (A) Using Isodata thresholding (B) Using tile size = 10 during image 
contrast enhancement (C) & (D) Using 3 and 4 clusters during fuzzy c-means cluster 
thresholding, respectively. Red and green colors indicate the coating and the pore boundaries, 
respectively 
 

5.3.2. Evaluation of the Characterization of the Coating Thickness Distribution 

The average coating thickness measured using the present method and the theoretical 

average coating thickness were compared, the results are shown in Figure 5-5. Here, examples 

are taken from the coating made in the fluidized bed using bottom and top spray systems. In 

this paper, the theoretical coating thickness was calculated from the amount of coating 

polymer sprayed in a certain period of time, following Eq. 5-4.  

polbed

corecorepolspray
ltheoretica m

dCtF
x

ρ
ρ

⋅⋅

⋅⋅⋅⋅
=Δ

6
                                       (5-4) 
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In this equation, Δxtheoretical, Fspray, t, Cpol, mbed, dcore, ρcore and ρpol are the coating thickness, the 

mass spraying rate of the coating solution, the process time, the polymer concentration in the 

coating solution, the total mass of the core particles to be coated, the average diameter of the 

core particles and the true density of the core and the coating polymer, respectively. 

Figure 5-5. Comparison between the theoretical average coating thickness with the average 
coating thickness measured using the present method. The theoretical average of coating 
thickness was calculated according to Eq. 5-4. 
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It can be seen in Figure 5-5, that the measured thicknesses do not always correspond 

well with the theoretical thicknesses, especially at low theoretical thicknesses (coating 

thicknesses after a short spraying time). In the present approach, the porosity was also 

included into the determination of the coating thickness (see 5.2.3.1). In the beginning of the 

coating process, the coating film is very porous (see the CSLM image inserted in Figure 5-5 

top-left corner). Furthermore, it can be noticed in this figure that the coating thickness does 

not increase significantly with the spraying time. This effect is actually due to the reduction of 

the porosity in time, which is indicated in the CSLM image of the coating sample taken from 

the end of coating process (see Figure 5-5 top-right corner). This particular subject will be 

discussed further in Chapter 8.  

 Measuring the thickness along the particle circumference shows the inhomogeneity of 

the coating thickness on each particle, i.e. the intra-particle standard deviation of the coating 

thickness. Additionally, among different particles, the average thickness and the span of the 

distribution may also differ, resulting in a degree of inter-particle standard deviation of the 

coating thickness.  

Figure 5-6 shows the difference in the intra-particle and inter-particle variations of the 

coating thickness, which belong to the coatings made with bottom and top spray given as 

examples. A batch with small variation in the average coating thickness between particles 

does not assure a narrow coating thickness distribution of each particle. When it happens that 

the intra-particle variation of the coating thickness is high, the characterization of the intra-

particle distribution becomes more critical, as it is the one that determines the coating 

functionality. It is shown in Figure 5-6 that in general the variations in the coating thickness 

on each particle are higher than the variations of the coating thickness between the particles. 

This is valid even for coating film made using top-spray system, which has high inter-particle 

variation in the thickness. Therefore, in the present situation, the focus will be on the intra-

particle variation of the coating thickness. 

Table 5-1 shows the results of using the “radius” method for determining the coating 

thickness distribution, which is compared to those of using other possible methods: taking 

the coating thickness as the “Euclidean distance” from the inside to the outside boundaries 

and vice versa. Here, examples are taken from coatings made from processes using spraying 

rate of 4.8 g/min where the nozzle was positioned either at the bottom or the top of the 

fluidized bed column. These coating conditions lead to two different coating morphologies: a 

non-porous and a porous coating. 
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It can be seen in Table 5-1 that the coating thicknesses determined using the “radius” 

method are higher than those determined using the “Euclidean distance” methods. For 

porous coating, the span of the coating thickness distribution determined using the “radius” 

method is higher than the one determined using the “Euclidean distance” methods. The 

“Euclidean distance” methods always look for the shortest distances from inside to outside 

boundaries or vice versa. In this way, the complete curvature of the coating layer can not be 

identified as some points at the coating boundaries are skipped (as pointed by the arrows). 

Therefore, particularly for a coating with large thickness variation, the “Euclidean distance” 

method is not able to give the true thickness distribution. In contrast, the “radius” method 

covers all boundary points of the coating (including along the protrusions of the coating), 

therefore giving a better estimation of the variation in the coating thickness. A disadvantage 

of the “radius” method is that the boundary thickness is measured along a path through the 

object’s centroid. This does not guarantee that the measurement is performed perpendicular 

to the local contour especially for roughly shaped particles. 

Nevertheless, the Euclidean distance method has a particular advantage. The way that 

the Euclidean distance method always seeks for the minimum distance from one boundary 

point to another is analogous to the phenomena occurring during the functioning of the 

coating, e.g. the diffusion of active substance from the core to the environment through the 

coating membrane or the diffusion of moisture and oxygen from the environment to the core.  

Being aware of both the advantages and the disadvantages of the possible methods 

used to determine the coating thickness, it was decided to use the “radius” method in this 

paper. The reason was because this method is more sensitive in revealing the variation in the 

coating thickness distribution, which is our current interest. This information can then be 

used to investigate the effect of different process conditions. Moreover, the values of the 

minimum coating thicknesses obtained using the different methods appeared to be in the 

same order of magnitude (Table 5-1). 

Examples of the characterized coating thickness distributions are shown in Figure 5-7, 

taken from particles coated at low (2.4 g/min) and high (4.8 g/min) spraying rates using 

bottom spray and high spraying rate using top spray. The samples were taken after similar 

amount of coating solution were sprayed. It is shown that the thickness distributions of the 

coating made at these three different conditions are clearly distinguished. The minimum, 

average and maximum coating thickness and the span of the coating thickness distribution 

were also derived and are depicted in Table 5-2.  
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Table 5-1. Comparison between the Radius method (taking coating thickness as the radius from inside to outside boundaries) and Euclidean 
distance methods (taking the coating thickness as the Euclidean distance from inside to outside boundaries and vice versa). 

 Radius from inside to outside 
boundaries 

Euclidean distance from inside to 
outside boundaries 

Euclidean distance from outside to 
inside boundaries 

    
Δxmin (μm) 8.1576 7.1821 7.2599 
Δxavg (μm) 28.5833 27.0241 25.9347 
Δxmax (μm) 53.2246 44.4882 45.3939 

N
on

-p
or

ou
s 

co
at

in
g 

Span (-) 0.8611 0.8115 0.8772 

  
Δxmin (μm) 13.3263 9.5596 10.9288 
Δxavg (μm) 33.7355 28.5607 27.4527 
Δxmax (μm) 78.9115 58.69 64.157 

P
or
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s 

co
at

in
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Span (-) 1.2478 0.9892 1.2187 
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Figure 5-7.  Examples of the obtained coating thickness (frequency) distribution. 

 

Coatings with the same average thickness can appear to have significantly different 

minimum thickness, as found in the thickness properties of these three different coatings (see 

Table 5-2). The imperfect coverage of the particles coated at low spraying rate was clearly 

visible, i.e. the minimum thickness is zero. Furthermore, it is possible to calculate the fraction 

of the total surface of the particle which is not covered by the coating from the frequency 

distribution of the coating thicknesses. In the case of sample coated at low spraying rate, this 

fraction is around 6% (Figure 5-7). This ability to quantify the difference in the minimum 

coating thickness enable the anticipation of coating functionality failure due to the presence 

of a very thin local thickness. The large variation between the minimum and the maximum 

thickness of the coating made at a low spraying rate is also shown in the higher span of the 

thickness distribution. This parameter shows the variation of the coating thickness along the 

particle perimeter. Additionally, the inter-particle variation (shown as the error range of the 

thickness properties) of the coating film made at a low spraying rate is also the largest. On the 

other hand, the variations are lower in coating made using a higher spraying rate. By using 
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these characterization results, the appropriate adjustments can be made with regards to the 

process coating conditions.    

 
Table 5-2. The effects of varying the nozzle position and spraying rate  

on the coating qualities 
Nozzle position Bottom Bottom Top 

Spraying rate (g/min) 2.4 4.8 4.8 

Minimum coating thickness 
(μm) 

0 + 6.87 18.68 + 5.65 3.82 + 2.82 

Average coating thickness 
(μm) 

28.08 + 10.36 31.04 + 3.04 31.10 + 9.48 

Maximum coating 
thickness (μm) 

56.74 + 9.27 64.62 + 4.75 72.59 + 15.35 

Relative span of coating 
thickness distribution (-) 

1.48 + 0.81 0.80 + 0.17 1.26 + 0.15 

Total porosity (%) 3.38 + 0.60 3.03 + 0.37 6.77 + 0.43 
Average pore size (μm) 0.50 0.51 2.28 
Pore size at which 90% 
(number based) of the 
pores are undersized,  
dpore,90 (μm) 

0.91 1.12 6.01 

 

5.3.3. Evaluation of the Characterization of the Coating Porosity 

The reliability of the current analysis method for the characterization of the pore 

structure was also evaluated. For this reason, extra samples were taken from particles coated 

using the top spray method, from which 10 images at random positions along the particles 

perimeter were taken and quantified, as shown in Figure 5-8.  

This coated particle was chosen as it represents the most inhomogeneous pore 

structure found in the coating. The average porosity determined from 10 images is 7.1% and 

the porosity values from each image can deviate to about 10% relative to the average value. 

Using the current sampling method, where 6 images were used comprising two images from 

three different particles, the average porosity for this coated particle was found to be 6.3%, 

with relative deviation to about 14% of the average value. This difference due to the sampling 

limitation is systematically present in every compared batch, which therefore will not alter the 

interpretation of the data. 
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Figure 5-8. Inhomogeneity of the coating structures 

 
Figure 5-9. Examples of the obtained pore size (area) distribution.  
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5.3.4. Evaluation of the Characterization of the Pore Size Distribution 

In order to make a more detailed study of the porous structure, the pore size 

distribution of the coating was determined. The advantage of the present image analysis is 

that not only the porosity but also the pore size distribution can be quantified. Examples of 

the characterization results are depicted in Figure 5-9, showing the derived fractional area and 

cumulative distributions of the pore size. It can be seen that coating sprayed using the top 

spray has a wide variation in pore size. This data should be used together with the porosity 

data to fully evaluate the pore structure of the coating, such as depicted in Table 5-2. From 

this result, it can be verified that the coating made using top spray not only has a higher 

porosity but also possesses a bigger pore size, compared to the coating made using bottom 

spray.  

Furthermore, the characterization of coating structure presented in this paper is non-

invasive. This is of course preferable as many other methods require some preparation steps 

e.g. cutting or embedding of the coating layer, which may alter the coating structure. 

 

5.4. Conclusions 

It has been demonstrated, that using the presented image analysis methods, the 

coating thickness distribution along the particle perimeter, the porosity and also the pore size 

distribution can adequately be quantified. These parameters are the determining factors for 

the coating properties and functionality. From the examples given, it has also been illustrated 

how the influence of different process conditions on the coating properties can be monitored 

using the presented approach. Further work is ongoing to develop a correlation between the 

process settings and the coating qualities, from which the coating characterization results can 

be used as a feedback to control the coating process to assure a coating product with the 

desired quality. 
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Chapter 6 

DEVELOPMENT AND APPLICATION OF A PROCESS 

WINDOW FOR ACHIEVING HIGH QUALITY COATING 

IN A FLUIDIZED BED COATING PROCESS 
 

Abstract 

Next to the coating formulation, process conditions play important roles in determining 

coating quality. This study aims to develop an operational window that separate layering from 

agglomeration regimes and furthermore the one that leads to the best coating quality in a 

fluidized bed coater. The bed relative humidity and the droplet size of the coating aerosol 

were predicted using a set of engineering models. The coating quality was characterized using 

a quantitative image analysis method, which measures the coating thickness distribution, the 

total porosity and the pore size distribution in the coating. The layering regime can be 

achieved by performing the coating process at a certain excess of the viscous Stokes number 

( vStΔ ). This excess is dependent on the given bed relative humidity and droplet size. The 

higher the bed relative humidity, the higher is the vStΔ required to keep the process in the 

layering regime. Further, it is shown that using bed relative humidity and droplet size alone is 

not enough to obtain constant coating quality. The changes in bed relative humidity and 

droplet size have been identified to correlate to the fractional area of particles sprayed per 

unit of time. This parameter can effectively serve as an additional parameter to be considered 

for a better control on the coating quality. High coating quality is shown to be achieved by 

performing the process close to saturation and spraying droplets small enough to obtain high 

spraying rate but not too small to cause incomplete coverage of the core particles.  
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6.1. Introduction 

Fluidized bed coating technology is frequently applied in the production of micro-

encapsulated products, which are of interest of many industries, such as the pharmaceutical 

industry. It offers the possibility to alter and to improve various characteristics of core 

particles such as the surface properties in a single unit operation. The challenges of using this 

technology are the difficulties in choosing the proper process conditions that lead to a 

constant coating quality and a robust process, especially during process up-scaling. One of 

the typical problems encountered is the occurrence of excessive core agglomeration that leads 

to process failure. Another problem is the occurrence of spray-drying of the coating aerosol, 

which should also be avoided although it is less harmful for the continuity of process. Both 

cases result in poor coating quality (46, 65). Therefore, it is desirable to perform coating 

within the layering or in the coating regime (46).  

Understanding of the impact of process settings on the particle growth regimes has 

been the subject of many investigations, while less works focused on their impact on coating 

structures. Considering the importance of both aspects on product development, this work 

investigates the process settings that separate layering from agglomeration regimes and from 

that it defines the process regime that leads to the best coating quality.   

Iveson and Litster (150) proposed the distinction of various particle growth regimes 

inside drum granulation using the Stokes deformation number and the maximum pore 

saturation. The application of this regime map for fluidized bed coating process is however 

not straightforward. The prediction of the granule growth regime requires information on the 

granule properties i.e. granule density, yield stress and porosity, which are not known before 

the process is performed. Moreover, the fluidized bed coating process involves different 

parameters from a mechanically agitated granulation process, which makes this regime map 

can not readily be applied for the fluidized bed coating process.  

 In a fluidized bed process where the shear force on particles is quite low, the 

agglomeration tendency is rather governed by the particle coalescence than by the breakage 

of the granules. The successfulness of the particle coalescence depends on the availability of 

the liquid at the particle surface and the strength of the liquid bridge between two particles to 

facilitate a successful coalescence (151). To avoid particle coalescence or in other words to 

have a situation where colliding particles rebound, the kinetic energy upon particle collision 

has to exceed the viscous dissipation in the liquid and elastic losses in the solid phase (152). 

Ennis et al. (153) proposed that to be in the layering regime the viscous Stokes number ( vSt ) 
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has to be much higher than less than the critical viscous Stokes number ( *
vSt ), defined in Eqs. 

6-1 and 6-2 (152), respectively.  
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This model was developed by assuming elastic collisions between non-deformable particles. 

In practice, the particles can become deformable upon wetting by the coating liquid. The bed 

relative humidity and the droplet size are key parameters determining the availability of the 

wetting liquid on the particle surface (154-156), which then can influence the collision 

behavior between (wet) particles. This becomes the rationale in this study to take into 

account these factors together with the excess Stokes criteria in the prediction of coating 

regime inside the fluidized bed coater.  

The bed relative humidity was predicted using mass and heat balance equations (157-

158), in which the non-adiabatic situation in the coating process was considered extending 

the common adiabatic assumption in practice. The correlation between these process 

conditions and the coating quality was developed using the coating characterization results, 

which were obtained by performing quantitative image analysis on the images of coated 

particles.  

 

6.2. Theory 

6.2.1. Particle Coalescence inside a Fluidized Bed Coater 

In a fluidized bed, particle velocity varies according to the variations in the particle 

size and particle position, leading to a variation in the Stokes number at a certain process 

condition. This explains the difficulty in determining the excess of Stokes number ( vSt - *
vSt ) 

required to be in the coating regime. In this study, we attempted to estimate this criterion.  

Eqs. 6-1 and 6-2 were used to calculate vSt  and *
vSt , where pρ , μ , dp, up, e, h, ha are 

the particle density, the viscosity of the coating solution, the (harmonic) mean diameter of 

two particles, the impact velocity, the coefficient of restitution, the thickness of the liquid 

layer at particle surface, and the characteristic height of surface asperities, respectively. The 

vSt  was calculated using the maximum particle velocity and the median particle size, while 

the *
vSt  was calculated using the maximum droplet height. In this way, the occurrence of 
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agglomeration can be predicted, which occurs when the excess of Stokes number is below the 

suggested limit.  

In this study, the up was taken to be the maximum particle velocity. The h was taken to 

be the height of the droplet, which was calculated assuming a spherical cap droplet on a flat 

and smooth surface. It is realized that the core particles used in the fluidized bed coating 

process were not flat and smooth. However, the size of the spayed droplets was relatively 

small in comparison to the particle size used. Therefore, the curvature of the core particles 

can be assumed negligible. The ha was calculated as the half of the difference of the maximum 

and the mean diameter of the granule. It is a measure of the surface roughness of the core 

particles. The data properties used in the calculation are presented in Table 6-1. Relative to 

the particle sizes used, ha is very small, therefore, the assumptions used during the calculation 

of droplet height are considered acceptable. 

 
Table 6-1. Properties of materials used in this study. 

 

6.2.2. Mass and Heat Exchange in Fluidized Bed Coating Process 

Fluidized bed coating process is a multiphase process, where the coating layer is 

ideally built gradually in time. The sprayed polymer droplets hit the particles and are dried as 

a result of which they are deposited on the core substrate and form a coating layer (160). 

Schematically, it can be depicted as in Figure 6-1.  

Materials Diameter 
(μm) 

Density (kg/m3) ha (μm) 

275 1463 8.5 
755 1463 31.1 

Microcrystalline 
Cellulose 

900 1463 32.0 
Ethisphere® 275 1518 31.9 
Sanal® P 512.5 2493 7.2 

460 2493 3.7 
1000 2531 2.9 

Glass beads 

4000 2517 1.9 
Suglets® 1550 1581 14.1 
EVA 3714 929.6 1.9 
 Density 

(kg/m3) 
Viscosity (Pa.s) Surface tension (N/m)

HPMC E5 1328 - - 
HPMC E5 
solution (159) 

271.6224Xp + 
996.459  

3.173exp(42.145Xp)/1000 -3.9286Xp2+0.425Xp + 
0.45057  
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This chapter focuses on the application of an aqueous coating solution. Therefore, the 

mass and the heat exchange during the process involves mainly the air and water components 

having certain conditions at the inlet (subscript in) and the outlet (subscript out) as 

represented in Figure 6-1 (bottom). In this case, the water term also includes the moisture 

contained in air and the water contained in coating solution. The control volume was taken to 

be the volume between the air distributor and the top of the fluidized bed column. The 

symbols used in this paper can be found in the list of symbols. 

 

  
Figure 6-1. Schematic representation of fluidized bed coating process 

 

The heat transfer in fluidized bed is known to be highly efficient. Therefore, the 

evaporation of water by hot air is assumed to occur instantaneously. Here, the system is 

assumed to be in the steady state condition, implying that the amount of water sprayed is 

equal to the amount of water leaving the system, as given in Eq. 6-3. Based on this equation, 

Eq. 6-4 can be derived. 

outwaterinwater FF ,,
&& =             (6-3) 

aout,aswain,a FYFXFY &&& ⋅=⋅+⋅            (6-4) 

This assumption is of course not true when the amount of water sprayed exceeds the 

drying force of the introduced air. However, this assumption was used considering that it 

ina,Y

wX
out,aT
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Air            
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enables the inclusion of the over-wetting effect during the heat balance calculation, which 

therefore results in a correct calculation of the bed relative humidity.  

The total enthalpy supplied into the fluidized bed coating system is the sum of the 

enthalpy of air in the inlet air, the enthalpy of moisture in the inlet air and the enthalpy of the 

sprayed water, as depicted in Eq. 6-5. The total enthalpy leaving the system is the sum of the 

enthalpy of the air in the outlet air, the enthalpy of moisture in the outlet air and the heat loss 

to the surroundings, as given in Eq. 6-6. Here, room temperature (To) was used as 

temperature of reference. λ, Cpa, and Cvw represent specific heat of evaporation, specific heat 

capacity of air and water vapor, respectively. 

( ) ( )oinaainawoinaaaintotal TTFYCvTTFCpQ −+−= ,,,,
&&&

                             (6-5) 

( ) ( ) loss heatFXTTFYCvTTFCpQ swoout,aaout,awoout,aaaout,total ++−+−= λ&&&&                         (6-6) 

 Based on the steady state assumption, the total enthalpy going out of the system is 

equal to the total enthalpy coming into the system. The fluidized bed system is often not fully 

insulated, resulting in a certain heat loss. The heat loss is dependent on the difference 

between the process temperature and the temperature of its surroundings. It is characterized 

by the heat loss coefficient (Cheatloss), that is normally dependent on several variables e.g. 

equipment dimensions and material (125). Using these assumptions, the heat loss in Eq. 6-6 

could be substituted with the term ( )ooutaheatloss TTC −, . Thereby, Eqs. 6-3 to 6-6 were solved 

deriving an equation (Eq. 6-7) which calculates the temperature of air at the outlet.  

( ) ( )
( ) heatlossaaain,asww

swoin,aawin,aa
oout,a CFCpFYFXCv

FXTTFCvYCp
TT

+++
−−+

+=
&&&

&& λ
                   (6-7) 

 

6.3. Material and Methods 

6.3.1. Materials 

Various pellets were used as cores comprising of: 

(i) Microcrystalline cellulose pellets (250-300 μm, 710-800 μm, 800-1000 μm), which were 

made from Avicel PH102 (FMC BioPolymer, Philadelphia, USA)  using method described in 

Laksmana et al. (161);  

(ii) Ethispheres® (300-350 μm), which are manufactured microcrystalline cellulose pellets, a 

gift from NP Pharm (Bazainville, France);  

(iii) Sodium chloride particles, Sanal® P (425-600 μm), a gift from Akzo Nobel Salt 

(Amersfoort, the Netherlands);  
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(iv) Glass beads (400-520 μm, 1000 μm and 4000 μm), and  

(v) EVA pellets (ATEVA® 1075A, AT Plastics Inc., Alberta, Canada), which are ethylene 

vinyl acetate copolymer resins containing 9% vinyl acetate. The pellets were hand-sieved in 

order to obtain a specific particle size range.  

Hydroxypropyl methylcellulose/HPMC (Methocel E5 LV USP/ EP premium grade, 

Dow) supplied by Colorcon (Dartford Kent, UK) was used as the coating material. 

Carmoisine (E122, Pomona BV, Hedel, the Netherlands) was used as the pigment in the 

coating. HPMC solution was made by dissolving HPMC polymer and carmoisine in cold 

water and stirring it for at least 1 hour to assure the homogeneous solution. 

 

6.3.2. Experimental Methods 

6.3.2.1. Fluidized Bed Coating Process 

The pellets were coated in a fluidized bed coater (Mycrolab, Oystar Hüttlin, 

Schopfheim, Germany). The HPMC solution was sprayed either from the bottom or from 

the top of the column. The coating process was performed until about 20% ratio of coating 

to core weight was sprayed. Various coating processes with different types and amounts of 

particle cores, different HPMC concentrations and different process conditions were 

performed, which are listed in Table 6-2.  

 

6.3.2.2. Determination of Droplet Size 

The droplet size was determined using the simplified model from Nukiyama and 

Tanasawa (162), which have been commonly used in practice (Eq. 6-8) (159).  
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Pre-calculation steps were performed to calculate the tip,au , tip,su , orifice,aQ , and tip,sQ  using 

Eqs. 6-9 to 6-13, respectively (125). In these equations, k (the ratio between Cp and Cv) was 

taken to be 1.4 for air, while the dimensions of the nozzle: dn and dorifice were 0.6 and 1.2 mm, 

respectively. The HPMC solution properties used for the calculation are given in Table 6-1. 

 



96                                                                                                                                              Chapter 6 

Table 6-2. Experimental program used in this study (MCC-Microcrystalline cellulose pellets; 
ES-Ethispheres®; GB-glass beads; EVA- ethylene vinyl acetate copolymer  

(9% vinyl acetate) resins). 

No. Core type 
Spraying 
direction 

Bed 
mass (g) XHPMC 

Qfa 
(m3/h)

Patm 
(bar)

sF&  

(g/min) 
Ta,in  

(K) 
Ta,out  

(K) 
1 1.5 6.6 343.2 301.7 
2 1.5 5.0 343.2 306.8 
3 1.5 2.4 343.2 313.8 
4 0.5 2.4 343.2 314.1 
5 1.5 2.4 333.2 308.7 
6 1.5 4.8 323.2 296.4 
7 1.5 2.4 323.2 302.8 
8 1.5 2.4 313.2 296.7 
9 1 2.4 313.2 297.2 
10 

BS 

0.5 2.4 313.2 297.2 
11 

MCC 800-
1000μm 

TS 

150 5% 25 

0.5 4.8 343.2 309.2 
12 25 1.5 3.0 333.2 305.0 
13 20 1.5 3.0 333.2 301.2 
14 

Salt 425-600μm BS 150 5% 
20 1.5 3.0 313.2 294.6 

15 ES 300-355μm BS 150 5% 25 1.5 3.6 343.2 312.2 
16 GB 400-520μm 150 1.5 3.0 333.2 307.0 
17 1.5 1.2 333.2 310.5 
18 1 1.2 333.2 313.5 
19 0.5 1.2 323.2 308.2 
20 

GB 4000μm 
BS 

50 
5% 25 

0.5 1.2 313.2 302.7 
21 15 1.5 2.4 343.2 291.7 
22 1.5 5.0 353.4 314.1 
23 1.5 4.0 353.9 315.7 
24 1.5 4.8 313.2 294.3 
25 1.5 4.8 343.2 305.4 
26 1 4.8 343.2 307.5 
27 0.5 4.8 343.2 307.6 
28 

MCC 800-
1000μm 

1 2.4 343.2 313.7 

29 MCC 250-
300μm 1.5 4.2 333.2 303.2 

30 MCC 710-
800μm 

5% 

1 3.0 333.2 307.2 

31 0.5 4.2 343.1 310.9 
32 

BS 

10% 0.5 3.0 343.1 312.7 
33 

MCC 800-
1000μm TS 

150 

5% 

25 

1.5 4.8 343.1 305.9 
34 1.5 2.8 343.1 313.2 
35 1.5 1.4 343.1 315.8 
36 

EVA 3600-
3800μm BS 50 5% 25 

1.5 1.4 313.2 300.0 
37 20 1.5 2.4 333.2 310.5 
38 GB 4000μm BS 50 5% 25 0.5 1.2 333.1 313.3 
39 GB 1000μm BS 60 5% 25 0.5 5.8 333.2 307.8 
40 1.5 3.0 343.2 311.9 
41 1.5 1.2 343.1 316.2 
42 

Suglets 1400-
1700μm BS 50 5% 25 

1.5 1.2 343.1 315.3 
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In this study, the initial droplet size was varied by changing the atomization pressure 

(between 0.5 to 1.5 bar) and the concentration of the HPMC solution (from 5% to 10%). The 

droplet sizes obtained vary between 33 to 364 μm. 

 

6.3.2.3. Determination of Particle (Impact) Velocity 

The particles inside the fluidized bed equipment were tracked using a high speed 

camera (Motion Xtra HG-100K, Redlake, Tallahassee, USA). The camera was placed in front 

of the monitor glass, which is a few centimeters above the air distributor. The images were 

recorded at speed of 3000 frames per second, which enables the determination of the particle 

velocity in the range studied. The obtained images are 736x768 pixels in size and have a pixel 

size of 12.98 μmx13.33 μm.  

The particle velocity was determined by tracking the particle displacement over time, 

which was performed using Motion Pro Studio™ software (IDT Vision, Lommel, Belgium). 

The particle velocity was determined as the maximum velocity of 15-20 particles, which were 

tracked for each test performed.  

 Particle velocities of various particle sizes at different fluidizing air velocities were 

measured, from which data a correlation for particle velocity was developed. The model used 

is similar to that of Kunii and Levenspiel (163). Some of the parameters had to be derived 

empirically, due to the differences in the air distributor and the design of the fluidized bed 

column used in this study. The obtained correlations are shown in Table 6-3. 
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 Table 6-3. Correlation for the particle velocity (Up) and its constants as a function of the 
particle size (dp), particle density (ρp), and inlet air velocity (Ufa). 

 
 

( ) 5bb
pp3fa

b-
pp1p

42 db-Udb  U ρρ=
Constants Values 

b1 10.673 
b2 0.279 
b3 2.764x10-5 
b4 1.233 
b5 1.037 
R2 0.974 

 
 
6.3.2.4. Determination of the Agglomeration Occurrence 

The occurrence of agglomeration was monitored by measuring the particle size before 

and after coating process. The agglomeration was signified when the size of more than 10% 

weight fraction of the particles is larger than the cut-off diameter. The cut-off diameter was 

determined by calculating the maximum size of coated pellets obtained after coating process 

if the coating film was formed by layering. This criterion differs for the core particles used, as 

listed in Table 6-4. 

 
Table 6-4. Cut-off coated pellets diameter to determine the occurrence of agglomeration 

 in experiments. 
Core particles Cut-off diameter (μm) 

MCC 250-300 μm 315 
MCC 710-800 μm 830 
MCC 800-1000 μm 1040 

ES 300-350 μm 365 
Salt 425-600 μm 640 
GB 400-520 μm 550 

GB 1000 μm 1070 
GB 4000 μm 4250 

EVA 3940 
 

6.3.2.5. Characterization of the Coating 

The coating structures were analyzed using a quantitative image analysis method 

described previously (161). The analysis comprised of the characterization of coating 

thickness distribution, the porosity, and the pore size distribution in the coating. The results 

were represented as the qualities critical to the coating functionalities, which are the minimum 
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coating thickness, the span of the coating distribution (
50

1090

x
xx

Δ
ΔΔ − ), the total porosity and 

the size of the largest pores (dpore,90). 

 

6.4. Results and Discussion 

6.4.1. Prediction of Bed Relative Humidity 

Different fluidized bed coating processes using various cores and process conditions 

were performed, resulting in different air temperatures at the outlet (Ta,out), which were 

measured and their data are given in Table 6-2. These data were split into two sets: one was 

used to obtain the heat loss coefficient and the other one was used to test the model.  

The data from the first set, which are from the experiments #1 to 20, were fitted to 

Eq. 6-5. Using ‘fminsearch’ command in MATLAB®, different values of Cheatloss were 

automatically tested into the model, until the differences between the calculated and the 

measured values of the air temperature at the outlet are minimized. The best value for Cheatloss 

was found to be 6.1287+ 0.637x10-3 J/K.   

Further, the model was validated using the air temperature at the outlet measured 

from experiments #21 to 42. These measured values were compared with the predicted air 

temperature at the outlet using the present heat and mass balance model (Eq. 6-5). The 

results shown in Figure 6-2 verify that our model predicts the air temperature at the outlet 

quite well, with a degree of fit of 0.99. 
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Figure 6-2. Verification of model to predict air temperature at outlet. 
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No significant effects were found of core properties (type and diameter) and droplet 

properties (atomization pressure) on the prediction quality of the model. The fact that the 

outlet air temperature can be well predicted by considering only the total fluidized bed system 

without looking at the core and droplet properties confirms the highly efficient energy 

transfer between the drying air and the coating solution assumed in the model. 

Having determined the air temperature, the humidity of the air at the outlet enables 

the calculation of the bed relative humidity following the method described in the Appendix. 

The same value of RHbed can be obtained from different combinations of spraying rate, inlet 

air temperature and flow rate. This suggests the suitability of using this process parameter to 

simplify the amount of process parameters to be evaluated for example during up-scaling.  

 

6.4.2. Determination of Coating Process Regime  

As discussed earlier in the theory section, the agglomeration tendency during the 

fluidized bed coating process is determined by the availability of liquid on the surface of the 

particle and the liquid strength to keep the particles together until solid bridges between the 

particles are formed. Intuitively, the amount of liquid on the particle surface can be 

minimized by fast drying or slow spraying. This condition is related to low bed relative 

humidity. Furthermore, spraying small droplets also enables fast drying, which will limit the 

number of successful particle coalescences. Therefore, both the bed relative humidity (RHbed) 

and the relative (initial) droplet size to core size (ddroplet,o/dcore) were applied together with the 

excess of viscous Stokes number ( vStΔ ) criteria proposed by Ennis et al. (153) to develop a 

regime criteria in the fluidized bed coating process.  

Amongst the experiments performed in this study, agglomeration occurred during 

experiments #1, 6, 11, 14, 27, 29, 31 and 32. In these experiments, more than 10% of the 

pellets were agglomerated. The bed collapsed after the process started in experiments #21, 24 

and 39. These 11 experiments are classified to be in the agglomeration regime. The rest of the 

experiments were presumed to occur in the layering regime.  

Figure 6-3 shows the vStΔ , RHbed and ddroplet,o/dcore conditions for each experiments, 

where the layering and agglomeration regimes were indicated in the figure labels. It is shown 

in this figure that the two regimes were separated by certain combinations of the vStΔ , RHbed 

and ddroplet,o/dcore. The transition points were taken from the conditions which are in the middle 

of the conditions of experiments under layering condition which is close to the granulation 
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condition and vice versa. The corresponding the vStΔ , RHbed and ddroplet,o/dcore at the transition 

points were then fitted to the Partial Least Square (PLS) model resulting in Eq. 6-14 with 

degree of fit (R2) of 0.95.  

9903011207 −+=
core

droplet
bedv d

dRHStΔ                                         (6-14) 

This equation forms a surface plot that separates the layering and agglomeration 

regimes shown in Figure 6-3. This plot shows that a certain excess of viscous Stokes number 

is required to keep the process in the layering regime at a given bed relative humidity and 

relative droplet size. The inserted plot in Figure 6-3 is meant to illustrate better the 

correlation between these three variables. The color gradients in this image represent the 

different minimum values of the vStΔ required to be in a layering regime at various bed 

relative humidities and relative droplet size. 

 

 
Figure 6-3. Process regime map determined by the combination of vStΔ , RHbed and 
ddroplet/dcore in the fluidized bed coater. 
 

At a lower RH (e.g. at 70%), the vStΔ  is shown to vary between 0 to about 40 (shown 

as dark and lighter blue colors, respectively) at a whole range of relative droplet sizes tested 
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(10-60%) (see the inserted plot in Figure 6-3). With increasing RH, the variation in vStΔ  

becomes bigger with increasing relative droplet size (e.g. varying from 250 to 400 when 

relative droplet size changes from 10 to 60% at 100% RH). The higher the bed relative 

humidity and the relative droplet size, the higher is the vStΔ  required. Knowing the required 

vStΔ enables the process settings to be adjusted accordingly by changing i.e. the particle 

velocity, the particle size, the density and the viscosity of the coating solution. The ability to 

predict the occurrence of agglomeration helps to design the experimental program more 

effectively by selecting only those process settings that lead to the layering regime.  

 

6.4.3. Process Adjustment and Its Effect on Coating Quality  

Having determined the process windows for performing the coating process in the 

layering regime leads to the next step i.e. finding the optimum process conditions, which lead 

to the best coating quality. Coating quality can be described in terms of the uniformity of the 

coating thickness and the porosity of the coating. The uniformity of coating thickness can be 

quantified by the minimum coating thickness and the span of the coating thickness 

distribution. A very low minimum coating thickness is not desirable as it indicates the 

incomplete or poor coverage of the core particles. A wide span of the coating thickness 

distribution is either unwanted as it will lead to a big variation in the coating transport 

properties, which are particularly important for coating applied for controlled/extended 

release purposes.  

The effects of the process conditions focusing on properties that describe the coating 

quality were further assessed. The shown results were taken from the experiments that used 

microcrystalline cellulose pellets (800-1000 μm) as core particles (of which conditions are 

listed in Table 6-2).  
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Figure 6-4. Effect of bed relative humidity on the minimum coating thickness and the span 
of the coating thickness distribution. Underneath the plot are the CSLM images of coated 
particles with corresponding numbering as the data plots. 
 

Figure 6-4 shows the effect of increasing the bed relative humidity (in this case by 

reducing the inlet air temperature) on the coating thickness distribution. It is shown that a 

maximum in the minimum coating thickness and a minimum span of coating thickness 

distribution were achieved when the coating process was performed at a high relative 

humidity of the bed.  

Figure 6-5 shows another positive effect of increasing the bed relative humidity on 

coating quality, i.e. reduction of the coating porosity and the pore size. At high relative 

humidity, there is less chance for premature drying of the coating droplets. Consequently, the 

coating droplets are still wet upon collision with particles enabling the droplet to spread well 

on the particles, which results in a more homogeneous and less-porous coating structure.  

A discontinuity in the correlation between the bed relative humidity and the coating 

quality is noticed in Figure 6-4 and Figure 6-5 between processes performed using spraying 

rates of 2.4 and 4.8 g/min. At these different spraying rates, both the relative initial droplet 

size and the spraying flux rate (defined as the fractional area of particles sprayed per unit of 

time) are changed. 
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Figure 6-5. Effect of bed relative humidity on coating porosity and pore size. Underneath the 
plot are the CSLM images of coating layer on particles with corresponding numbering as the 
data plots. 

 

The inter-dependency between process parameters in the fluidized bed coating 

process has been identified. The inlet air temperature and the spraying rate together influence 

the relative humidity. Either the changes in the atomization pressure or in the spraying rate 

vary the (relative) initial droplet size. Together with the spraying rate, the respective droplet 

size will determine spraying flux rate. Consequently, it was difficult to vary one condition 

without changing other conditions and keeping the process in the layering regime at the same 

time.  

Figure 6-6 illustrates the inter-relationship between these process settings and the 

range of the process parameters varied in this study, which is limited to the process settings 

that avoid the occurrence of agglomeration. This figure shows for example that the bed 

relative humidity can be varied extensively without causing any agglomeration and any 

significant changes in the spraying flux rate when the droplets sprayed are small enough. 

Moreover, this figure supports the discussion on the selection of the process settings for 

achieving the best coating quality based on Figure 6-7 and Figure 6-8.  
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Figure 6-7 and Figure 6-8 were plotted to illustrate the combined effect of these 

process conditions on minimum coating thickness and coating porosity, respectively. These 

plots were made by making a data grid from the experimental data using a “v4” method in 

MATLAB®. 

High coating quality implies the absence of uncoated areas/ areas with a very thin layer, 

meaning that the minimum coating thickness is close to the average thickness. The average 

coating thickness obtained in this study is between 25-30 μm. Figure 6-7 shows that the 

minimum of coating thickness is closest to the average thickness at bed relative humidity 

close to saturation and at droplet size around 10 to 30% of particle size, which corresponds 

to high spraying flux rate (~7-10x10-3 s-1). A high spraying flux rate implies to a high 

probability for droplets to cover the particle surface. The relative droplet size indicates the 

fraction of particle covered by a droplet every time it reaches the particle. The actual coverage 

of particle by droplets can therefore be estimated from the product between the probability 

(the spraying flux rate) and the droplet size relative to the particle size. When these factors are 

higher, the coating coverage on the core particles becomes better. This explains why at low 

relative droplet size (below 5%), the minimum coating thickness is low, although the spraying 

flux rate is high. A similar reason exists for the coating process using high relative droplet size 

(above 30%), where the spraying flux rate is low and therefore the minimum coating 

thickness obtained is low. 

Figure 6-8 shows similar effects of the combination between the relative humidity, the 

relative droplet size and the spraying flux rate on the coating porosity. Minimum coating 

porosity is desired. This can be obtained by performing the coating process at a bed relative 

humidity close to saturation. At this point, the variations in the relative droplet size as well as 

in the spraying flux rate do not influence the coating porosity. Close to saturation, droplets 

evaporate slowly, which facilitates enough time for the coating solution to rewet the 

precursor film and fill in the existing pores leading to a dense coating. Porous coating is 

obtained at low bed relative humidity at high relative droplet size. This condition corresponds 

to a low spraying flux rate. This result shows the severe impact of the combination between 

fast drying and low distribution of droplets on the coating porosity obtained.  
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Figure 6-6. The combination of process settings used in this study between the relative 
droplet size, bed relative humidity and spraying flux rate (defined as the fractional area of 
particle sprayed per unit time) 
 

Figure 6-7. A contour plot of the effect of the relative initial droplet size and the bed relative 
humidity on the minimum coating thickness.  
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Figure 6-8. A contour plot of the effect of the relative initial droplet size and the bed relative 
humidity on the coating porosity.  
 

6.5. Conclusions 

In this study, the relationship between the excess in viscous Stokes number and the 

bed relative humidity and the relative droplet size has been developed. These criteria have 

been used to determine the process regime inside a fluidized bed coater that lead to the best 

quality of the coating.  

The inter-dependency between the bed relative humidity, the droplet size and the 

spraying flux rate (fractional area of particle sprayed per unit of time) has been identified. 

They were shown to be important in controlling the coating quality, which influences have to 

be assessed at once. High coating quality defined as having uniform coating thickness 

(minimum coating thickness close to mean coating thickness) and low porosity can be 

achieved by performing the coating process close to saturation. Using a small droplet size 

leads to a high spraying rate that is required for obtaining high coating quality. Nevertheless, 

the droplet size should not be too low, since that may cause incomplete coverage of the core 

particles.   
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APPENDIX 

The drying path by air inside a fluidized bed coating process is schematically given in 

Figure 6-9. In this figure, the adiabatic saturation line is represented by a blue solid line. 

When there is heat loss, the drying process in the fluidized bed coater no longer follows the 

adiabatic saturation line but a path, which typically follows the non-adiabatic line as given in 

this figure. Under this condition, the maximum amount of water vapor that the drying air can 

contain before it becomes saturated (saturated humidity of air, nonadsat,aY − ) is lower than that 

in the adiabatic process ( adsataY −, ). 

Figure 6-9. Schematic diagram of enthalpy, temperature and humidity changes during 
fluidized bed coating process. Blue solid line represents the adiabatic saturation process, while 
red line represents the non-adiabatic drying path in the actual process. 
 

In this study, the nonadsat,aY −  was estimated using a hypothetical adiabatic saturation line. 

Due to heat loss, the air temperature at the outlet ( out,aT ) is also lower than that in the 

adiabatic process ( ∗
out,aT ). A hypothetical adiabatic saturation line was drawn, which passes the 

actual air temperature at the outlet ( out,aT ), shown as a blue dash line in Figure 6-9. This line 

starts at an inlet air temperature ( ∗
in,aT ) lower than the actual inlet air temperature ( in,aT ). 
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Working in the same range of air humidities at the inlet and the outlet in both adiabatic and 

non-adiabatic processes, the difference between the in,aT  and the ∗
in,aT  is equal to the 

difference between the outlet air temperature in adiabatic ( ∗
out,aT ) and non-adiabatic ( out,aT ) 

conditions, as depicted in Eq. 6A-1. The ∗
out,aT  was calculated using Eq. 6-5 by neglecting the 

term Cheatloss.     

( )outaoutainaina TTTT ,,,, −−= ∗∗                    (6A-1) 

 Graphically, the actual saturated humidity of air ( nonadsat,aY − ) could be determined by 

following the hypothetical adiabatic saturation line using a psychrometry chart. To enable 

automatic calculations using a computer, in this study, it was calculated using the following 

equations: 

•  Eq. 6A-2 describes the correlation between the saturation water vapor pressure and 

temperature, which is valid for the temperature range between 25 and 100°C (125).  

• Substituting this relation, to Eq. 6A-3, the air temperature at saturation point could be 

calculated. For water-air mixture, 
λ

sc  is equal to 4.45x10-4 (125). 

• Further on, the saturated humidity of air ( nonadsat,aY − ) was calculated using Eq. 6A-4. 

Finally, the bed relative humidity (RHbed)  was calculated using Eq. 6A-5. 

( )16.1933437-02.740938x1 sat,asat TP =                   (6A-2) 
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NOTATIONS 

Cp Specific heat capacity of dry air [=] kJ/kg.K 

Cs Humid heat [=] J/g.K 

Cv Specific heat capacity of water vapor [=] kJ/kg.K 

D Mean diameter [=] m 

F&  Mass flow rate [=] g/s 

dpore,90 Maximum diameter of 90% number fraction of pores in a coating [=] μm 
H Thickness of the liquid surface layer [=] 

ha  Characteristic height of surface asperities [=] m 

hd Droplet height [=] m 

K Ratio of specific heats, Cp/Cv [=] - 

Mw Relative molecular weight [=] g/mol 

P Partial pressure [=] Pa 

Ptot Atmospheric pressure [=] Pa 

Q Volumetric flow rate [=] m3/s 

R Universal gas constant [=] J/mol K 

Re Reynold’s number [=] - 

RH Relative humidity [=] % 

Stv Viscous Stokes number [=] - 
*
vSt  Critical Stokes number [=] - 

T Temperature [=] K 

U Velocity [=] m/s 

V Volume [=] m3 

We Weber number [=] - 

X Mass fraction [=] - 

Y Humidity [=] - 

vStΔ  Excess in the viscous Stokes number (Stv-
*
vSt ) [=] - 

λ Specific enthalpy of evaporation [=] J/g 

γ Surface tension of coating solution [=] N/m 

μ Viscosity of coating solution [=] Pa s 

ρ Density [=] g/m3 

θ Contact angle of coating solution [=] ° 
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Subscripts  

A Air 

Ad Adiabatic condition 

Atm Atomization 

Bed Particle bed 

D Droplet 

d,o Droplet at initial condition 

In At the inlet of the fluidized bed equipment 

N Nozzle/atomization 

Nonad Non-adiabatic condition 

Orifice Through the orifice of nozzle 

Out At the outlet of the fluidized bed equipment 

P Particle/Pellets/Granules 

S Solution 

Sat At saturation  

Tip At the tip of the nozzle 

V Water vapor 

W Water 
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Chapter 7 

UNDERSTANDING THE EFFECT OF DROPLET 

DEPOSITION AND DROPLET DRYING ON THE 

POROSITY OF COATING LAYER APPLIED USING A 

FLUIDIZED BED COATER 
 

Abstract 

Producing high quality coating on small particles requires a delicate quantification of the 

process performance at one side and the coating quality at the other side. This study looked 

at both aspects. A way to estimate the outcome of the droplet deposition and the droplet 

drying in a fluidized bed coating process is presented and the effect of these phenomena on 

coating porosity was investigated. The impingement and the spreading of the droplet on a 

particle were described by the ratio between the impact kinetics, the viscous dissipation and 

the capillary force of the droplet. The droplet drying was modeled before and after the 

droplet deposits on a particle. Using this approach, the extent of these phenomena on any 

given process settings, i.e. the atomization pressure, spraying rate, inlet air temperature can be 

estimated. Further, the porosity of the coatings obtained from the corresponding processes 

was characterized using a quantitative image analysis method. It was shown that the variation 

in the coating porosity can be described by the differences in the two characteristic 

parameters: time to droplet pinning and the relative particle coverage rate. It was suggested 

that time to pinning should be delayed and a high relative particle coverage rate should be 

applied in the coating process to achieve a low coating porosity. Applying the given 

correlations between these variables with the process parameters, e.g. the droplet size and the 

bed relative humidity, the suitable set of process conditions can readily be chosen. 
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7.1. Introduction 

The applications of functional coating on small particles for barrier and controlled-

release purposes require a high coating quality e.g. entailing a low porosity coating film. The 

high quality has to be built by a proper formulation combined with optimum process settings 

(65, 164-166). Fully understanding of the correlations between the process settings and the 

product characteristics is required to facilitate an effective process design. The knowledge for 

a multivariate process such as a fluidized bed coating process is so far quite limited.   

Several studies have been performed to correlate the fluidized bed coating conditions 

with the product properties (46, 166-169). The approach described enable the processing of a 

complex interaction between the process parameters in fluidized bed coating However, the 

approaches do not sufficiently provide any information on the correlation between the 

formation of the functional coating and its final structure. 

To understand better the total dynamics of the fluidized bed coating process, a 

comprehensive study on each of the sub-processes involved on the particle level i.e. particle 

circulation, droplet atomization, droplet deposition and drying on particle is beneficial. 

Several works have been performed focusing on these individual parts. For example, Cheng 

and Turton (49) have performed an in-depth investigation on particle circulation and particle 

passage through the spraying zone. Comprehensive models have also been developed that 

describe the air and spraying distribution inside fluidized bed equipment (60, 170). A number 

of papers has also been published that looked at the influence of operating variables on 

coating efficiency (171-172). These studies provide strong knowledge on the coating 

efficiency i.e. the ratio of the applied coating to the amount of coating sprayed. It is the next 

step to investigate the influence of these process steps on coating quality, which became the 

aim of this study. 

Film formation in a fluidized bed coating process starts by having a substantial liquid 

on the particle surfaces, which is provided by three major steps: (i) successful droplet 

deposition on particles, (ii) sufficient spreading of the coating liquid on particles and (iii) 

sufficient coverage of the particles by droplets. These steps will then determine the shape of 

droplet after impact, the drying front and therefore the drying kinetics of the droplet, and 

finally the shape of the film deposit when the droplet dries on the particle. This study focuses 

on the influence of different process settings on these phenomena and their impacts on 

coating porosity.  
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Engineering models were applied to study the correlations between these phenomena 

and the droplet’s and the particle’s properties i.e. the droplet-particle collision inertia, the 

physical properties of the coating liquid, and the surface characteristics of the particles and 

the droplets. Further, the drying process of a single droplet was modeled by incorporating the 

droplet’s journey inside the fluidized bed coating equipment: i.e. before and after the collision 

with a particle. The model describes the changes in the droplet properties, including the 

evolution of the fraction of water remaining in the droplet, the droplet shape, and the droplet 

size during drying. Using this model, the influence of various process conditions e.g. the inlet 

air temperature, the spraying rate and the atomization pressure on the extent of the droplet 

drying could be studied in depth. Furthermore, the characteristic drying parameters such as 

the time to droplet pinning was determined, which is of importance in determining the form 

of the film deposit after drying (173-174). 

   

7.2. Theory 

After a droplet leaves the nozzle, it travels a certain distance before it hits a particle. 

Subsequently, it spreads on the particle due to the impact of the droplet on the particle. This 

is schematically depicted in Figure 7-1. Deposition and further drying of the droplet on a 

particle eventually leads to film formation. This scheme was the basis for modeling the film 

formation.  

 
Figure 7-1. Illustration of the history of a droplet drying inside a fluidized bed coater and its 
possible phenomena 
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7.2.1. Droplet Drying during Traveling from the Nozzle to the Particle 

During traveling period, a droplet evaporates to a certain extent leading to a reduction 

in the droplet’s diameter (illustrated in Figure 7-1(A)). Eq. 7-1 was used to simulate the 

changes in the droplet mass and therefore the droplet diameter during the travel of a droplet 

from the spraying nozzle to a particle. The derivation of this equation can be found in the 

Appendix, which also shows the definitions of the groups of constants used in Eq. 7-1.  
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dm                (7-1) 

 The traveling time is dependent on the traveling distance that a droplet has to make. 

In this study, the nozzle was placed at the bottom of the fluidized bed column, which is 

immersed in the bed. For this reason, the average traveling distance was derived from the bed 

porosity during fluidization. This porosity correlates to the average distance between particles 

and therefore also between particles and the nozzle. 

 

7.2.2. Droplet-Particle Collision and Accompanying Phenomena 

 The collision between a droplet and a particle leads to spreading of the liquid on the 

particle surface. The time scale of liquid spreading is significantly shorter than the time scale 

of the drying process (175-176). Thus, it is most likely that droplet spreading occurs first and 

droplet drying follows. Therefore, droplet drying will be influenced by droplet impingement 

on the core particle. Based on this aspect, it becomes important to understand the droplet 

fluid dynamics upon collision in order to understand the whole coating formation. It is the 

rationale of this study to account for these droplet initial phenomena on the droplet drying 

modeling. Figure 7-1 illustrates the possible phenomena resulted from collision between a 

droplet and a core particle. 

 After an impact with a particle, a droplet will spontaneously spread on a particle 

surface, called inertia spreading (Figure 7-1(B-C)), which extent depends on the inertia of 

collision and the surface tension, and the viscous dissipation of the coating liquid (68). 

Several studies show that the initial spreading (ξs,max) depends almost entirely on the inertial 

and viscous effects and not on the surface energy (175, 177). To calculate the maximum 

spreading (ξs,max), Asai’s model was used, which gives the ξs,max as a function of the Weber 

number We and the Reynolds number Re (Eq. 7-2). 

( )( )21022050 4814801 ...

collision,d

max,ds
max,s ReWe.expWe.

d
d −−+==ξ         (7-2) 
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 Depending on the residual energy remaining in the droplet after inertia spreading, the 

droplet may have enough energy to recoil and recover its spherical shape leading the droplet 

to rebound (Figure 7-1(D)). It is also possible that the droplet sticks and adheres on the 

particle surface (Figure 7-1(E)). In the extreme case where there is sufficient energy, the 

droplet deforms easily, and the surface tension force is not sufficient to keep the cohesion of 

the droplet, splashing will occur (Figure 7-1(F)). Mundo et al. (178) proposed an empirical 

parameter K ( 25050 .. ReWeK ⋅= ), called Sommerfeld and Tropea’s parameter to describe the 

transition from rebound to deposition and from deposition to splashing. They showed that 

the transition between deposition and splashing occurs at K = 57.7. For the transition 

between rebound and deposition, a limit number of K = 3 was suggested by Lavergne and 

Platet (179). In this study, we applied these criteria to estimate the occurrence of droplet‘s 

bouncing and deposition.  

 

7.2.3. Droplet Drying on the Particle Surface  

 After the droplet deposits on the particle surface, it will evaporate until it is 

completely dried and forms a film on the particle. During initial evaporation of water from 

the droplet, the droplet contact line recedes (180). This occurs at more or less constant 

contact angle (Figure 7-1(G)). Once the water concentration is lower than a critical value, 

pinning occurs (Figure 7-1(H)). During pinning, the droplet diameter stays constant, while 

the droplet height decreases significantly (181). The solvent (water) will flow from the centre 

to the contact line of the droplet to compensate the amount of water that is evaporated from 

the edge of the droplet. This flow is capable of transferring 100% of the solute (polymer) to 

the contact line leading to a higher polymer concentration at the perimeter than at the centre 

of the droplet i.e. forming a ring-like deposit (174). In contrast, a slower receding contact line 

velocity (evaporation) will lead to a delay of pinning and therefore to formation of a more 

dot-like film (181). The time scale of the transition between these two evaporation regimes is 

to be determined in this study, because it influences the droplet deposit type (i.e. dot-like or 

ring-like) and therefore the coating quality (173). The pinning time is defined as the time 

elapsed when the pinning occurs in proportion to the total drying time (Figure 7-1).  

 The evaporation flux of water from the droplet depends on the shape of the droplet. 

Therefore, the two different stages of droplet drying lead to two solutions of droplet dying 

model: Eqs. 7-3 and 7-4, describing the water evaporation during the receding contact line 

and during the pinning period, respectively.  
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              (7-4) 

 These models were derived by substituting a set of correlations between droplet mass 

and its shape parameters into Eq. 7-1 (see the Appendix for details). The size of droplets in 

the coating aerosol was quite small, therefore the gravitational force could be neglected and 

the droplet was assumed to be a spherical cap upon deposition. The complete derivation of 

these equations can be found in the Appendix, including the definitions of the groups of 

constants used in these equations (CT, Cks1, Cks2, CNu, Cdr, C1h, and C2h). Certain correlations 

between the water concentration and the solution physical properties were assumed, i.e. linear 

for the density and the thermal conductivity and exponential for the viscosity. The droplet 

dimensions (i.e. diameter, contact angle and height) were further calculated from the 

corresponding droplet mass.   

 The models were made using the following assumptions regarding to the movement 

and the distribution of the particles and the droplets: 

1. The particles are moving inside a fluidized bed regularly from the bottom to the top 

and back to the bottom of the bed. Such a movement is called one circulation. 

2. The nozzle is immersed in the bed, therefore, the spraying zone was assumed to cover 

the area of the whole bed. 

3. Each particle meets the droplets only once in each circulation. 

4. The bed porosity is homogeneous throughout the fluidizing bed. 

Some justifications of these assumptions will be given in the discussion section. 

 

7.3. Materials and Methods 

7.3.1. Materials 

Two kinds of material were used as pellet cores: (i) Microcrystalline cellulose/MCC 

(Avicel PH102, FMC BioPolymer, Philadelphia, USA) and (ii) pellets containing ethylene 

vinyl acetate copolymer resins containing 9% vinyl acetate, EVA pellets (ATEVA® 1075A, 

AT Plastics Inc., Alberta, Canada). The MCC pellets were produced using the method 
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described by Laksmana et al. (161). EVA pellets were used as provided by the supplier. 

Hydroxypropyl methylcellulose/HPMC (Methocel E5 LV USP/ EP premium grade, Dow) 

supplied by Colorcon (Dartford Kent, UK) was used as the coating material. Carmoisine 

(E122, Pomona BV, Hedel, the Netherlands) was used as a pigment in the coating. The 

HPMC solution was made by dissolving HPMC E5 in cold water to which carmoisine (0.1% 

w/w in water) was also added and stirred for about 1 hour.  

 

7.3.2. Experimental Methods 

7.3.2.1. Thermal Gravimetric Analysis 

 The evaporation of a droplet of HPMC E5 solution (5% concentration) was followed 

using thermogravimetry, TGA (Mettler Toledo TGA/SDTA851e, The Netherlands) at 

various drying temperatures ranging from 25 to 80°C. For each temperature, the 

measurement was performed in three-fold. The droplet was dosed using Gilson 

micropipettes giving a 5 μl volume droplet and it was carefully dropped into the center of a 

TGA aluminum 40 μl crucible. A dry nitrogen gas flow (40ml/min) was purged over the 

solution. Performing the droplet evaporation in TGA also simulates single droplet drying 

inside a fluidized bed coater to some extent. The obtained shapes of the polymer films were 

visually observed to determine the start of droplet pinning. This data was used to derive the 

concentration of water in a droplet at which pinning starts to occur as a function of drying 

condition. This became the criterion used in the simulation to determine the occurrence of 

pinning in a fluidized bed coating process situation. 

 During the evaporation of a coating solution droplet in TGA, there is an 

accumulation of energy in the droplet (shown in the increase in the temperature of the 

droplet) in time. This is due to the difference in the amount of heat supplied to the droplet 

and the amount of heat used to evaporate the water from the droplet, as described in Eq. 7-5. 

The amount of heat input comprises of the convection heat supplied by the hot air above the 

droplet inside the TGA and the conduction heat from the TGA oven to the droplet, 

described as the first and second terms on the right side of Eq. 7-5.  

( ) ( ) λ
t
mTT

h
AkTTAh

t
TmCp dTGAsdwba Δ

Δ
Δ
Δ

−−+−=                  (7-5) 

 Two solutions of Eq. 7-5 were derived (Eqs. 7-6 and 7-7), which describe the two 

stages of the droplet evaporation inside TGA i.e. under receding contact line and pinning 

modes, respectively. Eqs. 7-6 and 7-7 give the total power required to increase the 
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temperature in the sample and to evaporate a certain amount of water from the droplet 

( λ
t
m

t
TmCw

Δ
Δ

Δ
Δ

+ ) as function of dd and hd, respectively. The rest of variables (Cw, ha, ks, λ, 

Tw, Ts, Td) involved in these equations were assumed to be constant. Eqs. 7-6 and 7-7 were 

then derived by substituting the correlation between the droplet area with the droplet 

dimensions (i.e. droplet diameter, height, and contact angle), Eq. 7A-12 in the Appendix.  
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 These models were used to fit the TGA data. TGA data contains a record of droplet 

mass changes in time. Therefore, conversion was made from droplet mass to droplet 

diameter and droplet height to enable the data fitting with Eq. 7-6 and 7-7. The equations 

used for the calculation can be found as Eqs. 7A-13 and 7A-19 in the Appendix, respectively. 

The properties of the materials used in this study are listed in Table 7-1. 

 The fitting procedure started by selecting a first number n of data (initially n was 

chosen to be 4) out of the total data (ntotal). This part of data was fitted to Eq. 7-6, while the 

rest of the data was fitted to Eq. 7-7. The goodness of the fitting (R2) was calculated for both 

data sets and the results were summed. This fitting process was continued using increasing 

numbers of data points (n) fitted to the receding contact line model until the number (n) of 

data reaches the total number of data minus 3 (ntotal - 3). At the end, the data point at which 

pinning starts to occur was determined based on the point that divides the data into two data 

sets that fit each model the best (shown in the highest total R2).  

 Figure 7-2 shows the typical fitting results of the TGA data taken from data of 

droplet evaporation at 25, 45, and 70°C, respectively. The upper figure corresponds to fitting 

of evaporation data under receding contact line mode and the lower one during pinning 

period. It is shown that both data sets fit reasonably well with the models, suggesting the 

validity of Eqs. 7-6 to 7-7 for the evaporation condition in TGA and also the receding 

contact line followed by pinning mode of evaporation assumed in this study. 
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Figure 7-2. Examples of fitting results of the TGA data with the current droplet drying 
models in TGA. 
 

 The thickness of the film deposits obtained was measured at three different positions: 

the left and the right side of the perimeter and the centre of the film using a stereo 

microscope (Kruss GmbH, model G-23, Hamburg, Germany). 
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Table 7-1. Properties of materials used in this study 

θ (o) 
of HPMC E5 

Materials Diameter 
(μm) 

Bulk density 
(kg/m3) 

Bed density 
(kg/m3) 

5% w/w on 10% w/w on 

MCC 900 1463 822.4 28.7 + 2.9 32.5 + 3.3 
EVA 3714 929.6 866.0 63.5 + 3.1 64.2 + 2.7 

 Density 
(kg/m3) 

Viscosity 
(Pa.s) 

Surface 
tension 
(N/m) 

Specific 
capacity 
(J/kgK) 

Thermal 
conductivity 

(W/mK) 
HPMC 

E5 
solution 

271.6224Xp 
+ 996.459 

(159) 

3.173x10-3 
exp(42.145Xp 

(159) 

-0.39286Xp2 + 
0.0425Xp + 

0.045057 (159)

1.535x104 - 
1.161x102T + 
0.4522T2 - 
7.842x10-4T3 + 
5.206 x10-7T4 

-0.276+ 
4. 612x10-3T-
5.539 x10-6 T2 

 

HPMC 
E5 pure 

1328 - - - 0.2 

 

7.3.2.2. Determination of Contact Angle 

The contact angles of a HPMC solution droplet on the MCC and EVA surfaces were 

measured using a stereo microscope (Kruss GmbH, model G-23, Hamburg, Germany). A 

volume of 2 μL coating droplet was dosed by a syringe and dropped carefully on the solid 

surface. The contact angle was then determined by half angle method from the diameter and 

the apex of droplet measured. The MCC surface was prepared by compressing 150 mg of 

MCC powder using a hand press PW10 (Paul Weber, Stuttgart, Germany) at 40 kN in an 11 

mm die and punch set using flat-faced punches. The EVA surface was prepared by melting 

about 2g of EVA resin at 120°C on a glass plate followed by cooling it at room temperature. 

Table 7-1 lists the contact angles of HPMC E5 solutions on MCC and EVA. 

 

7.3.2.3. Fluidized Bed Coating 

The pellets were coated in a fluidized bed coater (Mycrolab, Oystar Hüttlin, 

Schopfheim, Germany). Experiments were performed following the experimental program as 

listed in Table 7-2.  

While these parameters were varied, the micro-climate pressure during the 

atomization of the coating solution was kept constant at 0.6 bar. The coating process was 

performed until about 20% weight ratio of coating to core was sprayed. 
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Table 7-2. Characteristic parameters of droplet drying estimated in this study (for all experiments, Qfa = 25 m3/h) 

No Variable XHPMC 
Patm  

(bar) 
sF&  

(g/min)
Ta,in 

(K)
RH 
(%)

tdrying  
(s) 

circ

drying
t

t

(-) 
XAp,dry 

(% s-1) 
p

d
n
n&   

(s-1) 
dd,max 

 (μm)
maxξ
(-) 

pA&  

x10-3 
(s-1) 

Tpin 
(-) Porosity (%) 

1 5% 1.5 2.4 313 85 5.3E-02 0.6 99.7 6.298 42 1.27 3.40 0.59 1.97 + 0.10 
2  1.5 2.4 323 77 3.4E-02 0.4 99.7 6.298 40 1.27 3.18 0.53 2.93 + 1.42 
3  1.5 2.4 333 71 2.3E-02 0.3 99.7 6.298 39 1.26 2.97 0.45 3.29 + 1.01 
4  1.5 2.4 343 66 1.7E-02 0.2 99.7 6.298 38 1.26 2.75 0.34 3.65 + 0.36 
5  1.5 4.8 323 97 1.7E-01 2.0 99.1 1.216 108 1.42 4.35 0.61 2.44 + 0.34 
6  1.5 4.8 333 90 1.2E-01 1.4 99.1 1.216 107 1.42 4.31 0.56 2.73 + 0.46 
7 

Tdrying 

 1.5 4.8 343 84 9.1E-02 1.0 99.6 1.216 107 1.42 4.28 0.49 3.03 + 0.26 
8 5% 1.5 2.4 343 66 1.7E-02 0.2 99.7 6.298 38 1.26 2.75 0.34 3.65 + 0.47 
9  1.5 3.6 343 76 4.7E-02 0.5 99.6 2.586 70 1.34 3.86 0.46 3.74 + 0.68 
10  1.5 4.8 343 84 9.1E-02 1.0 99.6 1.216 107 1.42 4.28 0.49 3.03 + 0.26 
11 

sF&  

 1.5 6.6 343 96 1.9E-01 2.2 98.6 0.483 176 1.53 4.63 0.50 3.52 + 2.25 
12 5% 0.5 2.4 343 66 2.4E-01 2.7 99.6 0.124 195 1.52 1.45 0.56 4.56 + 0.48 
13  1 2.4 343 66 4.6E-02 0.5 99.8 1.724 67 1.33 2.41 0.45 3.95 + 0.82 
14  1.5 2.4 343 66 1.7E-02 0.2 99.7 6.298 38 1.26 2.75 0.34 3.65 + 0.36 
15  0.5 2.4 313 85 6.4E-01 7.3 98.8 0.124 197 1.52 1.48 0.68 2.95 + 0.11 
16  1 2.4 313 85 1.3E-01 1.4 99.5 1.724 70 1.34 2.63 0.63 2.05 + 0.22 
17  1.5 2.4 313 85 5.3E-02 0.6 99.7 6.298 42 1.27 3.40 0.59 1.97 + 0.10 
18  0.5 4.8 343 84 1.2E+00 13.2 97.6 0.013 646 1.88 1.71 0.58 3.56 + 0.47 
19  1 4.8 343 84 2.4E-01 2.7 99.1 0.247 200 1.55 3.04 0.53 3.33 + 0.69 
20 

Patm 

 1.5 4.8 343 84 9.1E-02 1.0 99.6 1.216 107 1.42 4.28 0.49 3.03 + 0.26 
21 10% 1.5 2.4 343 66 7.6E-02 0.9 99.9 0.797 75 1.14 1.39 0.43 7.56 + 0.29 
22 

XHPMC 
 0.5 3 343 70 2.0E+00 23.5 99.0 0.004 564 1.33 0.42 0.52 11.6 + 1.68 
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The bed relative humidity was calculated using the heat and mass balance between the 

droplets sprayed and the drying capacity by the hot air supplied and the particle impact 

velocity was determined from the maximum particle velocity at different inlet air flow rate, as 

described in Laksmana et al. (161). The droplet size was estimated using a model from 

Nukiyama and Tanasawa (162). The nozzle was placed at the bottom of the bed, thereby the 

traveling distance for the droplet before it hits a particle was estimated to be 3.5x10-4 m and 

1.5x10-3 m when atomization pressure of 1.5 bar was used for MCC and EVA pellets, 

respectively. 

 

7.3.2.4. Characterization of Coating Quality 

The coating quality was characterized using a quantitative image analysis method 

developed and described previously in Laksmana et al. (161). 

 

7.4. Results and Discussion 

7.4.1. Droplet evaporation in the Thermal Gravimetric Analysis (TGA) equipment 

Figure 7-3 shows the top view of the films formed by drying droplets of HPMC 

solution at various temperatures in TGA equipment. Films formed at low temperature 

(<50°C) appear to be homogenous while films formed at drying temperature above 50°C 

appear to have cracks. This formation of cracks is correlated to the fluid flow and the stress 

development during the evaporation the coating droplet (182). It is known that at low 

humidity conditions, the evaporation of a liquid droplet is faster at the circumference edge of 

the droplet (183-184), which induces capillary flow to the edge of the droplet while 

maintaining the contact lines (174). This results in a close packing of the polymer molecules 

at the edge of the droplets. Further evaporation is accompanied by stresses in the wet film, 

which will nucleate formation of a crack when stress exceeds the critical value (182). This 

crack formation induced by the bulk flow to the droplet’s perimeter is confirmed by the 

thickness variation observed in the films containing cracks, where the middle part appears 

much thinner than the outer part as illustrated in Figure 7-3. These findings hence confirm 

the occurrence of pinning in our polymer systems. 

Pinning was found to occur earlier at higher drying temperature, shown in the 

decrease in the Tpin (given in the top part of Figure 7-3). It is shown that with the decrease in 

the Tpin, the size of the cracks and also the area where the coating film is much thinner than 

the film perimeter increase. This signifies the importance of pinning time on the quality of 
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coating resulted. These findings are in agreement with the observations reported by several 

authors (174-175, 180-181, 185). 

Figure 7-3. Top-view of film deposits from droplets of coating solution evaporated at 
various drying temperatures inside thermal gravimetric analysis equipment. The variation of 
the thicknesses at the perimeter and the center of the film as well as the time to pinning (Tpin) 
are also indicated in this figure.  
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Figure 7-4. Influence of drying ambient on the critical fraction of water remaining in the 
droplet (Xw,pin) that leads to pinning. 
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The effect of drying conditions on pinning time also implies the variation in the water 

concentration in the droplet at pinning (Xw,pin). Figure 7-4 depicts the correlation between the 

water content at pinning versus the drying force
sol

satv HD
ρ

 (which correlates to the 

temperature). The group parameter 
sol

satv HD
ρ

 was easy to apply for our simulation purpose, 

where the occurrence of pinning during drying under any given fluidized bed coating settings 

could further be determined. 

 

7.4.2. Controlling the droplet deposition 

The simulation of the extent of droplet drying during traveling allows the estimation 

of the diameter of droplet at impact (dd,collision). This was performed using the model described 

in section  7.2.1. The simulation results show that the relative droplet size at impact (
od

collisiond

d
d

,

, ) 

is mainly dependent on the bed relative humidity and the initial droplet size, as shown in 

Figure 7-5. A fit was made on the simulation data to give a simple idea about how the relative 

droplet size at impact correlates to these parameters. The model that gives the best fit to the 

data is given in Eq. 7-8. The model used to fit is a simplified form of the evaporation model 

for droplet during traveling from the nozzle to the particle, which derivation can be found in 

the Appendix.   

( ) 3
1

4312517 95260104471 ⎟
⎠
⎞⎜

⎝
⎛ ++×==

−− ..
..

,,
,

, RHdRHd
d

d
ξ odod

od

collisiond
Trav       (7-8) 

Having determined the diameter of droplet at impact makes it possible to calculate the 

governing parameters of the droplet-particle collision. It was found that our coating 

experiments were almost only within the region 1 of the impact regime map suggested by 

Schiaffino and Sonin (186), as depicted in Figure 7-6.  

In this map, the Ohnesorge number Oh (
Re
WeOh = ) was used, which scales the force 

resisting the droplet spreading. Therefore, going from left to right of this regime map, the 

viscous effect increases, while going from under to top, the governing factor of impact 

changes from capillary to inertia forces. This suggests that the droplet collisions in our 

experiments were characterized by a short period of droplet spreading, governed primarily by 

inertia. This implies that the impact velocity and the droplet size were the key parameters and 
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viscous effects were weak (186). This finding also confirms the validity of Asai’s model used 

in this study to determine the maximum spreading of the droplet upon impact and its time 

sequence respective to the subsequent droplet drying assumed in the model. In this study, the 

maximum spreading factor ( max,sξ ) was found to be between 1.1 to 1.9, which is highly 

dependent on the size of droplets and the concentration of the polymer used. 
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 Figure 7-5. Correlation between the relative droplet diameter at impact (
od

collisiond

d
d

,

, ) and the 

bed relative humidity (RH) and the initial droplet size (dd,o).  
  

After inertia spreading, a droplet may either rebound or deposit on the core particle. 

The droplet’s behavior was estimated using the criteria described in section  7.2.3. Figure 7-7 

shows the data plot of Oh and Re of droplets from different experiments and their 

correlations with certain K values were also given. From this analysis, it was suggested that 

droplet deposition upon spreading was expected in all processes performed using MCC 

pellets as core particles. In contrast, the droplets would significantly rebound after collision 

on EVA pellets. No occurrence of splashing was indicated in all experiments, as the K for all 

experiments was below 57.7.  
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Figure 7-6. Overview of experiments performed in current study with respect to the impact 
regime map proposed by Schiaffino and Sonin (186). 
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Figure 7-7. Estimation of occurrence of droplet rebound, deposition and splashing based on 
the Sommerfeld and Tropea’s parameter, K. 
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 To some extent, rebounding droplets may also elutriate or stick on the equipment 

wall, leading to material losses. This prediction was confirmed by the much higher coating 

material losses in experiments using EVA pellets, which were about 7-17% compared to the 

experiments using MCC pellets, where losses were between 1-7%.   

While depositing droplets will undergo subsequent drying on particles, rebounding 

droplets may have to travel extra distance before they finally deposit on particles. This means 

that the rebounding droplets may be drier and more viscous when they deposits on particle. 

These two different droplet conditions will influence the shape of droplet after impact and 

therefore the drying kinetics of the droplets and the quality of coating film formed. The 

following sub-chapter 7.4.3 will discuss the effect of droplet’s rebound on coating porosity, 

while the droplet drying under deposition regime (i.e. in the case of using MCC pellets as core 

material) will be discussed in sub-chapter 7.4.4. 

 

7.4.3. Effect of Rebounding Droplets on Coating Porosity 
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Figure 7-8. Effect of the occurrence of possible droplet’s rebound on coating porosity. (A-C) 
CSLM images of coating films on EVA pellets and (D-E) CSLM images of coating films on 
MCC pellets. 
 
 Figure 7-8 shows that the coating porosity is significantly higher on EVA pellets than 

on MCC pellets at comparable relative humidity and droplet size (ranging between 22-42 μm). 

Intuitively, if the deposition of the droplet occurs after the droplet rebounds the droplet will 



130                                                                                                                                              Chapter 7 

be dryer and therefore will not spread well on the particle. This effect may explain the 

significant increase in the porosity of coating on hydrophobic pellets like EVA pellets.  

 This hypothesis is supported by the results that the coating porosity decreases 

significantly with the increase in bed relative humidity (images A, B, and C in Figure 7-8 are 

corresponded to bed relative humidity values of 58%, 70%, and to 75 %, respectively). With 

lower drying rate, the difference in the droplet properties at deposition should be less for the 

droplet that deposits immediately or after it rebounds several times. This appears to reduce 

the influence of the occurrence of droplet rebound on the coating porosity. This result 

confirms the importance of successful deposition of droplets on particles to guarantee better 

spreading of the droplets on the particle surface. 

 

7.4.4. Controlling droplet and film drying 

Figure 7-9 shows the typical simulation results of the changes of the properties of a 

droplet during drying under droplet deposition regime. The evolution of the fractional 

amount of water retaining in the droplet (Xw), the droplet size (dd) and the droplet shape 

factor (
d

d
d
h ) are illustrated in Figure 7-9(A), (B), and (C), respectively. These properties are 

considered to be important in determining the form of the film deposit and therefore the 

coating quality. In this example, it simulates the influence of drying temperature (Ta,in) on the 

droplet drying.  

 With the increase in the drying temperature, the droplet diameter at impact becomes 

smaller (see Figure 7-9(B), point 1A) resulting in a lower maximum inertia spreading factor 

maxξ  and therefore a smaller spreading diameter of the droplet after collision (Figure 7-9(B), 

point 1B). The shape factor of the droplet after collision with particle marginally increases 

with increasing drying temperature (Figure 7-9(C), point 1B), implying to poorer droplet 

spreading at high temperature. This suggests an advantage of performing coating process at 

lower temperature as the size reduction is less during the droplet’s traveling period and better 

spreading can be achieved. Furthermore, at a low drying temperature, the droplet pinning 

(pointed with 2 in Figure 7-9) is delayed, which is about 0.6 compared to 0.33 for coating 

processes performed at 40 and 60°C, respectively. 

 The drying time of a droplet in the range of process settings studied was found to be 

between 0.01 to 2 seconds. Further, the ratio between drying time and circulation time 
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(
circ

drying
t

t
) was estimated to be between 0.19 to 23.5 s (Table 7-2). When the 

circ

drying
t

t
 is below 

1, the surface of pellet is dry when it arrives again in the spraying zone and is hit by another 

droplet. When this value is above 1, the droplet is not completely dried when the particle 

receives other droplets. However, it is noted that 1 droplet is not able to wet the entire 

surface. The area of a particle that is not wetted by droplets when it arrives in the spraying 

zone was quite high (i.e. above 99%) for different values of 
circ

drying
t

t
, as given in Table 7-2. 

This implies that even when the droplets are not fully dried in one circulation, a droplet will 

still most likely deposit on a dry surface as it was assumed in our model.  

  Besides the drying temperature, the spraying rate ( sF& ) is also responsible in 

determining the drying ambient (relative humidity) around the droplet, and together with the 

atomization pressure Patm, they are able to alter the size of the droplet depositing on the 

particle (dd,max). While the (bed) relative humidity controls the drying force, the droplet size 

determines the surface area for the heat transfer. Together, they influence the rate of droplet 

drying and therefore the time when droplet pinning occurs. Table 7-2 lists the variation in the 

time when pinning occurs (Tpin) due to the variation in the process parameters indicated. The 

correlation between the Tpin, the bed relative humidity (RH), and the size of droplet upon 

collision with a particle ( collision,dmax,smax,ds dd ×= ξ ) was found to follow a fit given in Eq. 

7-9. This fit covered about 99.5% of the data variation.   

( ) 210155949754021008111
−×− ××= .

collision,dmax,s
.

pin dRH.T ξ                   (7-9) 

 Delaying the pinning by increasing the bed relative humidity, i.e. via lowering the 

drying temperature (Ta,in) (Table 7-2, experiments #1 to 4) was found to lead to a reduction in 

the coating porosity. These results indicate that pinning time and coating structure are 

correlated. When pinning is delayed, the droplet will continuously reduce in diameter until it 

is (almost) dry. In this condition, there is almost no liquid transfer from the centre to the 

edge of the droplet as in the receding contact line mode. Therefore, the concentration of the 

polymer can be expected to be uniform across the droplet, resulting in a uniform film deposit, 

as illustrated in Figure 7-3 for droplets having high Tpin. Vice versa, with early occurrence of 

pinning a significant flow occurs from the centre to the edge of droplet, which will lead to a 

thicker coating at droplet perimeter and crack formation, as discussed in sub-chapter  7.4.1. 

This apparently leads to more porous coating than when pinning is delayed. This signifies the 
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importance of controlling the droplet drying in order to control the form of film deposit and 

therefore the coating porosity.  

 
Figure 7-9. Simulation of the effect of drying temperature on the evolution of the droplet 
properties (A) fraction of water retaining in the droplet (Xw) (B) diameter and (C) shape 
factor in time. 1 & 1a indicate the time when a droplet hits a particle; 1b indicates the time 
upon inertia spreading of droplet on particle; and 2 indicates when pinning occurs.  
 

Next to controlling the droplet/film drying, it is also important to provide sufficient 

coverage of particles to achieve a good coating quality. The correlation between process 

settings and the relative coverage rate ( pA& ) of particles are given in Eq. 7-10.  
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A higher pA& implies a better distribution of the droplets on particles. This factor 

appeared to have a big impact coating porosity (see Table 7-2, experiments #12 to 20). A 

significant increase in the pA&  appeared to be able to counteract the negative impact of early 

pinning on coating porosity by e.g. increasing the atomization pressure Patm, and vice versa 

(Table 7-2, experiments #12 to 14).  

The dominant effect of the relative coverage rate ( pA& ) on coating porosity was also 

shown in the coating made from 10% HPMC solution (see Table 7-2, experiments #21 and 

22). Using high concentration, the coating porosity obtained is higher than when low HPMC 

concentration was used. The porosity is increased when low pressure was used to atomize the 

coating solution (see experiment #22). With this formulation, even that the spraying rate was 

limited to a very low value to prevent agglomeration, the droplet size at spraying is still 

significantly large. Therefore, the pA& becomes extremely low, which leads to a poor 

distribution of droplets on particles and a thick coating deposit on a particle at once. 
  

Figure 7-10. Correlation between coating porosity and the relative particle coverage rate and 
pinning time (Tpin) 
 

 The discussion so far describes the importance of controlling pinning time to control 

the shape of film deposit and the relative coverage rate of particles to control the coating 
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porosity. The correlations between these parameters were fitted into an empirical model, 

which best fit is given in Eq. 7-11. Figure 7-10(A) shows the goodness of fit of the data to 

the model. It is shown that the model is able to predict the coating porosity based on the 

given pA&  and Tpin reasonably well (R2 = 0.983).  

( ) 0.9364-6693032 10103.454 pin
.

d TAPorosity
−−− ××= &                (7-11) 

 Using this correlation, Figure 7-10(B) was made summarizing the combination effect 

of the Tpin and the pA&  on coating porosity. It was shown that the coating porosity was high 

when both pA& and the Tpin were low and was the lowest at high pA& . At low pA&  (<~3 x 10-3 

s-1), it is important to control the pinning time, as it has a high impact on coating porosity. 

With an increase in the pA& , the impact of the Tpin becomes less significant, although it is still 

beneficial to delay the pinning to obtain a lower coating porosity.  

 To achieve high pA& , it is important to spray small droplets. This has to be combined 

with a low drying temperature, which prevents the premature drying of the droplets. 

Moreover, it is also advantageous to perform the coating process close to the saturated 

humidity, which delays pinning and as well as prevents the formation of cracks in the droplet.  

 

7.5. Conclusions 

 Three process steps have been identified as key processes determining the coating 

porosity: (i) droplet deposition (ii) droplet/film drying and (iii) coverage of particles. To 

achieve low porosity coating, it is important to assure that the droplet-particle collisions to be 

in the droplet deposition regime and to avoid droplet’s rebound. The present models allow 

the estimation of droplet diameter at impact, which is required to estimate whether the 

droplet will deposit or rebound and the maximum spreading of the droplet after impact. The 

maximum spreading of the droplet after impact will determine the drying front and therefore 

the drying kinetics of the droplet on particle. At high drying rate, e.g. at low relative humidity, 

pinning will occur earlier. This will lead to formation of cracks and height variation in the 

film deposit formed when the droplet dries. This was shown to eventually result in a more 

porous film than when pinning was delayed. Additionally, a high relative coverage rate of 

particles should also be applied to achieve a low porosity coating. Using the derived 

correlations between the time to pinning and the relative coverage rate and the process 
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settings (Eqs. 7-9 to 7-11), it is possible to find the suitable set of process conditions that 

assures a low coating porosity. 

APPENDIX 

1. Derivation of the models used to simulate the droplet drying in a fluidized bed 

coater 

The amount of solvent evaporated from the droplet is dependent on the convective 

heat transfer from the surrounding air to the surface of the droplet, given by: 

( )wbin,a
a TTAh

dt
dm

−−=
λ

                            (7A-1) 

In this model, steady state drying conditions were assumed, droplet drying occurs at 

constant rate. The droplet’s temperature was also assumed to be isothermal across the droplet 

and equal to the wet bulb temperature of drying air (Twb).  

The heat transfer coefficient ha was calculated from the Nusselt number (Nu). To 

calculate Nu number, an empirical correlation from Ranz and Marshall (187) was used:  
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Substituting equation for Nu (Eq. 7A-2) in Eq. 7A-1 leads to Eq. 7A-3. 

( )wbina
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                              (7A-3) 

 The thermal conductivity of the coating solution was assumed to decrease linearly 

with the decrease in the water concentration, as shown in eq. 7A-4 (188). 
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 Depending on the conditions 3 different solutions for Eq. 7A-3 have been derived: (i) 

before a droplet hits a particle (so called the traveling period) and after a droplet hits a 

particle and the droplet evaporates under:  (ii) receding contact line and (iii) pinning mode.  

 During droplet’s traveling period, the drying process of a droplet could be modeled 

quite straight-forwardly, assuming a spherical droplet wherein only changes in the water mass 

in the droplet and droplet diameter occur in time. For this drying period, Eqs. 7A-5 and 7A-6 

were applied.  
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 By substituting Eqs. 7A-2, 7A-4 to 7A-6, eq. 7A-3 can be written as function of 

droplet mass, which is given as Eq. 7-1, where the constants CT, Cds, CNu, Cks1, and Cks2 are 

given in Eqs. 7A-7 to 7A-11.   
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Once the droplet hits a core particle, the shape of the droplet changes from spherical 

to spherical cap. The correlations for its area and diameter are described in Eqs. 7A-12 and 

7A-13. 
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 Afterwards, the droplet evaporates, which begins in the receding contact line mode. 

Under this condition, the droplet diameter recedes in time while its contact angle stays 

constant. This makes that the model for the water evaporation from a droplet under this 

condition becomes: 
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 The constants CAr and Cdr are given in Eqs. 7A-15 and 7A-16.  

⎟
⎠
⎞

⎜
⎝
⎛ +=

2
1250 2 θπ tan.CAr                  (7A-15) 



 

Chapter 7 137 

3
1

3
22

3

62
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

⎟
⎠
⎞

⎜
⎝
⎛ +

=
θθπρ tantan

C
d

dr                 (7A-16) 

Under pinning conditions, the droplet diameter remains constant, while the droplet 

height decreases in time. The corresponding contact angle of the droplet at certain droplet 

diameter and height can be calculated using Eq. 7A-17.  
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The correlation between the droplet mass and the droplet diameter and height is given in Eq. 

7A-18. Based on this correlation, the droplet height can be calculated from the corresponding 

droplet mass and diameter using Eq. 7A-19, where the C1h and C2h are given in Eqs. 7A-20 

and 7A-21, respectively. 
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By substituting Eq. 7A-12 and 7A-19 to Eq. 7A-3, the evaporation of water from a droplet 

under pinning condition can be derived, shown in Eq. 7A-22.  
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2. Derivation of fitting correlation for relative droplet diameter at impact (
od

collisiond

d
d

,

, ) 

By substituting equation for Nu (Eq. 7A-2), A (Eq. 7A-6) to Eq. 7A-3, Eq. 7A-23 is 

derived. 
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 As the traveling time (Δt) is constant for all coating experiments, Eq. 7A-23 can be 

rewritten as: 
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Further simplification by applying also the correlation between ( )wbina TT −,  and the 

bed relative humidity and grouping some constants to become C1 and C2, Eq. 7A-25 is 

derived.  
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 As in our case the coating experiments were performed using bottom nozzle, where 

the traveling distance is very short, a small reduction was expected in the droplet diameter 

during traveling. Therefore, the diameter of droplet (d) at the right-hand side of Eq. 7A-25 

can be approximated as the initial diameter of the droplet ( odd , ). A factor C3 was further used 

in Eq. 7A-26 to compensate the deviation of the approximations used in this model. 
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NOTATIONS 

A Area of droplet [=] m2 
pA&  Relative particle coverage rate [=] m2/m2 s-1 

Cw Specific heat capacity of water [=] J/kg.K 
Dv 

 
Diffusion coefficient of moisture to air,  
=-2.775x10-6+4.479x10-8T+1.656x10-10T2; [=] m2/s 

D Droplet diameter [=] m 
sF&  Spraying (mass flow) rate [=] kg/s 

ha  Heat transfer coefficient [=] W/m2K 
hd Droplet height [=] m 
hlayer Coating layer formed after each time of a droplet deposition [=] m 
Hsat Humidity at saturation [=] kg/kg 
K Thermal conductivity [=] W/mK 
K Sommerfeld and Tropea’s parameter [=] - 
M Mass [=] kg 

pn&  Number of droplets sprayed per unit of time [=] s-1 

nd Number of particles in the fluidized bed [=] - 
Nu Nusselt number [=] - 
Oh Ohnesorge number [=] - 
Patm Atomization pressure [=] Pa 
Re Reynold’s number [=] - 
RH Relative humidity [=] % 
t Time [=] s 
T Temperature [=] K 
Tpin Time elapsed until the pinning starts to occur [=] s 
Uc,av Average receding velocity of droplet contact lines [=] m/s 
V Volume [=] m3 
We Weber number [=] - 
X Mass fraction [=] - 
XAp,dry Fractional area of particle, which is not wetted by droplets when it 

reaches the spraying zone [=] % s-1  
mΔ  Amount of water evaporates [=] kg 
tΔ  Unit of time [=] s 
TΔ  Difference in temperature [=] K 

γ Surface tension of coating solution [=] N/m 
μ Viscosity of coating solution [=] Pa s 
λ Specific enthalpy of evaporation [=] J/g 
ρ Density [=] g/m3 

θ Contact angle of coating solution [=] ° 
ξ Spreading factor [=] - 
ξTrav Survival factor of droplet during traveling period, dd,collision/dd,o [=] - 
  
Subscripts  
a,in Air at the inlet 
bed Particle bed 
crit,b Critical criteria for droplet’s rebounce 
crit,s Critical criteria for droplet’s splashing 
Core Core particles 
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d Droplet in a spherical cap form 
d,collision Droplet after collision 
d,o Droplet at initial condition 
ds Droplet in a spherical form 
d,smax Droplet at maximum spreading after inertia impact 
In At the inlet of the fluidized bed equipment 
p Polymer 
pin At pinning time 
S Solution 
sat At saturation  
TGA Thermal gravimetric analysis 
tip At the tip of the nozzle 
w Water 
wb Wet bulb 
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Chapter 8 

TAILORING THE SIZE AND THE SPATIAL 

DISTRIBUTION OF PORES IN THE COATING FILMS 

MADE IN A FLUIDIZED BED COATER 
 

Abstract 

Up to now, the possibilities for quantification of coating morphologies are limited, which 

leads to the difficulties in assuring the coating performance and also little understanding on 

the film formation mechanism in a fluidized bed coating process. In this paper, the size and 

the spatial distributions of pores were quantified using a dedicated image analysis method and 

their evolution during the coating process was investigated. Moreover, the influence of 

various process settings, i.e. nozzle position, inlet gas flow rate and atomization pressure on 

the pore properties in the films were studied. The results showed that the deposition of moist 

droplets on the coating polymer causes the re-dissolution of the polymer that induces 

polymer flow and leads to the densification of the film. For this reason, pore size reduces in 

time and the pores in the outer part of the coating films were shown to be the first that 

disappeared upon layering. To facilitate this mechanism, it is important to have the droplets 

wet enough when they reach the particles, i.e. via immersing the nozzle in the bed (bottom-

spray system). Moreover, it is also important to provide sufficient coating time with respect 

to the number of layering cycles to achieve optimum reduction of pores in the coating films. 

The latter aspect can also be tailored via adjusting the inlet gas flow rate as well as the 

atomization pressure. 
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8.1. Introduction 

Control of the morphologies of coatings applied on small particles, specifically the 

thickness distribution and the porosity of the coating layer applied in a fluidized bed coating 

process are indispensable to achieve a certain barrier or transport properties (2, 3). In practice, 

the coating thickness is steered by determining the end of the fluidized bed coating process 

from the final amount of the coating sprayed during this process. This method will of course 

only lead to the desired average coating thickness. However, the coating thickness 

distribution is usually not uniform. Moreover, the presence of pores is almost inevitable in 

the coating films made using aqueous coating systems, due to high viscosity and relatively 

slow drying of droplets (4). This also explains the differences found between the actual 

coating thicknesses and those estimated from the amount of coating sprayed in our previous 

work (161). Keeping the coating porosity and pore size at minimum levels is obviously not 

only important to achieve a high barrier film but also to make the coating thickness easier to 

control. In spite of its importance, coating layer porous structures are still difficult to control 

in real-time process.  

The control of the coating porous structure should include the control of both the 

total porosity and the distribution of the pores in the coating layer. Correlations between the 

total porosity and the transport properties, e.g. diffusion coefficient have often been reported 

in the literature (e.g. 5, 12, 135-136). Moreover, the variation of the pore locations in the 

coating films may lead to different transport mechanisms, e.g. the presence of pores close to 

the surface of the coating layer could facilitate pore condensation that leads to the increase of 

gas sorption to the films (189). The spatial distribution of pores in the coating layer has 

however not been well investigated.  

This motivates this study to look at the way the coating layer is built up in a fluidized 

bed coating process. The formation of coating layer starts with the deposition of droplets on 

particle surface, which is influenced by the conditions of the droplet spraying entailing e.g. the 

size of droplets and the location of nozzle. Moreover, the coating time determines the 

progress of the layering cycles by droplets and therefore the coating quality, as revealed in our 

preliminary investigation illustrated in Figure 8-1. Quantitative image analysis is applied to 

measure the spatial distribution of pores in the coating films, next to the total porosity and 

the pore size distribution. In this way, the mechanism of the porosity evolution in time can 

be studied more comprehensively.  
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Figure 8-1. Examples of variations in the porosity of coating films made in the bottom spray 
versus the top spray fluidized bed coating systems.  
 

8.2. Materials and Methods 

8.2.1. Materials 

Microcrystalline cellulose/MCC (Avicel PH102, FMC BioPolymer), supplied by 

Internatio, (Zutphen, the Netherlands) was used as pellet excipient. Pellets were made using 

high shear granulation process described in Laksmana et al. (161). Hydroxy-propyl 

methylcellulose/HPMC (Methocel E5 LV USP/ EP premium grade, Dow) supplied by 

Colorcon (Dartford Kent, UK) was used as coating polymer material. Carmoisine (E122, 

Pomona BV, Hedel, the Netherlands) was added as pigment in the coating.  

 

8.2.2. Experimental Methods 

8.2.2.1. Fluidized Bed Coating 

The pellets with size fraction of 800-1000 micron were coated in a fluidized bed 

coater (Mycrolab, Oystar Hüttlin, Schopfheim, Germany). Samples (about 2-3 g) were taken 

at different coating time during process. The size of droplets sprayed was varied by changing 

the atomization pressures or the spraying rate. Inlet gas flow rate was also varied to study the 

influence of the number of layering cycles on the pore structure of the films. The coating 

solution was fed either from the bottom or from the top of the fluidized bed column. The 

process conditions used for present experiments are listed in Table 8-1. The drying 
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temperature was kept constant for all experiments at 70°C. The coating process was 

performed until about 20% weight ratio of coating to core was sprayed.  
 

Table 8-1.  Experiment conditions used for fluidized bed coating process  
performed in this study 

Test Nozzle location XHPMC 
(%w/w) 

Inlet gas 
flow rate 
(m3/h) 

Atomization 
pressure 
(mbar) 

Spraying 
rate 
(g/min) 

BS1 5 25 1.5 4.8 
BS2 5 25 0.5 4.8 
BS3 5 25 1.5 2.4 
BS4 5 25 1 2.4 
BS5 5 25 0.5 2.4 
BS6 5 20 1.5 2.4 
BS7 5 25 1.5 1.2  
BS8 

Bottom-spray 
 

10 25 1.5 2.4 
TS1 5 25 1.5 4.8 
TS2 5 25 1.5 2.4 
TS3 

Top-spray 
 

5 20 1.5 2.4 
TSBS1 Top-spray followed 5 25 1.5 4.8 

 

8.2.2.2. Characterization of Coating Qualities 

The characterization of coating qualities involves the determination of coating 

thickness distribution, porosity and pore size distribution, which were identified as important 

quality attributes of the coating films. Their determinations were based on a quantitative 

image analysis method, which is described in Laksmana et al. (161). The spatial distribution of 

pores in the coating films was determined using additional calculation steps, which are 

illustrated in Figure 8-2. 

Figure 8-2(A) shows a typical confocal scanning laser microscopy (CSLM) image 

acquired for the pore structure analysis. Using a binarization procedure described in 

Laksmana et al (161), a binary image as in Figure 8-2 (B) was derived. The next step was to 

determine the inside and outside boundaries of the coating layer. The inside boundaries are 

the boundaries between the surface of the core particle and the coating layer, while the 

outside boundaries are the ones at the most outer part of the coating layer. In Figure 8-2(B), 

the inside and outside boundaries are presented with blue and red markers, respectively. A 

further sectioning of the coating layer was made to only include the part of the coating which 

both inside and outside boundaries are captured in the image. The selected section is shown 

in Figure 8-2(C) from which the spatial distribution of pores was further determined. Pores 
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are constituted of one to several pixels, which in this figure are marked with green colors. 

The Euclidean distances between a pore pixel and every point at the inside boundaries were 

calculated. The shortest distance was then taken as the position of the pore pixel to the inside 

boundaries i.e. the core surface. This calculation was performed for all the pore pixels, using 

image processing tools from Matlab® R2007A. Figure 8-2(D) illustrates the determined 

position of all pore pixels to the core surface given as red lines, which connect each pore 

pixel to the closest inside boundary (marked with blue color). In this way, a range of distances 

between the pores and the core surface and the number of pores that have such a distance 

can be obtained. In this figure, the final spatial distribution of pores is described as the (area) 

distribution of the porosity fraction at different fraction of the coating thickness, where “0” 

locates the fraction of pores at the core surface while “1” locates the one at the most outer 

part of the coating layer (the maximum thickness).        
 

Figure 8-2. Calculation steps used to determine the spatial distribution of pores in the 
coating layer (taken from samples of experiment BS1 after 19 minutes of coating, explanation 
see text). 
 

 The pore structure analysis was performed on films produced at various process 

settings and process times. Unless mentioned, the presented analysis results were taken from 



146                                                                                                                                              Chapter 8 

the data of films taken at the end of coating process, i.e. when coating polymer on particles 

was about 20% w/w.  

 

8.3. Results and Discussion 

8.3.1. The reduction of the total porosity during coating process 

As illustrated in Figure 8-1, the porosity in the coating film was found to initially 

decrease in time, leading to different porosities at different process settings. Here examples 

are taken from coating processes performed using a bottom versus a top-spray nozzle at 

constant spraying rate (4.8 g/min), inlet air temperature (70°C), and atomization pressure (1.5 

bar). These two types of process lead to significant differences in the final porosity, i.e. 3% 

for bottom-spray versus 6.7% for top-spray system after 20% by weight coating polymer has 

been sprayed. These differences are correlated to the differences in the traveling distance for 

droplets before they reach the particles and therefore the drying and the deposition of the 

sprayed droplets, which were described in our previous study (190). In the top-spray system 

used, the nozzle was located about 4 cm above the bed. So, droplets could partially or 

completely be dried or even elutriated from the bed before they reach particles. As a result, 

the bed particles was less moist than those in the bottom-spray coating process using similar 

spraying and gas flow rate. This situation is confirmed in Figure 8-3, where the bed 

temperature was found higher i.e. the bed humidity was lower in the top-spray than in the 

bottom-spray coating process. Moreover, the material loss in the top-spray coating process 

was found to be much higher (~11%) compared to that in the bottom spray coating process 

(~4%). The lower amount of droplets reaching the particles and the higher viscosity of 

droplet aerosols when they reach the particles would lead to poorer particle coverage, which 

explains the high final porosity obtained from the top-spray coating process.  

The reduction of the total porosity with coating time suggests a certain layering 

mechanism in a fluidized bed coating process that alters the structure of the coating layer in 

time. There are three mechanisms that can be considered possible in causing reduction in the 

coating porosity: (i) formation of a much denser layer on top of the previously formed 

coating layer that makes the average porosity of film become lower; (ii) pore-filling by 

polymer deposition in the pores; and (iii) rewetting of the coating matrix that induces 

polymer flow and densifies the coating matrix. In all cases, the coating layer may become 

more porous close to the particle core and denser at the outside of the layer. In case 1, the 

reduction of porosity can occur without any alteration of the structure of the coating layer 
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beneath. Through layering sequence, it is possible that a denser layer is formed on top of the 

precursor coating layer, simply just because the adhesion between the droplets and the 

surface is improved. On contrary, when the reduction of the total porosity is via scenario 2 or 

3, the alteration in the pre-existing coating layer is expected, which should be confirmed with 

a significant reduction of the pore size. Taking into account of these aspects, the plausibility 

of these three scenarios was tested and become the topic of the next section.   
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Figure 8-3. Differences in the bed and outlet temperatures in the bottom and the top-spray 
coating processes (same experiments as in Fig. 8-1). 
 

8.3.2. The mechanisms of pore reduction 

The pore size distribution analysis revealed that the pore size decreases in time for 

both bottom and top-spray coating processes, as shown in Figure 8-4. The degree of the 

reduction of the pore size in the top-spray, however, differs from that in the bottom-spray 

coating process. In the top-spray coating process, the pore size appears to only slightly 

decrease in time. This implies that the reduction of the total coating porosity in time in the 

top-spray coating system is unlikely via the reduction of the pore size and instead more likely 

via the subsequent layering by a much denser layer on top of the porous pre-formed film 

(scenario 1). 

In the bottom-spray coating process, the pore size, in particular the larger ones (dpore,90) 

was found to steadily decrease in time. Accordingly, the span of the pore size distribution, i.e. 

the difference between the dpore,90 and the dpore,10  becomes smaller in time as pointed in Figure 
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8-4. Unlike in the top-spray coating system, the scenario 1 was unlikely the cause of the 

reduction of total porosity in the bottom-spray coating process, as the bigger pores did 

reduce in time. This was also confirmed by the visual evaluation of coating structure obtained 

at different coating time (see the inserted CSLM images on the right-side in Figure 8-5). It 

can be seen that pores disappear with the increase of coating time, starting from the outer 

part of the coating (compare the CSLM image of particles taken after 19 and 76 minutes of 

coating). This preferential direction of pore reduction is expected considering the rewetting 

direction of the coating by subsequent droplet deposition. This figure will also be discussed 

in more details in section 8.3.3. 
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Figure 8-4. Evolution of pore size over time in the bottom and the top-spray coating 
processes (taken from analysis of samples from experiment BS1 and TS1). 
 

At the end (after 133 minutes) of coating process, pores were hardly visible in the 

coating film, including in the part of coating close to the core surface (see Figure 8-5). The 

porosity reduction via scenario 1 would never lead to the disappearance of pores in the inner 

part of the coating. The only way that pores reduced in size as well as disappeared at some 

point was due to the subsequent layering that resulted in an alteration of the morphology of 

the pre-existing coating layer. As mentioned before, this could occur either via pore-filling 

mechanism (scenario 2) or via rewetting of the pre-existing coating matrix (scenario 3). 

The pore-filling phenomenon can however only occur if the pores are open i.e. 

located on the surface of the coating layer. This was only true for coating films made after a 
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short coating process time (see the CSLM images after 19 minutes of coating process in 

Figure 8-5). After longer coating time, most pores are located close to the core surface. The 

pore-filling mechanism can therefore only occur at the beginning of the coating process. As 

process continues, pores are mostly isolated, which means that the reduction of the pore size 

is no longer possible via the pore-filling mechanism.  
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Figure 8-5. Spatial distribution of pores in the coating layer during the bottom-spray coating 
process (experiment BS1). 
 

To test the plausibility of the third mechanism, i.e. the rewetting of the coating matrix, 

experiments were performed by initially spraying an HPMC polymer solution and then 

shifting it to water and finally spraying the coated particles again with a HPMC solution. The 

experiments were performed using two HPMC concentrations: 5 and 10%, respectively. The 

results are shown in Figure 8-6. It can be seen here that after water droplets were sprayed, the 

coating porosity as well as the pore size do continue to reduce. It was also found to be 

consistent for both HPMC solutions. This finding supports the plausibility of the pore size 

reduction via the plasticization of polymer upon contact with moisture. After coating solution 

was sprayed again, the porosity and the pore size increased (see Figure 8-6). This increase was 
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actually due to the limitation in the minimum final porosity and pore size that could be 

achieved using the given formulation and process settings. For this reason, the final porosity 

and pore size of using 10% HPMC solution was higher than those using 5% HPMC solution, 

due to its inferior film formation properties, e.g. higher viscosity and therefore poor spreading.  
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Figure 8-6. Effect of switching the sprayed coating solution to water and back to coating 
solution on the porous structure of the coating layer: experiments BS7 and BS8, respectively. 
 

The pore-size reduction via the rewetting mechanism also explains the higher pore 

size reduction in the bottom-spray than in the top-spray process, as in the bottom-spray 

process the droplets most likely contain higher moisture content than in the top-spray 

process. Accordingly, the droplets will rewet the precursor coating layer more intensely in the 

bottom-spray than in the top-spray coating process. To investigate the significance of the re-

wetting mechanism of the precursor coating layer on the reduction in its pore size, 

experiments were performed by initially using top-spray nozzle and afterwards bottom-spray 

nozzle. The result is shown in Figure 8-7. It can be seen here that by changing the nozzle 

location from the top to the bottom of the bed in the middle of the coating process, both the 

final porosity and pore size decreased. The reduction however did not reach as low as the 

porosity and the pore size if a bottom-spray nozzle were used from the very beginning of the 

coating process. This shows the limitation of pore size reduction via re-wetting mechanism of 

the coating layer, which depends on the maximum polymer dissolved in the contacting 
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moisture. The conditions in which droplets dry and deposit on particles are by far also the 

determining factors of the final coating qualities (190). 
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Figure 8-7. Effect of switching from the top to bottom-spray nozzle on the porous structure 
of the coating layer (experiment TSBS1).  

 

So far, it can be concluded that rewetting of the pre-existing coating matrix is the 

most plausible mechanism that causes the reduction of pore size and therefore the total 

porosity in the coating film after a sequence of layering. To facilitate this mechanism, the 

droplets ought to be wet enough to induce the re-dissolution and therefore the densification 

of the coating polymer. Such mechanism will not only affect the pore size but also the spatial 

distribution of pores in the coating films, which will be discussed in the following section. 

 

8.3.3. The spatial distribution of pores in the coating layer 

The location of pores in the coating film is given as the relative (shortest) distance of 

pores from the core surface i.e. the fraction of coating thickness, where “0” indicates the 

inner boundary and “1” the outer boundary. The fractions of pores at a certain distance from 

the inner boundary give the so-called spatial pore distribution in the coating layers, which are 

depicted in Figure 8-5 and Figure 8-8, for films made in a bottom-spray and a top-spray 
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system, respectively. Here, it can be seen that the relative distance from core surface that 

covers 50% of the total porosity ( porX %,50 ) is less than 0.25 for films made using bottom-

spray system and 0.26 for films made using a top spray system. In other words, in both 

processes at least 50% of the pores are located close to the core surface.  
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Figure 8-8. Spatial distribution of pores in the coating layer during the top-spray coating 
process (experiment TS1). 

 

At the beginning of coating process, the coating films made in the bottom and top-

spray systems appeared to have comparable structures, shown in the comparable porX %,50  of 

films made after 19-20 minutes of coating. At this stage, there were only few layers formed 

on the particles and some parts of the particle surface are not yet covered by a coating film 

(see red arrow pointed to the inserted CSLM images in Figure 8-5 and Figure 8-8 of the 

particles coated for 19 and 20 minutes in the bottom and top-spray system, respectively). For 

this reason, the more “wet” situation in the bottom-spray system did not seem to help in 

achieving a denser coating film. Nevertheless, as the layering proceeds, the spatial pore 

distribution in the coating layer evolves differently in the bottom-spray than in the top-spray 

coating process.  
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In the bottom-spray coating system, the relative distance from core surface covering 

50% of the total porosity ( porX %,50 ) became significantly smaller with the increase of coating 

time, which shifted from 0.25 to 0.04 when coating process proceeded from 19 to 133 

minutes. On the contrary, in the top-spray coating process, the porX %,50  only reduced from 

0.26 to 0.18 when the coating process proceeded from 20 to 140 minutes. As mentioned 

previously, at the process settings used in the top-spray coating experiments, the droplets 

seemed to be not wet enough to induce the rewetting mechanism and the pore reduction is 

predominantly via the subsequent layering by a denser film on top of the previously formed 

film. The new layer was however most likely not so dense, considering the intense droplet 

drying in the top-spray system. For this reason, the pore structure comprising of the pore size 

distribution as well as the spatial distribution of the pores in the films made using a top-spray 

system did not vary greatly over the coating time.  
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Figure 8-9. The effect of inlet gas flow rate on the final spatial distribution of pores in the 
coating films made using bottom-spray (BS) and top-spray (TS) coating processes: 
experiments BS6, TS3, BS3 and TS2, respectively. The inserted table gives the relative 
distance from core surface covering 50% of the total porosity ( porX %,50 ). 
 

Figure 8-9 and Figure 8-10 show further the impact of variation in the inlet gas flow 

rate and atomization pressure, respectively, on the spatial distribution of pores in the coating 

layers. The results revealed that the effect of the inlet gas flow rate is only significant on the 
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spatial distribution of pores in films made in the bottom-spray coating process (see Figure 8-

9). It is shown that more pores are concentrated in the inner part of the coating and less are 

found close to the surface of the coating film, where porX %,50  shifted from 0.08 to 0.05, 

when the gas flow rate was increased from 20 to 25 m3/h. At higher gas flow rate, the particle 

velocity is increased and thus the circulation time of the particles is reduced. At similar 

duration of coating process, a shorter circulation time will lead to a higher number of layering 

cycles. For this reason, the inlet gas flow rate led to similar effect as the coating time on the 

evolution of size distribution as well as spatial distribution of the pores. For a top-spray 

coating process, where rewetting is not a predominant mechanism, changing gas flow rate 

gave a little effect, as confirmed in the constant values of porX %,50  at 0.3 when the gas flow 

rate is increased from 20 to 25 m3/h. 

Figure 8-10 shows the effect of atomization pressure on the final spatial distribution 

of pores throughout the coating films. A higher concentration of pores in the inner part of 

the coating films was obtained with the increase of the atomization pressure from 0.5 to 1.5 

bar, shown as a shift of porX %,50  from 0.12 to 0.05 at spraying rate of 2.4 g/min, respectively.  
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Figure 8-10. The effect atomization pressure on the final spatial distribution of pores in the 
coating films made using a bottom-spray coating process (experiments BS1-BS5). The 
inserted table gives the relative distance from core surface covering 50% of the total porosity 
( porX %,50 ). 
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 At a low atomization pressure, the coverage rate of the particles is significantly 

lowered, due to the bigger size of droplets produced. Using similar spraying rate, at a low 

atomization pressure, the number of droplets sprayed is lower than that at a high atomization 

pressure. Accordingly, it takes longer time for completing a layering cycle of a particle when a 

low atomization pressure is used. At this atomization pressure, the coating layer was rewetted 

less often than when a high atomization pressure is applied at similar coating time. This effect 

was found to be consistent for different spraying rate used, where porX %,50  is shifted from 

0.25 to 0.05 at spraying rate of 4.8 g/min. At high spraying rate, in fact the effect of 

atomization pressure (droplet size) becomes more obvious on the spatial distribution of pores 

in the coating layer. This is correlated to the significant increment of the droplet size and 

therefore higher reduction in layering sequence attained at high spraying rate. 

 

8.4. Conclusions 

The quantification of pore structure of the coating films, entailing the total porosity, 

the pore size distribution and also the spatial distribution of pores has been presented. This 

information is not only important to predict the coating performance but also to optimize the 

process parameters, such as the coating time, the position of nozzle, the inlet gas flow rate 

and the atomization pressure.  

The analysis of pore size distribution in the coating films taken at various process 

times provides better understanding of the relevant mechanisms of the film formation in a 

fluidized bed coater that determine the final coating structure. For processes where droplets 

are wet enough when they reach the particles, re-wetting of the polymer by moisture in the 

droplets is shown to be predominant in causing the reduction of pore size and therefore the 

total porosity. The analysis of the spatial pore distribution also supports the plausibility of 

this mechanism, where pores in the outer part of coating films were found to disappear first. 

As the pore size reduces gradually, sufficient coating time or layering cycles are required to 

achieve the minimum porosity and pore size at any given process settings. To facilitate 

sufficient layering cycles, the inlet gas flow rate as well as the atomization pressure should 

also be optimized.  
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SUMMARY 

 

The potency of the functional encapsulation of particles lies in the tight control of the 

transport of a substance from and to a particle. To provide this attribute, a good 

morphological control of coating films is required through the coating formulation, 

manufacturing, and the storage period. Without clear understanding of the interactions 

between the starting material properties, the environmental and the process conditions, it is 

difficult to control the coating morphology and the development of functionally coated 

particles will be a lengthy and expensive process. This has in fact been bottlenecking the 

implementation of functional coating using processes with many interacting parameters like a 

fluidized bed coating process. This has become the driver of this research to develop a 

characterization method that enables the quantification of the coating morphology to be 

made. Thereby, it is possible to develop quantitative correlations between the material, the 

environmental and the process factors and the coating morphology that can serve as 

formulation and process design tools for fluidized bed coating process.   

In this study, the coating morphology was assessed as the volume-structure related 

properties of the coating matrix. The coating matrix is considered to be constituted by 3 

components: (i) polymer, (ii) water, which is indispensable being a major component in the 

coating system and in the environment, and (iii) voids, which account for the unoccupied 

volume in the film matrix including the fractional free volume and pores that are formed 

during drying process of a glassy polymer system. The morphological control of coating films 

implies the control of the presence of water as well as the prevention of the formation of 

voids in the coating films.  

Chapter 2, 3 and 4 specifically discuss the aspect of moisture in coating films and their 

impact on the transport properties of the coating films. The difference in the moisture 

content before and after the solidification of the coating film causes the shrinkage of the film 

and develops an internal stress in the film. The increase of moisture sorption in the coating 

film, e.g. during storage at humid ambient, leads to the plasticization of the polymer chains 

and therefore the reduction of the internal stress. Chapter 2 presents the application of this 

concept to assess the impact of moisture sorption on the moisture permeability in 

hydroxypropyl methyl cellulose (HPMC) films, taken as a model material in this thesis. The 

evolution of the internal stress in the coating film was shown to be a good measure of 

different levels of interaction between the coating film and moisture. With further increase of 
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moisture content, the internal stress in the film disappears and instead a significant swelling 

of the coating film occurs. Using this approach, the conditions at which the films undergo 

loss of stress can be estimated. At this point, a prompt change in the moisture permeability in 

the HPMC film was also visible. This suggests the predominant impact of the film swelling 

on the barrier properties of the coating films, rather than the changes in the film elasticity 

that is commonly assumed in the literature.  

The volumetric changes induced by the moisture sorption also include the free 

volume changes in the coating films. From the literature, it is known that the diffusion 

coefficient increases with the increase of the (fractional) free volume in the coating films. 

Therefore, it is possible to predict the diffusivity based on the determination of the free 

volume in the coating films. Chapter 3 presents a method to estimate the free volume in the 

coating films at different environmental conditions i.e. at elevated relative humidity and 

temperatures. Constituted by polymer and moisture, a coating film has free volume that 

originates from the free volume of moisture and also the polymer itself, that is in the glassy 

state. The free volume of the polymer can mainly be altered by the polymer’s molecular 

weight, temperature and moisture. The reduction in the molecular weight of the polymer and 

the increase in the temperature increase the free volume of the coating films and vice versa. 

Yet, the influence of moisture on the free volume of the coating films is less straightforward. 

With the increase in the moisture content, the glass transition temperature decreases and 

thereby reduces the free volume of the polymer according to the volume-temperature 

behavior of the coating films. On the other hand, with the increase in the moisture content, 

the free volume contributed by moisture to the total free volume of the coating films 

obviously increases. At high water activity, the free volume reduction due to the glass 

transition temperature reduction is lower than the direct addition of the free volume in the 

coating films by moisture. Therefore, the final free volume in the coating film increases when 

it contains high moisture content. This free-volume additivity approach was demonstrated to 

adequately estimate the effect of environmental as well as material variables on the diffusion 

coefficient of a coating film. Additionally, the data required for the estimation (the sorption 

isotherm and the glass transition temperature) can rapidly be acquired, which makes this 

approach suitable to be used a screening method during coating formulation.  

The way of moisture affecting the properties of the coating film is not only dependent 

on the quantity but also on the state of water in the coating film. Chapter 4 looks further into 

the correlation between these aspects. The changes of the state of water in the coating film 
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also specifically affect the permeation of other components such as oxygen, being a 

hydrophobic component of interest. The correlation between the water state and the 

moisture content was elucidated from the adsorption data analysis of moisture on HPMC 

films. It was found that at low moisture content, moisture is mainly bond tightly to the 

polymer surface and the formation of water clusters is limited. This situation exists until the 

monolayer capacity is reached, which is typically at 6% of moisture content for HPMC films. 

Above this moisture level, water clusters are progressively formed. At this stage, the moisture 

permeation significantly increases while the oxygen permeation through the film reduces. 

This situation is due to the fact that the transport of oxygen molecules predominantly occurs 

via the polymer, therefore, when the sorption sites are blocked by the presence of water 

clusters, the oxygen permeation decreases. 

The next constituents that have to be controlled in the coating matrix are the voids or 

pores. For this, a characterization method is required that can quantify the amount of pores 

and other relevant properties (e.g. size and spatial distribution) of pores in the coating films. 

The lack of such method has in fact given no alternative to date to development scientists 

than to perform direct functionality tests, such as dissolution rate tests. These tests of course 

implicitly disclose the product performance, but they hardly provide any information on how 

formulation or process settings have to be adjusted when the product appears to perform 

improperly. This becomes the motivation to develop a method to quantify the coating 

morphology, as described in Chapter 5. The quantification involves the determination of the 

porosity and the distribution of pore size and the distribution of coating thickness in the film, 

which are the properties fundamental to transport properties. These properties are at the 

same time directly affected by the choice of coating formulation and process settings. 

Therefore, using the outcomes of the morphological analysis of the coating films, both 

coating formulation and process settings can be better adjusted to attain the desired coating 

properties. A confocal scanning laser microscopy (CSLM) was used to visualize the coating 

structure. The obtained contrast between the polymer and pores in the coating matrix enables 

the quantification of pores as well as the polymer matrix. This was performed automatically 

by applying the MATLAB® Image Processing Toolbox™. The determination of the coating 

thickness distribution was performed by measuring coating thicknesses along the particle 

perimeter, from which the minimum coating thickness as well as the span of the coating 

thickness distribution can be determined. The characterization of the pore structure involved 

a proper segmentation of pores from the coating and a granulometry operation. A 
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granulometry operation was performed by closing the pores using a structuring element with 

increasing sizes; the pores will progressively disappear and the remaining pore area at each 

size step was computed. 

Using this characterization method of the coating films, the influences of process 

settings on coating qualities were further studied. In this study, the three aspects of scales in 

the fluidized bed coating process were considered: the macro-, meso-, and micro-scale. 

Chapter 6 deals mainly with the macro-scale aspect of the fluidized bed coating process, i.e. 

the process thermodynamics and the coating process regimes. This chapter describes the 

development and the application of the macroscopic thermodynamics model and Stokes 

criteria that separate layering from agglomeration regimes. Furthermore, the process settings 

that lead to the best coating quality in a fluidized bed coater can be determined. The layering 

regime was found to be achieved by performing the coating process at a certain excess of the 

viscous Stokes number ( vStΔ ), which is a function of the bed relative humidity and the 

droplet size. This becomes the first criterion for achieving high coating quality, i.e. uniform 

coating thickness and low coating porosity. Within this regime, high coating quality can be 

achieved by performing the coating process as close as possible to saturation and using small 

droplets that lead to the required spraying flux rate. However, the droplet size should not be 

too low, since that may cause incomplete coverage of core particles. 

 Chapter 7 focuses on the meso-scale phenomena in the fluidized bed coating process, 

namely on how droplets are deposited on the particles, how they are further evaporated and 

how these phenomena affect the coating morphology. Using a set of engineering models, the 

outcomes of the impingement and the spreading of a droplet on a particle were predicted 

based on the ratio between the impact kinetics, the viscous dissipation and the capillary force 

of the droplet. Successful deposition of the droplet on the particle was demonstrated to be 

the basic of attaining a dense coating structure. The extent of droplet drying before and after 

the droplet deposits on a particle was estimated using an evaporation model of water from a 

droplet, which takes into account the effect of a number of process settings i.e. the 

atomization pressure, spraying rate and inlet air temperature. The drying rate was also shown 

to determine the transition of the mode of droplet’s evaporation i.e. from the receding 

contact lines to the pinning mode. The characteristic time to pinning, together with the 

relative particle coverage rate were found to be key variables that govern the coating porosity. 

To achieve a low coating porosity, the time to pinning should be delayed and a high relative 

particle coverage rate should be applied during the coating process. As the correlations 
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between the time to pinning and the relative coverage rate with the process parameters as 

well as with the coating porosity were derived, it is now possible to find the suitable set of 

process conditions that assures the desired coating structure. 

 The control of coating morphology should not only include the bulk structure of the 

coating film but also the spatial distribution of pores in the coating film. Pores close to the 

surface for example will directly reduce the penetration length and therefore the permeation 

of a molecule from the coating surface to the core substrate. This becomes the main focus in 

Chapter 8. A dedicated image analysis method was developed, which measures the 

distribution of pores in the coating films as function of its relative distance to the core 

surface. Analysis was performed on coating structure formed at different coating time. 

Moreover, the influence of various process settings, i.e. nozzle position, inlet gas flow rate 

and atomization pressure on the coating morphology were investigated. In this way, the 

phenomena accompanying the layering of the coating film by droplet’s deposition can be 

elucidated.  

 Pores in the outer part of the coating films were shown to be the first that 

disappeared upon layering (Chapter 8). Experiments using water to coat after a certain 

coating thickness has been formed on the particles also led to reduction of porosity and pore 

size at the outer part of the coating films. These results suggest the importance of re-

dissolution of the polymer that induces the polymer flow, which leads to the densification of 

the film. To facilitate this mechanism, it is necessary to have the droplets wet enough when 

they reach the particles, i.e. via immersing the nozzle in the bed (bottom-spray system). As the 

pore size reduces gradually in time, sufficient coating time or layering cycles are required to 

achieve the minimum porosity and pore size at any given process settings. The latter aspect 

can also be tailored via adjusting the inlet gas flow rate or the atomization pressure. The 

characterization of the spatial distribution of pores in the coating film has hence given better 

understanding of the film formation in the fluidized bed coating. In particular it also helps to 

optimize the process parameters such as process time, which can hardly be done via other 

quality tests.  
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SAMENVATTING 

 
Het doel van functionele encapsulatie van kleine deeltjes is om deze deeltjes te 

beschermen tegen invloeden van buitenaf of om ongewenste migratie van componenten uit 

deze deeltjes naar de omgeving te voorkomen. Een zeer goede beheersing van het transport 

van een component van en naar een deeltje toe is hierbij essentieel. Om dit te bewerkstelligen, 

is een goede controle van de morfologie van de coatinglaag een vereiste. Te denken valt 

hierbij aan de dikte verdeling van de coatinglaag om deeltjes en eventuele porositeit en 

poriegrootteverdeling ervan. De morfologie van de coatinglaag wordt bepaald dooor  de 

formulering (samenstelling) van de coating, de wijze van opbrengen ervan en de opslagtijd en 

–condities van de gecoate deeltjes. 

Gebrek aan achtergrondkennis is een grote  bottleneck bij de toepassing van 

functionele encapsulatie in de praktijk. Succesvolle ontwikkeling van functioneel gecoate 

deeltjes een langdurig en vaak moeizaam proces. Zonder goed begrip van de eigenschappen 

van het uitgangsmateriaal en de interactie met de omgeving en de procescondities is het 

moeilijk de coating morfologie te beheersen. Modellen die de morfologie van de coating 

voorspellen zijn niet beschikbaar. Het ontwikkelen van karakterisatie methoden die het 

mogelijk maken om de coatingsmorfologie te kwantificeren is een van de doelen van dit 

onderzoek geweest.  

 In deze studie is de coatingsmorfologie bepaald door middel van volume-structuur 

gerelateerde eigenschappen van de coatingsmatrix. Hierbij wordt aangenomen dat de 

coatingsmatrix bestaat uit 3 componenten: (i) polymeer, (ii) water, hetgeen een onmisbare 

component is in het coatingsysteem en haar omgeving, en (iii) de lege ruimtes, het 

ongebruikte volume in de coating inclusief het fractioneel vrije volume van het polymeer en 

de poriën. Zowel het vrije volume van het polymeer als de poriestructuur worden gevormd 

tijdens het drogingsproces van een polymeer in de glastoestand. Hoofdstuk 2, 3 en 4 

bediscussiëren specifiek het aspect van vocht in de coatingfilm en de gevolgen daarvan op de 

transporteigenschappen van diffunderende stoffen in de coatingfilm. Verlaging van het 

vochtgehalte tijdens het drogen van de coatingfilm veroorzaakt krimp van de coating, 

waardoor er interne spanningen ontstaan. De toename van het vochtgehalte van de 

coatingfilm, bijvoorbeeld tijdens opslag bij relatief vochtige condities, resulteert in verweking 

van de polymeerketens, waardoor de interne stress juist afneemt. In hoofdstuk 2 wordt de 

toepassing van dit concept gepresenteerd. Dit was om te bepalen wat het gevolg is van 
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vochtopname op de vochtdoorlaatbaarheid van hydroxypropyl methyl cellulose (HPMC) 

films, wat het model materiaal was in dit proefschrift. Verloop van de interne spanning in de 

coatingfilm is een goede maat gebleken voor de interacties tussen de coatingfilm en het vocht. 

Bij toename van het vochtgehalte verdwijnt de interne spanning in de huid en en bij verdere 

vochtopname zal de film gaan zwellen. Door gebruikmaking van deze methode kunnen de 

condities waarbij de huid haar spanning kwijtraakt worden bepaald. Dit specifieke valt samen 

met een abrupte verandering van de vochtdoorlaatbaarheid van de HPMC huid. Dit 

veronderstelt dat de zwelling van de huid een belangrijke invloed heeft op de barrière-

eigenschappen van de coatingfilm. Deze zwelling lijkt een meer plausible verklaring te zijn 

dan een verandering van de elasticiteit van de huid wat in de literatuur vaak wordt 

aangenomen. De verandering van het volume van het materiaal als gevolg van de 

vochtopname bevat ook de verandering van het vrije volume in de coatingfilm. In de 

literatuur zijn modellen bediscussieerd die de relatie tussen de diffusiecoëfficiënt van een stof 

correleert met de verandering van het (fractioneel) vrije volume in de coatingfilm. Hierdoor is 

het mogelijk de diffusiviteit van een component te voorspellen op basis van de bepaling van 

het totale vrije volume ontstaan in de coatingfilm.  

Hoofdstuk 3 bespreekt een methode waarmee het vrije volume voorspeld kan worden 

bij verschillende omgevingscondities, bijvoorbeeld bij hogere relatieve vochtigheden en 

temperaturen. Een coatingfilm, samengesteld uit polymeer en vocht, heeft een vrij volume 

dat ontstaan is uit het vrije volume van het vocht en dat van het polymeer zelf, dat zich in de 

glastoestand bevindt. Het vrije volume van het polymeer is afhankelijk van het molgewicht 

van het polymeer, de temperatuur en het vochtgehalte. Een afname in het molgewicht van 

het polymeer of een toename van de temperatuur hebben tot gevolg dat het vrije volume van 

de coatingfilm toeneemt. Echter, de invloed van het vochtgehalte op het vrije volume van de 

coatingfilm is minder triviaal. Bij toename van het vochtgehalte verlaagt de 

glasovergangstemperatuur van het polymeer. Hierdoor wordt het vrij volume van het 

polymeer kleiner. Aan de andere kant neemt, door de toename van het vochtgehalte 

logischerwijs ook het vrije volume gecreëerd door vocht toe. Bij hoge wateractiviteit is de 

reductie van het vrije volume door de verlanging van de glasovergangstemperatuur minder 

dan de toename van het vrije volume door aanwezigheid van extra vocht. Daarom neemt het 

totale vrije volume van de coatingfilm toe wanneer de film een hoog vochtgehalte heeft. Deze 

optelling van vrije volumesblijkt een adequate schatting te zijn voor zowel de invloed van 

omgevingseffecten alsook de materiaal variabelen op de diffusiecoëfficiënt van stof in een 
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coatingfilm. Daarbij komt ook nog dat de data benodigd voor de schatting (de 

waterdampsorptie-isotherm en de glasovergangstemperatuur) snel verkregen kunnen worden. 

Dit maakt deze procedure uiterst bruikbaar als selectiemethode voor coatingformulatie 

studies.  

De manier waarop het vocht de eigenschappen van de coatingfilm beïnvloedt is niet 

alleen afhankelijk van de hoeveelheid, maar ook van de toestand waarin het water zich in de 

coatingfilm bevindt. Hoofdstuk 4 gaat dieper in op de correlatie tussen deze twee aspecten. 

De veranderingen van de toestand waarin water zich in de coatingfilm bevindt bepalen ook 

de doorlaatbaarheid van andere componenten zoals zuurstof. De correlatie tussen de staat 

van het water en het vochtgehalte is toegelicht aan de hand van de sorptiedata van het vocht 

in de HPMC film. Bij een laag vochtgehalte is vocht sterk gebonden aan het 

polymeeroppervlak en de vorming van  waterclusters is beperkt. Deze situatie bestaat totdat 

de monolaagcapaciteit bereikt is; een HPMC film bevat dan typisch 6% vocht. Boven dit 

vochtgehalte vormen zich steeds meer waterclusters. Door de vorming van waterclusters 

neemt de vochtdoorlaatbaarheid enorm toe, terwijl de zuurstofdoorlaatbaarheid door de film 

sterk afneemt. Deze situatie wordt veroorzaakt door het feit dat het transport van de 

zuurstofmoleculen met name plaatsvindt via het polymeer, terwijl water via de clusters kan 

migreren.  

Een HPMC film is nooit een volledig dichte matrix, vrije ruimtes of poriën zullen 

(vrijwel) altijd aanwezig zijn. Deze poriestructuur zal de permeabiliteit van stoffen in een film 

sterk beinvloeden. Daarom is een karakterisatiemethode nodig die de hoeveelheid poriën en 

andere relevante eigenschappen (b.v. grote en ruimtelijke verdeling) van de poriën in de 

coatingfilm kan kwantificeren. 

Het ontbreken van zo’n methode heeft er in feite voor gezorgd dat er tot op heden 

nog voor wetenschappers geen redelijk alternatief dan het uitvoeren van directe functionele 

testen, zoals afgiftesnelheids testen. Deze testen geven uiteraard impliciet wel de prestatie van 

het product aan, maar geven nauwelijks enige informatie over hoe de formulatie- of 

procesinstellingen moeten worden aangepast als het product niet juist presteert. Dit vormt de 

motivatie voor het ontwikkelen van een methode die coatingmorfologie kwantificeert, welke 

is beschreven in Hoofdstuk 5. De methode is in staat de porositeit, de verdeling van de 

poriëngrootte en de verdeling van de laagdikte van de coating te bepalen. Dit zijn de 

eigenschappen die fundamenteel zijn voor de transporteigenschappen van migrerende 

moleculen. Deze eigenschappen worden tegelijkertijd ook direct beïnvloed door de keuze van 
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de coatingformulatie en de procesinstellingen. Een confocaal scannende laser microscoop 

(CSLM) werd gebruikt om de coatingstructuur te visualiseren. Het verkregen contrast tussen 

het polymeer en de poriën in de coatingmatrix zorgt er voor dat de poriën gekwantificeerd 

kunnen worden alsmede de polymeermatrix. Dit werd automatisch gedaan met behulp van de 

MATLAB® Image Processing Toolbox™. De bepaling van de coatinglaagdikteverdeling werd 

uitgevoerd door het meten van de coatingdikte langs de hele omtrek van een deeltje, waarbij 

de minimale coatingsdikte alsook de verdeling van de dikte bepaald kunnen worden. De 

karakterisatie van de poriënstructuur omvatte een segmentatie van de poriën in de coating en 

een zogenaamde “granulometrie-” stap. Een granulometriestap werd uitgevoerd door het 

sluiten van de poriën via een structuurelement die toenam in grootte; de poriën zullen 

daardoor progressief verdwijnen en het overgebleven porieoppervlak is bij elke stap 

uitgerekend.  

Door gebruik te maken van deze karakterisatiemethode werd de invloed van de 

procesinstellingen op de coatingkwaliteit verder onderzocht. Het gefluidiseerd bed 

coatingsproces is op drie niveau’s bekeken: de macro-, meso and microschaal. Hoofdstuk 6 

bespreekt met name de macroschaal van het gefluidiseerde bed coatingsproces, b.v. de proces 

thermodynamica en de regimes van het coatingsproces. Dit hoofdstuk beschrijft de afleiding 

en de toepassing van het macroscopisch thermodynamisch model en de Stokes regimes, die 

het omstandigheid waar de laagjes zich opbouwen scheidt van de condities waar agglomeratie 

van deeltjes optreedt. Met deze benadering is het ook mogelijk de procesinstellingen die tot 

de beste coatingkwaliteit leiden te bepalen. De beste omstandigheden voor opbouw van de 

coating in laagjes zijn wanneer  een overmaat van de viskeuze Stokes getal ( vStΔ ) hoog is. 

Deze is een functie van de relatieve vochtigheid van het bed en de druppelgrootte. Dit vormt 

het eerste criterium voor het verkrijgen van een hoge coatingkwaliteit, d.w.z. een uniforme 

coatingdikte en een lage porositeit van de coating. Binnen dit regime kan hoge 

coatingkwaliteit verkregen worden door het coatingsproces zo dicht mogelijk bij het 

verzadigingspunt uit te voeren en het gebruik maken van kleine druppels die zorgdragen voor 

de noodzakelijke grootte van de sproeiflux. Echter moet de druppelgrootte niet te klein zijn, 

omdat dat voor een incomplete bedekking van de kern van de deeltjes kan zorgen. 

Hoofdstuk 7 concentreert zich op de mesoschaal verschijnselen in het gefluidiseerde 

bed coatingsproces. Namelijk hoe druppels gedeponeerd worden op de deeltjes, hoe ze 

verder verdampen en hoe deze verschijnselen de coatingmorfologie beïnvloeden. Op basis 

van de verhouding tussen de impactenergie, de viskeuze dissipatie van deze energie en de 



 

Samenvatting 181

capillaire krachten in de druppel konden de gevolgen van het raken en het spreiden van de 

druppel over het deeltje worden voorspeld. Een succesvolle depositie van de druppel op het 

deeltje is cruciaal voor het verkrijgen van een dichte coatingstructuur. De mate waarin de 

druppel droogt voor en na het deponeren op het deeltje is afgeleid uit een verdampingsmodel 

van een druppel water. Deze is afhankelijk van een aantal procesvariabelen, bijvoorbeeld de 

atomisatiedruk, de sproeiratio en de temperatuur van de inkomende lucht. Het is ook 

aangetoond dat de droogsnelheid de vorm van de druppel na drogen bepaalt. Hier is 

onderscheid tussen terugtrekkende contactlijnen (de druppel wordt kleiner) en de “pinning 

modus” (de gedroogde druppel heeft de vorm van een donut). De karakteristieke tijd voor 

het pinnen (dwz, het moment dat de donut vorm ontstaat), tezamen met de relatieve 

deeltjesbedekkingsgraad de zijn hoofdvariabelen die de coatingporositeit bepalen. Om een 

lage coatingdoorlaatbaarheid te bereiken moet de pinningtijd zoveel mogelijk worden 

uitgesteld en moet een hoge relatieve deeltjesbedekkingsgraad worden bereikt tijden coaten. 

Omdat de correlatie tussen de tijd voor het pinnen en de relatieve bedekkingsgraad samen 

met de procesparameters alsook met de coatingdoorlaatbaarheid afgeleid konden worden, is 

het nu mogelijk om de geschikte procesconditie in te stellen, die de gewenste 

coatingsstructuur verzekeren.  

De controle over de coatingmorfologie moet niet alleen de bulkstructuur van de 

coatinglaag omvatten, maar ook de ruimtelijke verdeling van de poriën in de coatinglaag. 

Poriën dicht aan het oppervlak zullen bijvoorbeeld direct de penetratielengte reduceren en 

daarmee de doorlaatbaarheid voor een molecuul van het coatingoppervlak naar de kern van 

het substraat. Dit vormt het thema van Hoofdstuk 8. Een speciaal ontwikkelde beeldanalyse 

methode, welke de distributie van poriën in de coatingfilmen als functie van de relatieve 

afstand vanuit de poriën naar het deeltje oppervlak kon bepalen. Analyse werd uitgevoerd op 

de coatingstructuur die gevormd werd bij verschillende coatingtijden. Verder werd de invloed 

van verschillende procesinstellingen, b.v. de positie van de sproeikop, inlaatgas 

stroomsnelheid en de atomisatiedruk op de coatingmorfologie onderzocht.  

De poriën in het buitenste gedeelte van de coatinglaag zijn de eerste die verdwijnen bij 

vorming van volgende lagen, zoals te zien is in Hoofdstuk 8. Experimenten waarbij water 

gebruikt werd om te coaten, nadat een bepaalde coatingsdikte bereikt was, leiden eveneens 

tot een reductie van de porositeit en de grootte van de poriën aan de buitenkant van de 

coatingfilm. Deze resultaten veronderstellen dat het belangrijk reeds aangebracht polymeer 

opnieuw op te lossen, omdat dat het polymeer weer laat vloeien, wat leidt tot opvulling van 
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de bestaande poriën in de film. Om gebruik te maken van dit mechanisme is het noodzakelijk 

dat de druppels bij botsing tegen de deeltjes nog nat genoeg zijn, (bijvoorbeeld door de 

sproeikop onderin het gefluidiseerde bed te plaatsten). Terwijl de grootte van de poriën 

geleidelijk afneemt over tijd, is er voldoende coatingtijd of zijn er voldoende laagjes 

opbouwcycli nodig voor het verkrijgen van een minimale porositeit en poriegrootte bij iedere 

procesinstelling. De karakterisatie van de ruimtelijke distributie van poriën in de coatinglaag 

heeft er daarom voor gezorgd dat er een beter begrip is over de filmformatie in het 

gefluidiceerde bed coatingsproces. Het helpt met name ook bij het optimaliseren van de 

procesparameters, zoals de procestijd, welke nauwelijks via andere kwaliteitstesten verkregen 

kunnen worden. 
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