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Summary 
 
Building materials can deteriorate under high humidity conditions, directly by the effect 
of water on the material, or indirectly by creating a favourable environment for living 
organisms, which on their turn can be detrimental to building materials. To fully 
understand the water balance of a building, the role of the building material must be 
clear. The water transport properties of the building materials play an important role in 
the humidity behaviour of the building.  

In building design, knowledge is lacking about the moisture transfer properties 
of waterborne wall paints. Also the behaviour of painted substrates has not been 
examined sufficiently. The role of the paint constituents in the moisture transfer 
properties is unclear. This lack of knowledge is partly caused by the lack of simple 
measuring techniques. Therefore, one objective of the present study is to contribute to 
the development of techniques, with which the moisture transfer properties of paint can 
be determined in an easy, fast and inexpensive way. Another objective is using these 
techniques to obtain better insight into the moisture transfer properties of paint, gypsum, 
and painted gypsum.  

The influence of the coating ingredients on the moisture transfer properties is 
determined. For that, new formulations with a limited number of ingredients, which are 
also present in commercially available paints, are developed. Binder, fillers and PVC 
are varied. Using various existing and newly developed methods, transport properties 
are measured statically and dynamically in the hygroscopic as well as in the capillary 
range.  

Sorption isotherms have been measured with a gravimetric and a hygrometric 
method. In the hygrometric method, a known amount of water is added to a dry system 
of paint and air. When equilibrium is reached, the amount of water in the air phase is 
measured. The rest of the water is in the paint. It shows that the hygrometric method is 
less elaborate and more accurate than the gravimetric method.  

For paint, the permeability or diffusion coefficient has been measured with a 
gravimetric, a hygrometric and an interferometric method. For the gravimetric method, 
an improved cup method is used. This method is simple, does not need a sorption 
isotherm, because it gives a steady state situation in the sample, and does not require 
complicated calculations. The hygrometric method starts from a situation where the 
moisture content of the paint is in equilibrium with the air humidity in the vessel it is 
placed in. A change in the air humidity forces the system to a different equilibrium 
situation of the humidity content in paint and vessel. From the time dependent air 
humidity inside the vessel and a sorption isotherm determined in advance, the diffusion 
coefficient of water in the paint has been calculated. This method is fast and does not 
require much manual labour. The interferometric method uses the swelling or shrinking 
of a paint film in response to absorption or desorption respectively. From the time 
evolution of the change in thickness, the diffusion coefficient of water in paint is 
calculated. This method is very accurate and, in addition, it can show if the change of 
thickness has to be included in the modelling. For gypsum, a sorption technique is used 
to measure the diffusion coefficient. The sorption isotherm must be known, including all 
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Summary 

hysteresis effects. The moisture transfer properties of free and non-free paint films are 
different. For the free films and the films applied to a stainless-steel substrate, the 
sorption isotherm can be described with the GAB-equation. The permeability is not 
found to be dependent on the layer thickness and can be described as a function of the 
relative humidity with a function proposed by Galbraith. The binder seems to play a 
dominant role in the transfer properties. Paint applied on gypsum has a flux that is much 
larger than would be expected from a model, where the paint is assumed to be a 
perfectly plane film parallel to the surface of the gypsum. The different film forming 
properties, when the paint is applied on a rough substrate, may cause this. In contact 
with liquid water, absorption times are found that depend on the paint layer thickness. 
For really thick paint layers, the adsorption time is much larger. Clearly, there is some 
amount of paint needed to seal all the open pores in the gypsum.  

The sorption isotherms of gypsum, which consist of adsorption and desorption 
isotherms, can be described with GAB-equations. The experiments lead to the 
proposition that hysteresis plays a role. Using the Pedersen model gives a good 
agreement between experiments mutually. Unfortunately, this model lacks physical 
background. Therefore, more research is needed. In time, the transfer properties seem to 
change possibly due to a continuation of the hydratation process. In the experiments 
were gypsum is brought into direct contact with water, differences in transfer properties 
are noticed between samples with different dimensions but made of the same kind of 
gypsum.  

The objective of determining the moisture transfer properties of waterborne 
wall paint and gypsum plaster and the development and evaluation of suitable 
measurement methods has been reached. 
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Samenvatting 
 
Bouwmaterialen kunnen degenereren onder condities met hoge vochtigheid. Dit kan 
direct zijn door water op het materiaal of indirect door het creëren van een gunstige 
omgeving voor levende organismen, die op hun beurt schadelijk kunnen zijn voor 
bouwmaterialen. Om de waterbalans van een gebouw volledig te begrijpen moet de rol 
van het bouwmateriaal daarin duidelijk zijn. De watertransporteigenschappen van 
bouwmaterialen spelen een belangrijke rol in het vochtgedrag van het gebouw.  

In de bouwkunde is nog weinig bekend over de vochttransporteigenschappen 
van watergedragen muurverven. Ook het gedrag van geverfde substraten is nog niet 
adequaat genoeg onderzocht. De rol van de afzonderlijke verfingrediënten in de 
vochttransporteigenschappen is onbekend. Dit gebrek aan kennis wordt gedeeltelijk 
veroorzaakt door een gebrek aan eenvoudige meettechnieken. Daarom is één van de 
doelstellingen van het voorliggend onderzoek om bij te dragen aan de ontwikkeling van 
technieken waarmee de vochttransporteigenschappen van verf op een eenvoudige, snelle 
en goedkope manier kunnen worden bepaald. Een andere doelstelling is gebruik te 
maken van deze technieken om een beter inzicht te krijgen in de 
vochttransporteigenschappen van verf, gips en geverfd gips.  

De invloed van de verfingrediënten op de vochttransporteigenschappen is 
bepaald. Hiervoor zijn nieuwe formuleringen met een beperkt aantal ingrediënten, die 
ook in commercieel verkrijgbare verven aanwezig zijn, ontwikkeld. Binder, vulstoffen 
en PVC zijn veranderd. Gebruikmakend van bestaande en nieuw ontwikkelde methoden 
zijn de transporteigenschappen statisch en dynamisch en zowel in het hygrische als in 
het capillaire gebied gemeten. 

Sorptie-isothermen zijn met een gravimetrische en een hygrometrische 
methode gemeten. Bij de hygrometrische methode wordt een bekende hoeveelheid 
water toegevoegd aan een droog systeem van verf en lucht. Als evenwicht is bereikt, 
wordt de hoeveelheid water in de luchtfase gemeten. De rest van het water bevindt zich 
in de verf. Het blijkt dat de hygrometrische methode nauwkeuriger en minder 
bewerkelijk is dan de gravimetrische methode. 

De permeabiliteit of diffusiecoëfficiënt is bij verf gemeten met een 
gravimetrische, een hygrometrische en een interferometrische methode. Bij de 
gravimetrische methode is een verbeterde cupmethode toegepast. Deze methode is 
eenvoudig, vereist geen sorptie-isotherm, omdat een stationaire situatie in het monster 
wordt gecreëerd, en behoeft geen gecompliceerde berekeningen. De hygrometrische 
methode start met een situatie waarbij het vochtgehalte in de verf in evenwicht is met de 
luchtvochtigheid in het vat waarin het geplaatst is. Een verandering van de 
luchtvochtigheid dwingt het systeem naar een ander vochtgehalte zowel in de verf als in 
het vat. Uit de tijdsafhankelijke luchtvochtigheid in het vat en een vooraf bepaalde 
sorptie-isotherm is de diffusiecoëfficiënt van water in verf bepaald. Deze methode is 
snel en behoeft weinig arbeid. De interferometrische methode kijkt naar het zwellen of 
krimpen van een verf ten gevolge van respectievelijk ab- of desorptie van water. Uit het 
tijdsverloop van de dikteverandering wordt de diffusiecoëfficiënt van water in verf 
bepaald. Deze methode is heel accuraat en kan daarnaast aangeven of de 
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dikteverandering meegenomen moet worden in de modellering. Voor het gips is een 
sorptietechniek gebruikt om de diffusiecoëfficiënt te meten. Hiervoor moeten echter de 
sorptie-isotherm en alle hysterese-effecten bekend zijn. De vochttransporteigenschappen 
van vrije en niet vrije verffilms zijn verschillend. De sorptie-isotherm van vrije 
verffilms en films aangebracht op roestvrij staal kan beschreven worden met de GAB-
vergelijking. Niet aangetoond kon worden dat de permeabiliteit laagdikteafhankelijk is. 
De permeabiliteit kan als functie van de relatieve vochtigheid beschreven worden met 
een functie die voorgesteld is door Galbraith. De binder lijkt een dominante rol te spelen 
in de transporteigenschappen. Verf aangebracht op gips heeft een flux die veel groter is 
dan verwacht zou mogen worden uit een model waarbij de verf wordt beschouwd als 
een perfect vlakke film die parallel aan het oppervlak van het gips is aangebracht. Dit 
kan veroorzaakt worden door een verschil in filmvormende eigenschappen als de verf 
aangebracht wordt op een ruw substraat. Als geverfde gipspleisters in contact worden 
gebracht met vloeibaar water blijken de absorptietijden afhankelijk van de verflaagdikte 
te zijn. Voor echt dikke verflagen is de absorptietijd veel groter. Er is duidelijk een 
aanzienlijke hoeveelheid verf nodig om alle open poriën dicht te smeren. De sorptie-
isothermen van gips, bestaande uit een adsorptie- en een desorptie-isotherm, kunnen 
beschreven worden met GAB-vergelijkingen. De experimenten leiden tot de 
vooronderstelling dat hysterese een rol kan spelen. Gebruikmakend van het model van 
Pedersen worden goede overeenkomsten tussen de experimenten onderling gevonden. 
Spijtig genoeg ontbeert dit model een fysische ondergrond. Daarom is meer onderzoek 
noodzakelijk. Gedurende de tijd lijken de transporteigenschappen te veranderen 
waarschijnlijk door continuering van het hydratatieproces. Bij de experimenten waar 
gips in direct contact wordt gebracht met vloeibaar water worden verschillen in 
transporteigenschappen geconstateerd tussen monsters met verschillende afmetingen 
maar gemaakt uit hetzelfde soort gips. 

Het doel om enerzijds de vochttransporteigenschappen van watergedragen 
muurverven en gipspleister te bepalen en anderzijds om geschikte meetmethoden te 
ontwikkeling en te evalueren is bereikt. 
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Chapter 1 

Introduction 
 

1.1 The role of water in the built environment 
 
A requirement in the design of buildings is that they offer a shelter against the 
sometimes wild natural environment. Above that buildings should provide a 
comfortable indoor climate. Human comfort depends among others the humidity of the 
indoor air. How human comfort depends on the various physical parameters has been 
described by Fanger (1970). That study showed that people can feel unpleasant at very 
low or at very high humidity. Another reason to avoid high humidity is that some 
building materials can deteriorate under these conditions. This can be directly by the 
influence of water on the material or indirectly by creating a favourable environment for 
living organisms such as bacteria and algae, which can be in their turn detrimental to the 
building material. Also the influence of fungi is well known. Questionnary-based 
surveys have consistently detected adverse health associated with home dampness and 
fungal growth. For instance Dales et al. (1997) found that reported mould, water 
damage, and mouldy odours were associated with elevated levels of indoor fungi. 
Verhoeff and Burge (1997) showed that fungi are regarded as one of the causal factors 
in the relationship between home dampness and respiratory symptoms. They are well 
known as sources for allergens that cause allergic rhinitis, allergic asthma and 
hypersensitivity pneumonitis. In several ways, fungi adverse health: (1) The cell walls 
of most fungal spores contain an inflammatory agent; (2) Fungi may also produce toxic 
metabolites; (3) Fungi also produce a variety of volatiles; (4) Some fungi that are found 
in indoor environments are opportunistic infectious agents in man, especially in the case 
of immunocompromised patients. 

The moisture activity of a substrate predominantly controls fungal growth. 
Relative humidity of air has only an indirect influence (Pasanen et al., 1991). The most 
common measure taken to prevent fungal growth is to lower the water activity of the 
material, as it is well known that fungi cannot grow on dry materials (Markova and 
Wadsö, 1998). The critical water activity for fungal growth depends on fungi species, 
substrate and temperature as has been investigated, among others, by Ayerst (1969); 
Block (1953); Gervais et al. (1988); Viitanen (1994). 

Water can enter a building in the form of rain or by means of ground water 
rise. People in the building also cause water to enter the building. For example, taking a 
shower or cooking or when laundry is being dried. Smaller amounts of water come from 
breathing or from the evaporation from indoor plants. Water can leave the building by 
evaporation at the outside walls or by ventilation of the rooms of the building. To fully 
understand the water balance of a building, the role of the building materials must be 
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clear. For example, a house with a volume of 500 m3 can, at high humidity, contain 20 
gram water per cubic meter air, or totally 10 kg water. The gypsum plaster on the walls, 
suppose 200 m2 surface area and 0.01 m thick (2 m3), can contain 5 kg per cubic meter, 
or totally also 10 kg water. Taking also into consideration the water in the bricks or 
concrete of the house, it can be said that generally the building materials themselves 
contain more water than the air in the house. Therefore, the water transport properties of 
the building materials play an important role in the humidity behaviour of the building. 
 

 

1.2 Research on moisture transfer through paint and 
gypsum 
 
In Dutch buildings, especially dwellings, walls are very often plastered with gypsum 
plaster for levelling purposes. The gypsum plaster is generally covered with waterborne 
wall paint for decoration (Adan et al., 2000). The paint is a barrier for the water 
absorption or desorption. To know the air humidity at the surface of the wall, the place 
were fungi might grow, the water transfer properties of the painted gypsum must be 
known. General moisture transport equations are given by Crank (1956). He described 
the mathematics of diffusion. The basic equations for the combined heat and moisture 
transfer in inert porous materials are established by Philip and the Vries (1957), and are 
given a more fundamental basis by Whitaker (1977) and Bear and Bachmat (1990). The 
moisture transport is described by a diffusion type equation in which the diffusion 
coefficient combines various moisture transport mechanisms. Klopfer (1974) discusses 
water transport due to diffusion in porous building materials, synthetic materials and 
finishes. Ozaki et al. (2001) defined a new thermodynamic energy ‘water potential’ 
based on the principles of chemical potential of an element of mixed gas as the driving 
force of gaseous phase water flux. Adhesive power or ‘capillary action’ and a portion of 
the water potential, was confirmed as the driving force of liquid phase water flux. 

A general introduction to waterborne coatings is given by Dören et al. (1994). 
Polymeric material forms the continuous phase of an organic coating, and is therefore a 
key parameter for moisture transport (Van der Wel and Adan, 1999). Crank and Park 
(1968) gave a summary of diffusion in high polymers. Myers et al. (1962) studied the 
permeation of water vapour through polymer films in the case of hydrophilic and other 
kind of films. Hopfenberg et al. (1974) treat the fundamentals of the permeability in 
polymer membranes and coatings.  

Although the polymeric binder plays a major role in the moisture transport 
properties of wall paint, it doesn’t fully account for the behaviour of paint films. 
Therefore, knowledge of the paint as a whole should also be known. Perera (1971) 
studied water transport in non-pigmented and pigmented free films. Blahnîk (1983), 
Huldén and Hansen (1985), and Van der Wel and Adan (1999) reviewed water transport 
in coatings. Besides the coating resistance itself, it is important considering an air layer 
resistance when measuring the diffusion coefficient and interpreting diffusional 
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processes in thin coating films (Skaarup and Hansen, 1980). A comprehensive study of 
the moisture transfer through coated substrates, such as wood and cement mortars, is 
presented by Støre Valen (1998). She investigated how moisture and other 
environmental factors affect the moisture transport and hence the moisture 
accumulation of coated substrates. 

While underlying research is based on measuring water transport properties, an 
overview is given of several methods with which paints can be investigated. The 
accurate measurement of water vapour sorption and permeation in polymer films (and 
therefore also coatings) is complicated because water has a tendency to adsorb on high 
energy surfaces, a relatively high heat of vapourization and a high solubility in most 
polymers (Schult and Paul, 1996). Luo et al. (1995) showed that electrochemical 
impedance spectroscopy (E.I.S.) can be applied to obtain information about the amount 
of water absorbed by paint films and the water permeation through the film, while only 
the amount of water absorbed is obtained from the sorption method. Permeability of 
coatings attached to a metal substrate and as free film was assessed by E.I.S. by Castela 
et al. (2000). They found a distinct behaviour between the impedance spectra of applied 
and free PVC films suggesting that the total amount of water at saturation was really 
higher in the free films. Walter (1991) pointed out that attached coatings are rigidly held 
on the surface of the metal and therefore are less prone to distortions as a consequence 
of water penetration. However, these results are in contradiction with results obtained 
by D’Alkaine et al. (1980) on epoxy films and again Walter (1991) on silicone modified 
polyester. With Fourier transform infrared-multiple internal reflection (FTIR-MIR) 
spectra, in situ and quantitative information of water at the organic coating/substrate 
interface can be obtained (Nguyen, 1996). However, only transparent or opaque 
coatings can be used. Balik and Xu (1994) found evidence that with the spectra of an in-
situ Fourier transform infrared-attenuated total reflectance (FTIR-ATR) method water 
diffusion into the film and polymer swelling can be measured simultaneously. To 
quantify the amount of swelling, still separate swelling experiments were necessary. 
Min et al. (1994) monitored water absorption and desorption of resins films by 
recording near infrared (NIR) absorption spectra using FTIR and compared it with a 
conventional gravimetric method. The data from the two different techniques were 
reasonably identical showing that the NIR technique is valid. Maffezzoli et al. (1993) 
were able to monitor diffusion processes in polymeric systems with dielectric analysis. 
However, no quantitative water content measurements could be performed. Kolek 
(1997) characterized the water penetration inside coatings by capacitance 
measurements. It enabled the calculation of diffusion coefficients and the concentration 
profiles of water in the coatings. Wind and Lenderink (1996) used capacitance 
measurements to monitor permeation and sorption of water in coatings. 
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1.3 Influence of coating ingredients on moisture 
properties 
 
Wall paints can be roughly divided into waterborne and solvent borne paints. 
Waterborne wall paints are increasingly being used for their low odour and fast 
environmental friendly drying. The newer waterborne paints are based on aqueous 
dispersions of synthetic vinyl-type binders, such as polyvinylacetate or 
polyvinylpropionate (co-)polymers, and acrylic polymers (Van Faassen and Borm, 
1992). Moreover, paints containing volatile organic components have recently been 
prohibited by the Dutch government for professional indoor use. The European 
Commission might adopt these changes in legislation. The pressure to reduce volatile 
organic components and the industrial trend towards friendlier products with low 
toxicity of the product formulation led to the current expansion of waterborne types of 
coating. The application of waterborne paints, however, is generally accompanied by an 
increase in film biodegradability, so that an increase in the use of biocides should be 
required rather than a decrease (Van der Wel et al., 1999). However, the European 
Committee will presumably prohibit film biocides because of their harmfulness to 
occupants. It is therefore necessary to develop wall paints without biocides that are 
fungal resistant. 

The formulation of paint is determined by the type, size and/or concentration 
of its constituents in the wet state. Binders, surfactants, pigments, fillers, and additives 
control the characteristics of the final paint. The influence of surfactants, or more 
specific their hydrophilic part, on the moisture balance depends on their final location in 
the dry film. Several possibilities can be distinguished: 1) The surfactants remain on the 
surface of the latex particles during coalescence. If the latex polymer is strongly 
hydrophobic, then this hydrophilic layer might block inter-diffusion between the latex 
particles, which leads to reduced film properties (Bradford and Vanderhoff, 1966). 
Inter-diffusion may also be blocked by hydrophilic co-monomers, which are used in 
recipes to stabilise the latex particles or to give the polymer specific properties. 2) 
Migration during coalescence and subsequent autohesion to the paint/air or 
paint/substrate interface (Bradford and Vanderhoff, 1966). This may result in water 
retention at these interfaces and slow down the drying rate. 3) Dissolution in the latex-
particle. This may occur as a result of compatibility and has a plasticizing effect. In this 
respect, Roulstone et al. (1992) found a lower permeability due to formation of denser 
films. 4) Crystallisation inside the film may occur when the surfactant is incompatible 
with the polymer phase. This may cause macroscopic inhomogeneities in the film and 
consequently a significant increase in water-vapour permeability (Roulstone et al., 
1992). Furthermore, high surfactant concentrations can lead to open films due to 
flocculating particles during water evaporation. 

The amount of pigments and fillers relative to the amount of binder is usually 
expressed as the pigment volume concentration (PVC). The PVC is the volume fraction 
of pigment in the dry coating film, normally expressed as a percentage. When the 
amount of binder is such that all pigments are just completely wetted, the PVC equals 
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the so-called critical PVC (CPVC). The CPVC is considered a transition point, playing a 
pivotal role in many coating properties (Van der Wel and Adan, 1999). From aesthetic 
point of view, an important requirement for wall paints is good hiding power. Hiding 
power (opacity) depends on the ability to scatter light. For white pigments, which are 
often used in wall paints, this depends mainly on the difference between the refractive 
index of pigment and that of the binder in which it is dispersed. Above the CPVC 
porosity is introduced in the paint film. Since air has a lower refractive index than any 
binder, this has the effect of reducing the average index of the overall binder. Therefore, 
formulating beyond the CPVC improves the hiding power, see Figure 1.3.1 (left). On the 
other hand, the onset of porosity in a pigmented film leads to a tremendous increase in 
the water permeability, see Figure 1.3.1 (right). 
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Figure 1.3.1. Left: Typical hiding power efficiency (the surface area that can be covered with a 
gram pigment to an opacity of 98%) as a function of PVC (Patton, 1979). Right: Typical water 
permeability as a function of the PVC for ideal pigmentation (Van der Wel and Adan, 1999). The 
dotted line represents the critical PVC. 

 
According to Michaels (1967), water permeation through the interfaces 

between pigment and binder is important, especially for hydrophilic pigments, since 
these pigments facilitate water solubility in the film. Complete dispersion, no 
flocculation and proper binding between pigment and resin are desired. Pigment 
agglomeration, caused by incomplete dispersion or flocculation, might result in a larger, 
empty volume, facilitating water retention and transfer. Moreover, circumnavigation of 
water is less hindered by agglomerates than by the individual pigment particles (Hare, 
1997). Water susceptibility of paint films also arises when the polarity of pigment 
surfaces fails to correspond to the polarity of binder at the pigment/vehicle interface 
(Oesterle et al., 1978).  

The binder itself plays an important role as well. Alkyd emulsions show a 
different film formation mechanism compared to acrylic dispersions. De Meijer (1999) 
showed that alkyd emulsions formulated for and applied on wood substrates have better 
moisture barrier properties compared to acrylic dispersions. The water-vapour 
transmission rate of the acrylic dispersion was at least two times higher than the alkyd 
emulsion paint. It is therefore expected that wall paints based on alkyd emulsions are 
characterised by a lower permeability as well. Based on these observations it may seem 
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obvious to use an alkyd binder. However, as alkyd is more susceptible to yellowing, has 
a glossier look and alkyd wall paints are not well-known to the (Dutch) public, acrylic 
paints will probably maintain their large market share for some time.  

Weathering has a significant influence on moisture transport properties. 
Because of their (slight) solubility in water, additives will evaporate and leach out of the 
coating. Consequently, the actual coating performance may vary in time, because the 
hygroscopicity decreases and the empty volume in the film increases. Coating free 
space may also result from degradation of binder and additives.  
 
 

1.4 Physical aspects of the built environment 
 
The present research has been performed at the Eindhoven University of Technology 
(The Netherlands) at the Building Physics Group of the faculty of Architecture, 
Building and Planning. The research in this group is aimed at understanding the 
physical aspects of the built environment. Studies performed by the group that are most 
related to the present research are discussed below. Deterioration of building envelopes 
is a common argument for these projects. Building envelopes deteriorate due to many 
factors. The exposure of building envelopes to the in- and outdoor climate is an 
inevitable factor. The quality of their design, building and maintenance determine the 
durability as well. 

Deterioration problems related to driving rain are many and often linked to 
each other. Moisture in an exterior wall due to driving rain may cause for example 
reduction of the thermal insulation, corrosion to metal fixtures, cracks in porous 
masonry during freezing, efflorescence of salts, expansion or shrinkage (and thus 
damaging stresses), or it may cause fungal growth on the faced or on the indoor side. 
Van Mook (2003) developed tools to estimate driving rain amounts on building 
envelopes which are useful for the design of facades and roofs, the testing of building 
materials and elements in laboratories, and research on moisture transfer in building 
envelopes.  

A detailed knowledge of the moisture transport is essential for understanding 
the durability, which in this respect may be regarded as the resistance of a material or 
construction against deterioration caused by attacks from its environment. Pel (1995) 
discussed the isothermal moisture transport in various porous building materials. He 
found, within the experimental accuracy, a relation between the moisture diffusivity and 
the actual moisture content, which is dependent on the type of material. 

The moisture transport in brick masonry is an important phenomenon in 
several deterioration mechanisms such as salt attack, frost attack, leaching of calcium, 
and cracking due to hindered hygric expansion. Brocken (1998) modelled the moisture 
transport across brick-mortar interfaces and characterized the mortar joint. He found 
that in case of water absorption, the governing moisture transport parameters of the 
mortar joint (in particular its capillary suction) vary significantly and dominate the 
behaviour of the brick-mortar interface. By that, a precise qualification of the hydraulic 
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nature of the brick-mortar interface is impossible and consequently he suggested that, in 
case of water absorption, the effect of mortar joints should be modelled by means of 
flow resistances as well. Drying of masonry is not as much influenced by the capillary 
suction of the mortar joint. Therefore, the moisture transport across the brick-mortar 
interface can better be predicted. 

Fungal growth in indoor environments is always related to factors involving 
moisture. Many fungal problems occur in averagely dry places where dampness is only 
produced over short periods of time, like bathrooms. Porous finishing materials such as 
gypsum plaster may retain moisture over long periods of time, resulting in increased 
risks of fungal growth. In the case of transient moisture loads, fungal growth risks are 
therefore related to material properties. The frequent occurrence of fungal problems in 
Dutch indoor environments that are considered relatively dry probably emphasizes the 
significance of dynamics, the consequences of moisture storage in particular. 
Considering this everyday reality, Adan (1994) studied fungal growth of a single fungal 
species on gypsum-based materials both under steady state and transient indoor 
conditions to improve the understanding of the process inducing the fungal defacement 
of interior finishes. Such improved insight should be a first step towards eco-friendlier, 
healthier and lasting control strategies of indoor fungal growth. According to Van der 
Wel et al. (1999), specially formulated organic coatings, preferably waterborne, may 
regulate moisture transport in gypsum based materials and consequently decrease risks 
of fungal growth. Experimental determination and description of moisture transport in 
the combined system of coating and base material are required for subsequent 
development of such coating systems. Therefore, Van der Wel gave together with Adan 
a review on transport and equilibrium sorption of moisture in polymer films and organic 
coatings (Van der Wel and Adan, 1999). Polymeric material forms the continuous phase 
of a coating and is therefore important for transport properties. Besides polymer, 
coatings consist of pigments and fillers and various additives, each of them affecting 
moisture transport. Pigments may lower moisture permeation, but non-ideality of 
pigmentation reduces this effect. Coating additives increase moisture solubility, but 
only little is known in detail. 

Besides fungal growth, indoor air humidity influences also the presence of 
house dust mites. Snijders (2001) studied the relation between different indoor humidity 
classes and mite presence in Dutch dwellings. She found a positive correlation between 
noxious mite concentrations and the humidity of a room. Fungi, mites and pets are the 
three main groupes of indoor allergen producers. Since the seventies, there is an 
increase in allergen exposure in the home environment resulting in an appreciable 
increase in allergic diseases such as asthma, rhinitis, and atopic dermatitis. Beside a 
larger awareness of the subject, this phenomenon will be due to the save-energy 
campaigns that were initiated from the first oil crisis. The insulation of walls and 
windows, combined with the sealing of drafty cracks and crevices created an increase in 
humidity in houses. Koren (1995) studied the interrelations between avoidance 
procedures and the allergological quality of the indoor environment with the aid of 
mathematical and laboratory models. The constructed models enable an accurate, 
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reproducible and relatively cheap assessment of the efficacy of avoidance products and 
services to be used in the domestic environment. 

Important factors, determining the quality of the indoor environment, are 
thermal comfort and indoor air quality. The performance of ventilation determines, to a 
large extent, the indoor air quality, viz. humidity. Ventilation of the indoor environment 
is effective if good indoor air quality is realized at lowest costs. To judge whether 
ventilation is effective or not, Roos (1999) formulated quantitative ventilation 
effectiveness criteria with respect to supply of fresh air to occupied zones in the indoor 
environment and removal of internally emitted contaminants. Thermal comfort is above 
all a personal experience. Loomans (1998) investigated the climate within a small space 
around a person: the microclimate. With help of measurements and simulations he gave 
a contribution to the reliability with which the indoor climate can be predicted and 
optimised. Radioactive gases, like radon, also influence indoor air quality. In The 
Netherlands, unlike many other countries, building materials are the main source of 
indoor radon. With a contribution of 20 Bq⋅m-3 of radon, building materials contribute 
approximately 70% of the total indoor radon concentration (Van der Pal et al., 2001). 
Van der Pal made an approach for measuring and modelling diffusive and advective 
transport of radon through building materials. The goal of these measurements and 
model calculations is to improve the understanding concerning the factors influencing 
the transport of radon through building materials and buildings (Van der Pal, 2004). 

Not only the effect on deterioration of building envelopes due to the indoor 
climate of dwellings are investigated but also that of churches. Schellen (2002) 
identified common patterns and relations between typical church heating systems and 
their effects on the deterioration of monumental churches. On the one hand there was 
drying out of monumental wooden furniture, on the other hand there was surface 
condensation due to low surface temperatures in combination with high air humidity 
due to excessive moisture sources. 
 
 

1.5 Objectives and outline of the thesis 
 
In building science, knowledge is lacking about the moisture transfer properties of 
waterborne wall paints. Also the behaviour of painted substrates has not been examined 
sufficiently. The role of the paint constituents in the moisture transfer properties is 
unclear. This lack of knowledge is partly caused by the lack of simple measuring 
techniques. Therefore, one objective of the present study is to contribute to the 
development of techniques, with which the moisture transfer properties of paint can be 
determined in an easy, fast and inexpensive way. Another objective is using these 
techniques to obtain better insight into the moisture transfer properties of paint, gypsum, 
and painted gypsum. The different measuring techniques will be compared. Also the 
results obtained with the different measuring techniques will be compared. 

To make clear the influence of some coating ingredients on the moisture 
transfer properties, new formulations will be made with a limited number of ingredients, 
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which are also present in commercially available paints. The influence of binder, fillers 
and pigment volume concentration, on the film forming behaviour and the moisture 
transfer properties will be investigated. To eliminate the influence of the substrate on 
the measurement of the paint properties, free paint films will be used. For this, a 
suitable method for preparation of free paint films will be chosen or developed. 
  

The outline of this thesis is as follows. The theory in Chapter 2 will give the 
moisture transport equations for solid and porous materials. The three moisture 
transport properties of interest for this research, i.e. diffusion coefficient, permeability 
and sorption isotherm, will be dealt with. Also the influence of stagnant air layers at the 
surface of the samples on the moisture transfer properties will be treated theoretically. 
Some specific theory of the different measurement principles will be described in a later 
chapter, where the measurement methods will be presented. 

The used materials will be listed in Chapter 3. Here, the various paints and 
gypsum formulations will be given together with preparation methods. Several simple 
physical properties of these samples will be given here as well.  

Emphasis in the present study will be on experimental methods. A distinction 
will be made between experiments under steady state conditions and experiments under 
unsteady state conditions. In Chapter 4, the gravimetric experiments under steady state 
conditions will be discussed. Herein, two physical material properties, sorption isotherm 
and permeability, will be determined experimentally. For that, the gravimetric method is 
used. This gravimetric method determines the mass change of a sample. An improved 
cup method will be applied with an automated device in a pressure-stabilised box to 
measure the permeability.  

In Chapter 5, the sorption isotherm of paint and diffusion coefficient of water 
in paint will be determined hygrometrically. This hygrometric method uses the relative 
humidity in the air surrounding a sample. 

In Chapter 6, experiments under unsteady state conditions will be discussed for 
the determination of the diffusion coefficient of water in gypsum, which will be 
obtained from the mass change of a sample caused by a periodical change of the 
surrounding relative air humidity.  

In Chapter 7, the diffusion coefficient of water in paint will be obtained from 
the swelling or shrinkage of a paint film due to a change in the surrounding air 
humidity. 

Chapter 8 will contain the conclusions and the discussion of the methods and 
results obtained in the previous chapters. The various existing and newly developed 
measurement methods will herein be compared.  

The experiments will be concluded in Appendix C with experiments in the 
capillary regime. With these experiments, it is endeavoured to mimic real life 
conditions, where a coated or uncoated gypsum plaster is subjected to liquid water, like 
in the case of abundant surface condensation. The mass change of the gypsum samples 
placed into contact with liquid water is an indication of the absorption behaviour. 
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Chapter 2 

General theory of water transport in non-
porous and porous materials 
 

2.1 Introduction 
 
In this chapter, the theory is discussed that is associated with measurement methods for 
determining moisture adsorption and transport in non-porous as well as porous 
materials. The discussion is based on the theoretical discussion in Perera (1971). An 
important material property for moisture transport is the diffusion coefficient, which is 
derived from the permeability and the sorption isotherm or calculated from dynamic 
sorption experiments. Because permeation and sorption are strongly dependent on 
temperature, all experiments are performed at a constant temperature. Therefore, only 
isothermal conditions will be treated in the discussion of the theory. 
 
 

2.2 Diffusivity 
 
Applying the principles of irreversible thermodynamics (de Groot, 1952), the water 
vapour flux, g [kg⋅m-2⋅s-1], in one dimension through an inert non-porous material, can 
be expressed as 
 

 ( )Gg KC
x

∂ ∆
= −

∂
 , (2.2.1) 

 
where K [mol⋅s⋅kg-1] is a proportionality factor. The driving force is expressed as the 
water vapour concentration existing in the non-porous material, C [kg⋅m-3], times the 
gradient of the chemical potential of the penetrating water, ∆G [J⋅mol-1]. The chemical 
potential is related to the change in free enthalpy, G, for an addition of n moles of water 
as 
 

 GG
n
∂

∆ =
∂

 ,  (2.2.2) 

 
while keeping the temperature and the pressure constant. ∆G can be expressed as 
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 0 lnG G RT a∆ = ∆ +  , (2.2.3)  
 
in which ∆G0 [J⋅mol-1] represents the chemical potential of pure water at a reference 
temperature and pressure, R [J⋅mol-1⋅K-1] the universal gas constant, T the temperature 
in kelvin and a the activity of the water in the material. To express the activity 
numerically, the solvent in the pure liquid state, with vapour pressure psat [Pa], is 
considered to have an activity equal to unity. The activity of a solvent of vapour 
pressure pv [Pa], at the same conditions of temperature and pressure, is then given by 
 

 v

sat

p
a

p
=  , (2.2.4)  

 
which, for water, is the relative humidity, φ. 
Substituting Eq. (2.2.3) in Eq. (2.2.1) gives 
 

 0( lG RT a
g KC

x
∂ ∆ +

= −
∂

n )
 . (2.2.5) 

 
During the performance of the experiments, temperature and pressure are constant. 
Therefore, ∆G0 is constant and Eq. (2.2.5) can  be written as 
 

 ln ag KRTC
x

∂
= −

∂
 . (2.2.6)  

 
Since 
 

 ln 1a
a a

∂
=

∂
 , (2.2.7) 

 
it follows that 
 

 C a C a Cg KRT KRT
a x a C x
∂ ∂ ∂

= − = −
∂ ∂ ∂

 . (2.2.8) 

 

The product C aKRT
a C
∂
∂

 can be substituted by a coefficient D(C), which is called the 

diffusion coefficient. Eq. (2.2.8) can now be written as 
 

 ( ) Cg D C
x

∂
= −

∂
 . (2.2.9) 
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This equation is called Fick’s first law and is used for permeation under steady state as 
well as transient conditions. This law is according to Philip and de Vries (1957) also 
applicable for porous media. However, the physics behind it differs. 
 
 

2.3 Permeability 
 
Fick’s first law (Eq. (2.2.9)) is commonly expressed with the partial water vapour 
pressure pv as potential which gives 
 

 ( ) v v

v

p pCg D C
p x x

δ
  ∂ ∂∂

= − = − ∂ ∂ ∂ 
 . (2.3.1) 

 
The transport property δ [kg⋅s-1⋅m-1⋅Pa-1] is called the water vapour permeability 
coefficient. For a steady state and constant δ, integration of Eq. (2.3.1) gives 
 

2

10

v

v

d p

v vp
g dx gd dp pδ δ= = − = − ∆∫ ∫  .   (2.3.2) 

 
Commonly, δ /d is called the water vapour permeance coefficient, Kp [kg⋅s-1⋅Pa-1]. 
Another way of expressing the vapour permeability is by using a vapour diffusion 
resistance number µ [-]. This number is commonly used in the building physics 
literature because it represents the ratio between the water vapour permeability of a 
material and the permeability of water vapour in dry air: µ ≡ δa/δ. Therefore, Eq. (2.3.1) 
is also written as 
 

 a vp
g

x
δ
µ
∂

= −
∂

 . (2.3.3)  

 
The water vapour permeability coefficient of air is 
 

 
( )a

a
v

D T
R T

δ =  , (2.3.4)  

 
with Da(T) [m2⋅s-1] the diffusion coefficient of water vapour in air at temperature T [K] 
and Rv the gas constant of water vapour (462 J⋅kg-1⋅K-1). According to Schirmer (1938), 
the relation to temperature of the diffusion coefficient of water in air is 
 

 
1.81

52.3 10
273a
TD −  = ⋅  

 
. (2.3.5) 
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Therefore, the water vapour permeability coefficient of air can also be written as 
 
 . (2.3.6) 12 0.811.94 10a Tδ −= ⋅
 
 

2.4 Sorption isotherm 
 
Generally, the concentration of a gas absorbed in a material is directly related to the 
partial pressure of this gas in the ambient air. However, the water molecule is relatively 
small and both in the liquid phase and the non-porous material strongly associated 
through hydrogen bond formation. As a result, strong localised interactions may 
develop between the water molecule and suitable polar groups of the adsorbent. On the 
other hand, in relatively non-polar materials, clustering or association of the adsorbed 
water is encouraged. Accumulation of water from the surrounding moist air continues 
until a state of equilibrium is reached. The moisture content of the material at this state 
is called the equilibrium moisture content. 

The moisture content of porous materials may also depend on the history of 
adsorption and desorption. This phenomenon is called hysteresis. The relationship 
between the vapour pressure of the ambient air and the equilibrium moisture content of 
the material is described by a curve called the sorption isotherm. The slope of this curve 
∂C/∂pv is the same differential as mentioned in Eq. (2.3.1). Thus, when the permeability 
and the sorption isotherm are known, the diffusion coefficient follows from Eq. (2.3.1). 
Reversely, the permeability may be calculated when the sorption isotherm and diffusion 
coefficient are known. 
 
 

2.5 Film model 
 
Not only the material hinders the moisture diffusion but also a small stagnant air layer 
adjacent to the surface of the material. Figure 2.5.1 shows a material on which a 
moisture gradient is imposed. The surrounding air is mixed due to convection. 
However, next to the surface a small film of stagnant air is modelled. The relative 
humidity (φ) of the air is schematically represented by the continuous solid line. The 
symbols pv and pvs represent the partial vapour pressures in the surrounding air and at 
the surface of the material respectively. Inside a material, the water activity may be 
interpreted to correspond to a partial vapour pressure in air and is schematically shown 
by a dashed line. Note that the water activity is continuous at the material boundary, as 
opposed to the water concentration that is generally discontinuous. 
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Figure 2.5.1. Schematic picture of the film model 

At the interface, the flux density in the air film equals the diffusion flux density in the 
material: 
 

 
left

( ) a v
v vs

p
k p p

x
δ
µ
∂

− = −
∂

 ,  (2.5.1) 

and 
 

  ' ' '

right

(a v
vs v

p
k p p

x
δ
µ
∂

−
∂

)− = , (2.5.2) 

 
where k [kg⋅m-2⋅s-1⋅Pa-1] is the vapour transfer coefficient. The vapour transfer 
coefficient at each side of the material is generally different. The ratio of the vapour 
diffusion resistance of a material of thickness d [m] and a stagnant surface layer is 
expressed by the Biot number: 

 solid resistance
1air film resistance

a

a

d
k dBi

k

µ
δ µ

δ
≡ = =  . (2.5.3) 

 
If Bi >> 1, the resistance lies mainly in the material. If Bi << 1 the resistance lies mainly 
in the air layer.  
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Chapter 3 

Materials 
 

3.1 Introduction 
 
Almost all dwellings in The Netherlands have walls and ceilings plastered with gypsum. 
In controlling the relative humidity in these dwellings, the moisture behaviour of the 
gypsum plays an important role. The gypsum can absorb moisture from the indoor 
climate during periods of high humidity. It can also desorb moisture to the indoor 
climate in times of low humidity. It is well known that wood, for instance, is protected 
against high humidity by a coating. Wood can deteriorate due to the presence of water. 
However, gypsum does not deteriorate so strongly as wood does. Therefore, painting 
gypsum is not done to prevent deterioration of the gypsum. Gypsum is mainly painted 
for decorative reasons. However, it can also be a means to control the moisture transfer 
properties of the gypsum.  

In this chapter, the materials used in this study will be described in detail. For 
convenience only one type of gypsum is used, which will be described in Section 3.2. 
For the paint, a wide variety of coatings will be used, of which the formulation will be 
described in Section 3.3. In Section 3.4, the preparation of a dry paint on a substrate or 
as a free film will be described. 
 
 

3.2 Gypsum 
 

For its air tightness, levelling and moisture regulating properties, gypsum plaster is 
often applied as finishing material: at high relative humidities it adsorbs moisture from 
the room and at low relative humidities it desorbs moisture to the room. This way it 
moderates peak changes of relative humidity (Krusche et al., 1982; Künzel, 1980; 
Padfield, 1998). 

Only one type of gypsum plaster, of which some of its properties have already 
been examined in previous research (Adan, 1994; Pel, 1995), is used in the present 
study: MP 75 SL1. This plaster is already blended in the factory. After addition of water, 
it can immediately be applied. This plaster is suitable for inside finishing of walls and 
ceilings that are porous to some extent. The minimum application thickness is 10 mm. 
The density is, according to the specifications, 700 kg·m-3. 

                                                           
1 Knauf MP 75 SL, Knauf, Germany. 
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Below, it is shortly described how gypsum is produced. First three types of 
gypsum can be distinguished 

Gypsum   CaSO4 ⋅  2 H2O 
Burned gypsum   CaSO4 ⋅ ½ H2O (Plaster of Paris) 
Dead burned gypsum  CaSO4 

The gypsum found in nature is partly dehydrated to burned gypsum by heating it 
between 90° and 150°C. Hardening the burned gypsum, CaSO4 ⋅ ½ H2O readily 
reabsorbs water under solidification and reconverts under swelling to the old condition 
(CaSO4 ⋅ 2 H2O). When gypsum is heated above 500°C, dead burned gypsum is 
obtained, which only very slowly reacts with water. The hardening process is fast, 
therefore retarders are added to be able to apply the wet gypsum. The hardened gypsum 
consists of needle shaped entangled crystals. This creates a connected pore system. 
From this structure, the water transfer properties of gypsum can be explained. 

Plain plaster samples are prepared of fresh gypsum. For this purpose, 1 weight 
part of gypsum is blended with 0.7 weight parts of water. This substance is manually 
stirred until the lumps have vanished. Hereafter, cylindrically shaped moulds are filled 
with the substance and wiped off. In the meantime, the moulds are vibrated for five 
minutes to improve the filling and the degassing of the slurry. For the different 
measurement methods, the cylinders have different shapes. For the automated 
gravimetrical measurements (Section 4.5) two kinds are developed: PVC-cylinders with 
a height of 10.0 ± 0.5 mm and PVC-cylinders with a height of 20.0 ± 0.5 mm. Both 
have an inner diameter of 43.0 ± 0.5 mm. For the dynamical experiments, Teflon 
cylinders are used which are closed at the bottom with a Teflon sheet. They have a 
height of 20.0 ± 0.5 mm and a diameter of 43.0 ± 0.5 mm. Also Perspex cylinders are 
used with a diameter of 70.0 ± 0.5 mm and a height of 40.0 ± 0.5 mm. 

After a drying period of one week, pieces of gypsum may still be present that 
have not reacted with the water. Gypsum continues to hydrate and may therefore disturb 
the water adsorption experiments. To obtain inert gypsum as much as possible, a second 
hydratation is carried out by conditioning the samples at 100 % relative humidity for 
one week. Afterwards, the gypsum is air dried at 60 % relative humidity. The part of the 
sample above the topside rim of the cylindrical mould is sanded with sandpaper until 
the gypsum surface levels with the rim, whereupon the remaining dust in the pores is 
blown away with pressurised air. 

The density of the gypsum is inferred from its mass and volume: 990 ± 60 
kg·m-3, which is much larger than the specifications of the manufacturer.  

The porosity of the gypsum is determined from the mass difference of dry and 
water saturated samples. For this, a dry sample is immersed in water and placed under 
vacuum. After the escape of air bubbles stops, the sample is taken out of the water, 
carefully patted dry and placed on a balance. The measured porosity is 54% (0.54 ± 0.03 
m3·m-3).  
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3.3 Coating formulations 
 
Starting point for making new wall-paint formulations is a paint closely related to 
commercially available acrylic dispersion paints with a minimum number of ingredients 
and no film fungicides. Without fungicides, the formulation becomes more eco-friendly. 
By modifying some ingredients or concentration of ingredients, the influence on the 
moisture transport properties of the dry paint film is studied. The first modifications 
concern the fillers and the Pigment Volume Concentration (PVC [%]). The PVC is 
defined as the percentage of pigment in a dry paint film, where pigment also includes 
the fillers, i.e.  
 

 pigment

pigment non-volatile binder

V
PVC

V V
=

+
, (3.1.1) 

 
where Vpigment is the pigment volume and Vnon-volatile binder is the non-volatile binder 
volume. Table 3.3.1 shows the used nomenclature of the studied paints. 
  

Table 3.3.1. Nomenclature Styrene / Acrylate dispersion paints differing in fillers and PVC 

Code Filler PVC [%] Comments
Ac#1-c-p40a chalk 39.7 other defoamer
Ac#1-c-p40 chalk 39.8
Ac#1-c-p32 chalk 32.6
Ac#1-t-p40 talc 39.8
Ac#1-t-p32 talc 32.6
Ac#1-n-p25 no filler 25.3

 
 

The first two letters in the code, “Ac”, designates Acrylate binder. The number, 
1, indicates the series to which the paint belongs. The different fillers (or lack of filler) 
are indicated with the single characters: c = chalk, t = talc and n = no filler. The PVC is 
indicated for instance with “p40”, where 40 means 40 vol.% PVC. The additional letter 
“a” refers to the single use of Agitan® 232 defoamer instead of TEGO®Foamex 1488 
defoamer in the other formulations. Table 3.3.2 shows the ingredients of the paints, by 
product name and amount. The numbered footnotes refer to the list of type and 
manufacturer of the ingredients at the end of this section. 
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Table 3.3.2. Composition of the Styrene / Acrylate dispersion paints 

Paint name Ac#1- c-p40a c-p40 t-p40 n-p25
Function Ingredient Mass % Mass % Mass % Mass %

Solvent Demi Water 33.93 33.93 33.93 38.85
Binder Acronal® 290 D 1) 30.03 30.03 30.03 34.38
Pigment Tioxide TR92 2) 20.02 20.02 20.02 22.92
Filler Mikhart®5 3) 12.71 12.71 - -
Filler Finntalc M15 4) - - 12.71 -
Thickener Acrysol®RM-8 5) 2 2 2 2.3
Coalescing aid Texanol® 6) 0.75 0.75 0.75 0.86
Dispersing agent SER-AD®FX 504 7) 0.3 0.3 0.3 0.34
In-can biocide Acticide® MBS 8) 0.15 0.15 0.15 0.17
Defoamer Agitan® 232 9) 0.1 - - -
Defoamer TEGO®

Foamex 1488 10) - 0.1 0.1 0.12
Total 100 100 100 100
PVC [%] 39.7 39.8 39.8 25.3
Dry mass [%] 48.6 48.6 48.6 41.1

5

 
 
The two Ac#1-x-p32 formulations are 1:1 mass mixtures of Ac#1-x-p40 with Ac#1-n-
p25. The second Acrylate paint series is closely related to but not exactly identical to the 
first series with chalk as filler. Only the PVC is varied, see Table 3.3.3 and 3.3.4. 

 

Table 3.3.3. Nomenclature Styrene / Acrylate dispersion paints differing in PVC. The difference 
in viscosity of the Ac#2-p40 is probably due to a formulation error. 

Code PVC [%] Comment
Ac#2-p0 0
Ac#2-p40 39.8 more viscous then other ‘Ac#2’ formulations
Ac#2-p60 60
Ac#2-p81 81
Ac#2-p86 86 expected CPVC
Ac#2-p91 91
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Table 3.3.4. Composition of the Styrene / Acrylate dispersion paints formulated with different 
PVC’s. The Ac#2-p40 formulation has another viscosity than the almost comparable Ac#1-c-p40 
formulation. Even among the other Ac#2 formulations, the differences in viscosity are larger than 
expected. Therefore, the listed amounts of ingredients of this paint are presumably not correct. 

Paint name Ac#2- p0 p40 p60 p81 p86 p91
Function Ingredient [Mass%]

Solvent Water 66.9 33.9 50 59 60.5 61.8
Binder Acronal® 290 D 1) 30.0 30.0 13.9 4.9 3.4 2.1
Pigment Tioxide TR92 2) - 20.0 20.0 20.0 20.0 20.0
Filler Mikhart®5 3) - 12.7 12.7 12.7 12.7 12.7
Thickener Acrysol®RM-8 5) 2.0 2.0 2.0 2.0 2.0 2.0
Coalescing aid Texanol® 6) 0.75 0.75 0.75 0.75 0.75 0.75
Dispersing agent SER-AD®FX 504 7) - 0.30 0.30 0.30 0.30 0.30
In-can biocide Acticide® BX 8) 0.15 0.15 0.15 0.15 0.15 0.15
Defoamer TEGO®

Foamex 3062 10) 0.1 0.1 0.1 0.1 0.1 0.1
Water softner Sodium hexameta-

fosfaat Lev Mid 11) 0.1 0.1 0.1 0.1 0.1 0.1
Total 100 100 100 100 100 100
PVC [%] 0 39.8 60 81 86 91
CPVC [%] 0 86 86 86 86 86

  
 

For determining the influence of the binder, there is also a series of Alkyd 
emulsion paints formulated of which most of the ingredients are analogous to those in 
the Styrene / Acrylate dispersion paints. Some additives are different from the additives 
in the Styrene / Acrylate paints because the chemical behaviour of the binder is 
different. The nomenclature is in accordance with the previous ones except “Al” stands 
for Alkyd emulsion, see Table 3.3.5 and 3.3.6. Also some commercially available paints 
are included of which the formulation is unknown. In Appendix D, one other 
formulation of an Alkyd emulsion is given, which also is examined with regard to its 
moisture transfer properties. 

 

Table 3.3.5. Nomenclature alkyd emulsion paints 

Code PVC [%]
Al#1-p35 35.4
Al#1-p53 52.5
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Table 3.3.6. Composition of the Alkyd emulsion paint 

Paint name Al#1-p35 Al#1-p53
Function Ingredient Mass % Mass %

Solvent Demi water 16.09 30.44
Binder Uradil AZ554 Z-50 12) 38.13 20.75
Pigment Tioxide TR92 23.96 26.1
Filler Mikhart®5 15.21
Thickener Acrysol®RM-8 2.4 2.61
Dispersing agent Disperbyk®-190 13) 2.06 2.24
Drier Durham VX 71 14) 1.91 1.04
Defoamer BYK®-024 15) 0.09 0.1
In-can biocide Acticide® BX 0.15 0.15
Total 100 100
PVC [%] 35.4 52.5
Dry mass [%] 60 50

16.57

 

Table 3.3.7. Nomenclature remaining paints 

Code Comments
Ac-B Pure Styrene / Acrylic Binder including coalescing aid
Al#2-p63 Alkyd emulsion differing in fillers from the 'Al#1' paints (See appendix)
Ac-I1 Commercially available industrial paint (formulation unknown)
Ac-I2 Commercially available industrial paint (formulation unknown)
Ac-I3 Commercially available industrial paint (formulation unknown)

 
1) Styrene / Acrylate dispersion, BASF 
2) rutile TiO2, Huntsman Tioxide 
3) Chalk, size range 0-25 µm, mean ∅: 5 µm, without surface treatment; 
    Provençale s.a. 
4) Talc (96 % ), without surface treatment; MONDO MINERALS OY 
5) HEUR(non-ionic), Rohm and Haas 
6) Ester-Alcohol, Eastman 
7) Ammonium salt of a polymeric carboxylic acid, CONDEA SERVO 
8) No free formaldehyde, Thor Chemicals 
9) Blend of liquid hydrocarbons, modified fatty compounds,  
    nonionic emulsifiers and hydrophobic silica; Münzing Chemie GmbH 
10) Polysiloxane-polyether copolymer, contains hydrophobic silica; TEGO 
11) Van Epenhuysen 
12) Alkyd emulsion, DSM Resins 
13) High molecular weight block copolymer, BYK-Chemie 
14) Harcros Chemical Group 
15) Silicone defoamer, BYK-Chemie 
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3.4 Preparation, preconditioning and properties of 
paint films 

 

3.4.1 Free paint films 
 
Traditional water vapour permeability and sorption experiments will be performed on 
free paint films to obtain the corresponding moisture transport coefficients without the 
influence of the substrate. To prepare free films, wet paint is applied with a doctor blade 
moving at a constant distance and at a constant rate over siliconised paper attached to a 
smooth substrate. The siliconised paper allows an easy release after formation of the 
film. To prevent crawling of the paint film during drying, the edges of the siliconised 
paper are limed with gummed paper. The paints are applied at three different wet layer 
thicknesses: 120, 250, and 400 µm, and are subsequently dried in a conditioned 
environment at a temperature of 24°C and a relative humidity of 60%. A drawback of 
the free-film method concerns one-sided drying and possible relaxation after release 
from the paper, which both may affect the moisture transport properties. Therefore, the 
comparison with properties of films that are formed on a porous substrate might be 
complicated. However, more advanced methods for producing free films are not 
available. Table 3.4.1 shows the dry-layer thickness of some free paint films. The 
thickness is measured with a micrometer. At least five free films are placed on each 
other with on top a glass sheet, compressed with a force of 5 N. The micrometer is 
placed on this pile for at least an hour, before the reading is taken. This way, the 
thickness can be measured but the paint films are no longer suitable for measurements.  
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Table 3.4.1. Dry-layer thickness free paint films 

Wet layer Dry layer Measurement
Paint thickness thickness uncertainty Ratio
Formulation  [µm]  [µm] [µm] dry/wet

Ac#1-c-p40a 120 53 1.4 0.44
250 81 1.6 0.32
400 113 4 0.28

Ac#1-c-p40 120 55 1.5 0.46
250 82 1.6 0.33
400 109 1.1 0.27

Ac#1-t-p40 120 56 1.4 0.47
250 91 1.6 0.36
400 126 1.1 0.31

Ac#1-n-p25 120 39 1.1 0.32
250 65 1.3 0.26
400 90 1.3 0.23

Ac#1-c-p32 120 47 3 0.39
250 71 1.3 0.28
400 98 6 0.24

Ac#1-t-p32 120 49 1.3 0.41
250 79 1.2 0.31
400 113 4 0.28

Al#1-p35 120 47 1.0 0.39
250 83 1.6 0.33
400 125 1.3 0.31

Al#2-p63 120 83 1.4 0.69
250 128 1.6 0.51
400 180 4 0.45

 
 
The grey cells in Table 3.4.1 are values, which cannot be measured because 

large parts of the paint samples did not form an appropriate film. The good parts will be 
used in later experiments with damaging the paint film. Measuring the thickness in 
advance also damages the paint film. The dry paint film thickness of the grey cells is 
calculated assuming a linear relation between wet and dry paint film thickness. Table 
3.4.2 shows the dry layer thicknesses of the commercially available paints. 
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Table 3.4.2. Dry layer thickness of free films of commercially available paints. All applied with a 
wet layer thickness of 400 µm.  

 

Dry layer Measurement
Paint thickness uncertainty Ratio
Formulation  [µm] [µm] dry/wet

Ac-I1 104 1.2 0.26
Ac-I2 115 1.3 0.29
Ac-I3 122 1.2 0.30

 

3.4.2 Paint films on steel plates 
 
In Table 3.4.3, the formulations are listed which are also applied on both sides of 
stainless-steel plates. For creating a paint layer with uniform thickness, a doctor blade is 
scraped with a constant velocity at a constant distance from the plates over the wet 
paint. The volume of the dry paint layers is determined by measuring the surface area 
and the layer thickness. The layer thickness is determined by piling several painted 
plates, measure the total thickness of the pile and subtract the thickness of the plates 
when they were still unpainted. 

 

Table 3.4.3. Paint formulations applied on stainless steel plates in combination with the dry layer 
thickness and the total surface area 

 
Dry layer Measurement Total

Paint thickness uncertainty surface area Error Density
formulation  [µm] [µm]  [m2] [m2] x 103 [kg.m-3]

Ac#1-c-p40a 119 4 0.1081 0.0005 1.81
Ac#1-c-p40 116 6 0.1080 0.0005 1.81
Ac#1-t-p40 121 2 0.1083 0.0005 1.85

Al#1-p35 137 10 0.1082 0.0005 2.18
Al#1-p53 101 5 0.1084 0.0005 2.18
Al#2-p63 185 7 0.1091 0.0005 1.92
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Chapter 4 
 

Gravimetric steady state methods for 
gypsum, paint and painted gypsum 
 
 

4.1 Introduction 
 
In this chapter, the sorption isotherm and vapour permeability of gypsum, free paint 
films and painted gypsum will be examined using gravimetric methods. The sorption 
isotherm of gypsum and free paint films will be determined by measuring the mass of 
water present in a sample as a function of the relative humidity conditions of the 
surrounding atmosphere in an equilibrium situation. The technique and results will be 
discussed in Section 4.2. An improved cup method, presented in Section 4.3, will be 
used for determining the water vapour permeability of paint and (painted) gypsum. 
Section 4.4 will contain the discussion of the techniques and the results. 
  
 

4.2 Sorption isotherms of gypsum and paint 

4.2.1 Set-ups and method 
 
One experimental set-up used for measuring sorption isotherms is schematically 
presented in Figure 4.2.1. In a desiccator, a constant water vapour pressure is created 
using a specific saturated salt solution, see Table 4.2.1. The relative humidity is 
generally accurate to ± 2%. For reaching zero activity, Sicapent® is used, a phosphorus 
pentoxide drying agent that reacts with water. A small fan improves the mixing of air 
inside the desiccator. The samples are placed on a grid above and free from the 
saturated salt solution. To cover the hygroscopic range, a series of desiccators is used 
with different saturated salt solutions. The desiccators are placed in a temperature 
controlled room at 23.5 ± 0.5 °C. As the change in relative humidity for most salts is of 
the order of 0.05 % per kelvin, the relative humidity in the cups is about 0.2 % higher1 
than indicated in Table 4.2.1. The mass of the samples is measured by placing them on a 
balance outside the desiccator.  
 

                                                           
1 Only for KNO3 the change is higher, about 0.8 %.  
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Desiccator

Fan

Samples 

Saturated salt solution

Figure 4.2.1. Schematic drawing of the experimental set-up for the gravimetric determination of 
the sorption isotherm 

 

Table 4.2.1. The equilibrium relative humidity of air corresponding to various saturated salt 
solutions (at 20°C). The given values are generally accurate to ± 2 % RH (Lide, 1994). 

Saturated aqueous Equilibrium 
salt solution RH (+/-2 %)

LiCl 12
CH3COOK 22
MgCl2.H2O 33
K2CO3.2H2O 43
Mg(NO3)2.6H2O 53
NaNO2 65
NaCl 75
KCl 85
KNO3 93
K2SO4 97

 
 

Gravimetric sorption isotherm measurements are also performed in a pressure-
controlled box with a constant temperature (23.5 ± 0.5 oC), and a constant relative 
humidity. The mass of the samples is measured with a precision of 0.1 mg on an 
electronic balance2 inside the box. A robot arm picks the samples from a turntable and 
places them on the balance and back again, see Figure 4.2.2. Air pressure variations are 
avoided and do not influence the mass determination. The humidity is controlled by 
mixing dry and saturated air that ventilates the box at a rate of 0.6 h-1. The automated 
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Gravimetric steady state methods for gypsum, paint and painted gypsum 

device has the advantage, compared to the desiccators, that the mass is measured in the 
same climate as the storage climate, and that therefore the mass measurements do not 
disturb the air humidity condition around a sample. 
 

Door 

Motor drive 

Balance
Turntable 

Control box 

Robot arm

Pressure box 

Figure 4.2.2. Pressure-controlled box with turntable, balance and robot (scale 1:17.5) 

 
 
Gypsum sample preparation 
60 cylindrically shaped gypsum samples are made, each with a diameter of 43.0 ± 0.2 
mm and a height of 10.0 ± 0.2 mm. The samples, encased in PVC moulds, are placed 
five at a time in desiccators containing different saturated salt solutions.  The water 
absorption of PVC at 23°C and 50% RH is only 0.18 % of its total mass (Oberbach and 
Meyer, 1995) and may therefore be neglected. Five months after preparation, the 
measurements are started after each sample has gone through a complete adsorption / 
desorption cycle, i.e. a relative humidity change from 0% to 97% and subsequently 
from 97% to 0%. 
 
Paint sample preparation 
From a free paint film, made according to procedures described in Section 3.4.1, five 
circular sheets are cut with a diameter of 59.0 ± 0.7 mm and placed in a stainless-steel 
rack. To examine a possible dependency of the sorption isotherm on the layer thickness, 
the measurements are performed on paints with a wet layer thickness of 120, 250 and 
400 µm. Only adsorption curves are measured. The racks are placed on the turntable 
inside the pressure-controlled box. Because the box is in the same room as the 
desiccators, the ambient temperature is the same.  
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Procedure 
For the mass determination, the samples are shortly taken out of the desiccator at about 
2 or 3 days intervals. Equilibrium is assumed when the mass change of a sample during 
several measurement intervals is smaller than the precision of the used balance3, which 
corresponds to a change in water concentration <0.035 g⋅kg-1 for gypsum and <1 g⋅kg-1 
for free paint films. Typically, one measurement takes about a week. 
 
Model description of the sorption isotherm 
The so-called GAB model, which is named after Guggenheim (1966), Anderson (1946) 
and De Boer (1968), gives a mathematical description of the sorption isotherm. Slightly 
modified by Jonquières and Fane (1998), the GAB model is given by 
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kφ φ
=

− + −
, (4.2.1) 

  
where u [g⋅kg-1] is the concentration of adsorbed water, φ [-] the relative air humidity, 
um [g⋅kg-1] the mass fraction of a complete penetrant monolayer and cGAB [-] and k [J⋅J-1] 
constants related to the energies of interaction between the first and distant sorbed 
molecules at the individual sorption sites. The major advantages of the GAB equation, 
in respect to other sorption isotherm models, are the effective description of the sorption 
behaviour at relative humidities between 0% and 95% for porous as well as non-porous 
systems such as hydrophilic glassy polymers (Jonquières and Fane, 1998), being one of 
the main components in waterborne wall paints, the physical meaning of the parameters, 
and the ability for describing temperature effects on isotherms by means of Arrhenius-
type equations (Shilton, 2002). The parameterisation, Eq. (4.2.1), is used to obtain the 
derivative du/dφ, which is required for calculating the water diffusion coefficient in 
gypsum and paint, as will be discussed in Section 8.2. 
 
 
 

4.2.2 Results 
 
Gypsum 
Two complete adsorption processes and one complete desorption process have been 
measured. In addition, an incomplete desorption process has been carried out. Figure 
4.2.3 shows the measured average moisture content of the 60 samples for each relative 
humidity point. The material shows hysteresis, i.e. the desorption process shows larger 
moisture contents than the respective adsorption process. Moreover, it is observed that 
the moisture content increases for every process. For instance, the second adsorption 
process shows higher moisture contents than the first adsorption process. A possible 

                                                           
3 Mettler Toledo PM400, precision 1 mg. 
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explanation is that the samples have not been completely hydratated despite the pre-
conditioning. 

The subsequent measurement points also show an increasing standard 
deviation. Investigation of the course of the separate samples shows that samples with a 
low moisture content remain low during the progress of the adsorption and desorption 
process. Thus, the variance must be attributed to differences between the samples and 
not to the inaccuracy of the mass measurements.  
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Figure 4.2.3. The sorption isotherms of gypsum plaster. For clarity, some data points are shifted a 
little in the horizontal direction. 

 
The GAB-model, Eq. (4.2.1), is fitted to the data of each complete process shown in 
Figure 4.2.3. The estimated values and standard error of the fit parameters, um, cGAB, and 
k, are given in Table 4.2.2. A constant value is added to the model as fit parameter to 
allow a non-zero water content at RH = 0%.  Thus each process is fitted using four fit 
parameters.  
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Table 4.2.2. Values of the fit parameters for the GAB equation including off-set for the measured 
sorption isotherms of machine made gypsum plaster samples, depicted in Figure 4.2.3. The 
uncertainties denote standard errors.  

      u m  [g⋅kg-1]          C GAB  [-]          k  [J⋅J-1]          off-set [g⋅kg-1]

Process value error value error value error value error

first adsorption 0.80 0.04 8 4 0.974 0.006 0.02 0.09
first desorption 1.5 0.17 90 300 0.92 0.012 0.8 0.4
second adsorption 0.8 0.10 20 300 0.979 0.007 1.1 0.4
 
 
Free paint films 
The sorption isotherms of several Acrylate and Alkyd free paints are presented in the 
figures 4.2.4 to 4.2.6, for a wet layer thickness of 120, 250 and 400 µm, respectively. 
For clarity, the fitted curves of the GAB-model are displayed only. The data points will 
be given in Section 5.2.  
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Figure 4.2.4. Plot of gravimetrically determined sorption isotherms of paint films applied with 
120 µm wet layer thickness 
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Figure 4.2.5. Plot of gravimetrically determined sorption isotherms of paint films applied with 
250 µm wet layer thickness 
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Figure 4.2.6. Plot of gravimetrically determined sorption isotherms of paint films applied with 
400 µm wet layer thickness 
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It is observed that the sorption characteristics of the different formulations of Acrylate 
paints are almost identical to each other for 120 µm and 250 µm films. As the only main 
difference between the paints is the filler used, it is concluded that the filler type (chalk 
or talc) does not influence the sorption behaviour of these Acrylate paints. More scatter 
between the paint formulations is however seen for the 400 µm films. Especially the 
Ac#1-t-p40 paint shows a peculiar fitted GAB-model, where a sudden change in 
moisture content occurs (according to the model) at near 0 % relative humidity. This 
may be caused by a lack of data between 0 % and about 40 % RH (see for instance 
Figure 4.2.7 for the distribution of the data points). In addition, the difference between 
the Ac#1-c-p40 and Ac#1-c-p40a is significant at this layer thickness. This may be 
caused by the different circumstances during the film forming process of a 400 µm wet 
film compared to the other thinner films. 
 It is also seen that the two Alkyd paints form the two extremes of sorption 
behaviour. The Al#2-p63 paint shows the smallest sorption and the Al#1-p35 the 
highest. Although one might remark a dependence on the PVC-value here, the different 
formulations of the Al#1 and Al#2 paint series would make such a comparison quite 
speculative. It is furthermore not supported in later experiments using another technique 
(see Chapter 5). 

The figures 4.2.4 to 4.2.6 are not well suited to compare the characteristics of 
one paint at different film thicknesses. Therefore, as an example, the measured data for 
the Ac#1-c-p40a paint are shown in Figure 4.2.7, and for the Al#1-p35 paint in Figure 
4.2.8 for the three applied wet film thicknesses. 
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Figure 4.2.7. Gravimetrically determined sorption isotherm of free Ac#1-c-p40a paint films for 
different wet paint layer thicknesses. When more then one rack of a certain paint layer thickness 
is measured, the number of the rack is given between brackets.  
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Figure 4.2.8. Gravimetrically determined sorption isotherm of free Al#1-p35 paint films for 
different wet paint layer thicknesses  

 
For the Ac#1-c-p40a paint, it is seen that the data for the 120 µm and 250 µm films are 
nearly identical, whereas the sorption for the 400 µm is clearly smaller. A similar result 
is obtained for the other Acrylate paints. So, again there is some indication that the film-
forming proces of a 400 µm wet film might be different. This cannot be concluded for 
the Al#1-p35 paint shown in Figure 4.2.8, where no dependence on layer thickness is 
seen. The values of the fit parameters will be given in Section 5.2, Table 5.2.1. 

Also the sorption isotherms of the commercially available paints, Ac-I1 to Ac-
I3, are determined. These paints are applied with a wet layer thickness of 250 µm. Of 
each paint formulation, two racks are filled numbered as (I) and (II). The results of the 
measurements are shown in Figure 4.2.9. When the GAB-model is fitted to this data, 
unrealistic large values (>1018) for the fit parameter cGAB are obtained. To arrive at a 
simpler, but equally accurate description of the sorption isotherm, a modified fit is 
carried out where the limit cGAB→∞ is taken of Eq. (4.2.1), i.e. using 

 
( )

,
1

muu
k

=
− φ

 (4.2.2) 

of which the results are tabulated in Table 4.4.1 and shown in Figure 4.2.9. These 
curves are characterised by a non-zero moisture content at 0% relative humidity. If the 
measured moisture content at 0% RH is real, this means that the GAB-model may not 
be adequate for describing the sorption behaviour of these paints. The paints may 
undergo a physical or chemical change at this moisture content that is not incorporated 
in the model. On the other hand, it cannot be fully excluded that an experimental error 
has occurred.  
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Figure 4.2.9. Gravimetrically determined sorption isotherms of three commercially available 
paints applied at 250 µm wet layer thickness. The solid lines correspond to the measurement 
points represented by the solid symbols (rack I). The dotted lines correspond to the measurement 
points represented by the open symbols (rack II).  
 

Table 4.4.1. Values of the fit parameters in Eq. (4.2.2) for the commercially available paints 

paint u m k
formulation [g.kg-1] [J.J-1]
Ac-I1 (I) 4.88 0.85
Ac-I1 (II) 4.81 0.84
Ac-I2 (I) 2.82 0.92
Ac-I2 (II) 3.35 0.88
Ac-I3 (I) 7.73 0.77
Ac-I3 (II) 7.84 0.74

 
  
 

 36



Gravimetric steady state methods for gypsum, paint and painted gypsum 

4.3 Permeability of gypsum, paint and painted gypsum 
 
 
The gravimetric determination of the permeability of paint and (painted) gypsum will be 
carried out using an improved cup method, described in Section 4.3.1, and adapted to be 
used in the pressure box, described in Section 4.2. In Section 4.3.2, the data analysis, 
necessary for determining the permeability of the investigated materials, will be given. 
Section 4.3.3 and 4.3.4 will discus the results of the permeability measurements on the 
gypsum and paint samples, respectively. Finally, the results for painted gypsum will be 
given in Section 4.3.5. 
 
 

4.3.1 Improved cup method 
 

The water vapour permeability of gypsum and free paint films is determined with a 
method based on the well-known cup method. The samples under investigation are 
placed on top of a glass cup4 (See Figure 4.3.1). In the cup, a dish with a water-saturated 
salt solution provides a constant RH below the sample. In case of gypsum samples, the 
mould containing the gypsum is placed in a PVC ring. The ring is sealed with vacuum-
grease5 to the cup. The free paint films are sealed with vacuum grease between two 
glass or PVC rings of which the bottom ring is similarly sealed to the glass cup. 

To prevent stresses in the paint and uncontrolled transport due to air pressure 
differences over the sample, the inside of the cup is connected to the outside via a small 
diameter flexible tube (inner diameter 1 mm, length 2 m). The tube balances the air 
pressures in case of atmospheric pressure variations, while moisture transport through 
the tube is negligibly small. Leak tests with all 70 cups closed on top with a glass sheet, 
at a relative humidity of 93 ± 2 % in the cups and a relative humidity at the outside of 
30 ± 2 %, show a water vapour flux of 0.20 ± 0.012 mg/day through the capillaries, 
which is much smaller than other uncertainties in these measurements. 

The cup is placed in the pressure-controlled box. The box provides a constant 
temperature (23.5 ± 0.5 oC), and a constant relative humidity above the film, which is 
different from that of the salt solution. The concentration gradient in the film, created 
this way, causes water vapour transport into or out of the sealed cup. The change of 
weight of the cup is measured with a precision of 0.1 mg on an electronic balance6, 
placed inside the box. A robot arm picks the cups from a turntable and places them on 
the balance and back again, see Figure 4.2.2. 

 37

                                                           
4 Glass-instruments workshop, Eindhoven University of Technology 
5 Apiezon M&I Materials Ltd, Manchester, UK 
6 Mettler Toledo AT400 



Chapter 4                                                                                                                                                                             

PVC/glass rings 

Saturated  
salt  
solution  

Capillary  

Paint film 

Glass cup  

 

  

Figure 4.3.1. Glass cup used for permeability measurements of gypsum, free paint films and 
painted gypsum. Shown is a case with a free paint film. 

 
 

4.3.2 Data analysis for paint films and painted gypsum 
 
A measurement is performed of the mass flux density g, with 1φ  and 5φ  the relative 
humidity of the air at both sides of a paint film or (painted) gypsum, see Figure 4.3.2 for 
the case of painted gypsum. To derive the permeability of the investigated materials 
from the rate of mass change of the cup, a relation between the permeability and the 
relative humidity has to be established. For the paint, a mathematical form, proposed by 
Galbraith et al. (1998), is chosen: 
 

 γδ α βφ= + , (4.3.1) 

 
were α, β and γ are coefficients, φ [-] the relative humidity and δ [s] the permeability. 
The permeability of the gypsum, δ*, is assumed to be constant. This will be justified in 
Section 4.3.3. 
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φ1      φ2    φ3                      φ4      φ5 

GYPSUM 

φ 

0 d*-d

 

Figure 4.3.2. Schematic drawing of the film model for painted gypsum. The thickness of the paint 
layer and gypsum is d and d*, respectively. φ1 and φ5 are the relative air humidities at both sides 
of the sample, which can be measured. The stagnant air layers, adjacent to both sides of the 
surface of the sample, hinder the moisture diffusion. Therefore, the humidities at the air - paint 
film interface and air - gypsum interface, φ2 and φ4 respectively, differ from the measured air 
humidity. The humidity at the paint – gypsum interface is given by φ3. In case the gypsum is 
absent, the gypsum thickness d* = 0 and φ3 = φ4. 

 
 

As discussed in Section 2.3, the mass flux density, g [kg⋅m-2⋅s-1] can be written 
in one dimension as 

 

 vdp
g

dx
δ= − , (4.3.2) 

 
where x is perpendicular to the plane of migration. Since v sa/p p tφ = , Eq. (4.3.2) may, 
for constant temperature, also be written as 
 

 sat
dg p
dx
φδ= − . (4.3.3) 

 
 Assuming that only one-dimensional transport takes place, integration of Eq. (4.3.3) 
over the paint layer, 
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gives for steady-state (constant g) 

 

 
3

2

sat
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p
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d

φ

φ

φ φ δ= − ∫ φ φ . (4.3.5) 

 
Using Eq. (4.3.1) as parameterisation for the permeability of the paint layer, this can be 
integrated to 
 

 ( ) ( 1 1sat
2 3 3 2 3 2( , )

1
Ap

Ag G
d

γ γβφ φ α φ φ φ φ
γ

+ + 
≡ = − − + − + 

) , (4.3.6) 

 
where A [m2] is the permeance area. Small stagnant air layers adjacent to both sides of 
the surface of the paint film hinders the moisture diffusion. In a steady state, continuity 
of the flux at the gypsum – air interface requires that 

 

 3 4
2 4 5

( )
* (

*sat sat )Ap Ap k
d
− G= − =

φ φ
δ φ φ

)

, (4.3.7) 

 
where k2 [s⋅m-1] is the vapour transfer coefficient, d* is the gypsum thickness and G is 
the mass flow. The vapour transfer coefficients at both sides of the paint film are 
generally different. Eliminating φ4 from Eq. (4.3.7) gives 

 

 *
2 3 5(satG Ap k φ φ= − , (4.3.8) 

 
with [s⋅m-1] the effective transfer coefficient of the gypsum phase together with the 
air film 

*
2k

 

 
*

* 2
2 *

2

kk
k d

=
+

δ
δ * . (4.3.9) 

In a steady state,  
 
 ( ) ( )*

1 1 2 2 3 5sat satG Ap k Ap kφ φ φ= − = φ− . (4.3.10) 
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From Eq. (4.3.10) follows that 
 

 2 1
1sat

G
Ap k

φ φ= − , (4.3.11) 

and that 

 3 5 *
2sat

G
Ap k

φ φ= + . (4.3.12) 

 
Substitution of Eq. (4.3.11) and Eq. (4.3.12) into Eq. (4.3.6) gives 
 

 sat
5 1*

12 satsat

Ap G GG
d AAp k

α φ φ
     

= − + − − +           p k
 

 
1 1

5 1*
121 satsat

G G
Ap kAp k

γ γ
β φ φ

γ

+ +       + − −    +    



. (4.3.13)    

 
For the case of only a paint film without gypsum, the k in Eq. (4.3.13) must be replaced 
by k2. If N (N>5) measurements of G are performed with different 

*
2

1φ  and 5φ , Eq. 
(4.3.13) may be fitted to the data. This procedure is applied for free paint films and 
painted gypsum samples with α, β, γ, k1 and k2 as fit parameters. That is, minimizing the 
objective function 
 

 
( )2

2 2
1 i i

N ii

i G G

G G
F

σ σ=

−
=

+∑ , (4.3.14) 

 
where i denotes the i-th measurement, iG  the measured mass flux, 2

iG
σ  the variance of 

iG  and 2
iGσ  the variance of . The variance iG 2

iG
σ  follows from the uncertainty in the 

mass determination of the cup, whereas the variance 2
iGσ  reflects the propagation of the 

uncertainty of 1,iφ  and 5,iφ on , i.e. the integration boundaries in Eq. (4.3.5). In each 

iteration cycle for finding the minimum of 

iG

F , the variance 2
iGσ  is calculated using 
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2 2
iφ , (4.3.15) 

 
were 

1,

2
iφ

σ  and 
5,

2
iφ

σ  are the estimated variances of the relative air humidities at both 

sides of the sample. The uncertainties in A and psat are not included in the variance as 

these are systematic. The regressions are carried out using the Levenberg-Marquardt 

method (Bevington, 1992). 

Burch (1992) described the experimental procedure developed by Fanney et al. 
(1991) for determining the surface air film resistance for water vapour. By using the cup 
method with differing multiple layers of material on top, they plotted the mass transfer 
resistance versus the number of material layers. The resistance relation was extrapolated 
to zero layers of material, and was taken to be equal to the combined resistance of the 
air layers at both sides of the material. An experiment with a cup without material 
verified their assumption. In the present research, the air layer resistance is calculated 
implicitly and not obtained from extrapolation. The strong dependence of the 
permeability of a paint film on the water activity allows such a procedure. On the other 
hand, for gypsum, several layer thicknesses have to be measured since the permeability 
of gypsum does not depend on the water activity. As an alternative, a separate 
measurement of the stagnant air-layer resistance may be carried out. 

 
 

4.3.3 Permeability of gypsum 
 
The permeability of the MP75SL gypsum samples, prepared as described in Section 3.2, 
is measured for two sample thicknesses. Thirty samples with a height of 1 cm are used 
for determining the normalized flux, G/∆p. Two sessions are performed using samples 
with a height of 2 cm. The first session contains 30 samples; the second session contains 
20 samples. Some samples show a strongly deviating mass flux. These outliers are 
discarded (at most two outliers for each applied RH).  

Figure 4.3.3 shows the data for both the 1 and 2 cm samples. Inspection of 
these results does not indicate a dependence of the normalized flux (i.e. permeability) 
on the relative humidity. Therefore, the permeability is assumed to be constant, in 
which case the mass flux may be described by 
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 sat 5 1
*

*

(
1

ApG
d

k

−
= −

+

)φ φ

δ

, (4.3.16) 

where k is an effective vapour transfer coefficient combining the transfer in both air 
layers ( ). Eq. (4.3.16) is fitted to the data (both sample thicknesses at 
once) with δ* and k as fit parameters. A permeability of (4.6 ± 0.4)⋅10-11 kg⋅m-1⋅s-1⋅Pa-1 
is found. The effective transfer coefficient k is (5.1 ± 0.8)⋅10-9 s⋅m-1, which corresponds 
to an air layer thickness of 1.9 cm at both sides of the sample, a physically realistic 
value. The theoretical normalized flux is shown in Figure 4.3.3 by the solid lines.  

1 1
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Figure 4.3.3. The theoretical prediction (lines) of the normalized water vapour flux through the 
used gypsum samples fitted against the experimental results (symbols) as a function of the 
average relative humidity for two different sample thicknesses. The error bars indicate the 
standard error of the mean. 

 
 

4.3.4 Permeability of the paint formulations 
 
The transport model based on Galbraith's parameterisation, Eq. (4.3.1), is fitted to the 
permeability measurements of a series of paint formulations applied with a wet layer 
thickness of 120, 250 and 400 µm. Figure 4.3.4 shows an example of the measurement 
and regression results for the Ac#1-c-p40a paint. Instead of the permeability, the 

 43



Chapter 4                                                                                                                                                                             

normalized vapour flux, G/∆pv, is given on the vertical axis, allowing a direct 
comparison of the fit with the data. Another reason for using the normalized vapour flux 
is that differences in ∆pv can be accounted for. For a shorter notation, the subscript v is 
omitted. The model is fitted to all data (three thicknesses) at once. The values of the fit 
parameters for the Ac#1-c-p40a paint are shown in Table 4.3.1.  

The result is a rather unrealistic fitted value for the surface air film in the cup, 
k1 = 2.5⋅10-9 s⋅m-1, corresponding to a stagnant air layer thickness of nearly 8 cm. For 
comparison, permeability measurements at cuprophan sheets, which are considered 
open for water vapour transport, give a total air film thickness of about 5 cm. Therefore, 
a stagnant air layer of 5 cm is assumed, of which 4 cm (k1 = 4.9⋅10-9 s.m-1) is designated 
to the air in the cup and the remaining 1 cm (k2 = 2.0⋅10-8 s.m-1) outside the cup. The fit 
procedure is repeated with these constant values for k1 and k2. The results are given in 
Figure 4.3.5 
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Fit: Ac#1-c-p40a (120 µm)
Fit: Ac#1-c-p40a (250 µm)
Fit: Ac#1-c-p40a (400 µm)

Figure 4.3.4. The theoretical prediction of the Galbraith model (lines) for the normalized water 
vapour flux through Ac#1-c-p40a paint films fitted to the experimental data (symbols) as a 
function of the average relative humidity for three different wet film thicknesses. It is assumed 
that the permeability is independent of the film thickness. The horizontal axis shows the average 
relative humidities of the film.  
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Figure 4.3.5. The theoretical prediction of the Galbraith model (lines) for the normalized water 
vapour flux through Ac#1-c-p40a paint films fitted to the experimental data (symbols) as a 
function of the average relative humidity for three different film thicknesses with fixed k1 and k2 

  
There is hardly any difference between the fits with variable and fixed vapour 

transfer coefficients as pictured in the figures 4.3.4 and 4.3.5. This implies only a weak 
dependency of the water vapour transfer on the vapour transfer coefficients. Thus, the 
resistance against water vapour transfer lies mainly in the paint films and not in the 
stagnant air layers. There still seems to be a dependency on the paint layer thickness. 
For the wet paint layer thickness of 400 µm, the measurement points are systematically 
laying above, and for the wet paint layer thickness of 120 µm, below the line of the fit. 
Such abnormalities are also observed with the other paint formulations used. To 
investigate a possible layer thickness dependency of α, β and γ, the fit is repeated for 
each paint layer thickness separately, while maintaining the values of k1 and k2. So, it is 
no longer assumed that the permeability is independent of the layer thickness. The result 
is given in Figure 4.3.6. 
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Figure 4.3.6. The theoretical prediction of the Galbraith model (lines) for the normalized water 
vapour flux through Ac#1-c-p40a paint films fitted to the experimental data (symbols) as a 
function of the average relative humidity for three different film thicknesses fitted separately for 
each film layer thickness 

 
It is physically realistic that a thicker paint film has a smaller normalized flux 

than a thinner one. In Figure 4.3.6, this is not the case for the 400 µm paint layer at 
relative humidities below 40%. Despite this drawback, the model has been fitted for 
each film layer thickness separately. Figure 4.3.7 shows the permeability of the different 
layer thicknesses for this case on a logarithmic scale. The permeability of the paint 
applied with a wet layer thickness of 400 µm is significantly higher than the 
permeability of the paints with other layer thicknesses for RH < 50%. However, its dry 
layer thickness cannot be measured because too few sheets are left for this destructive 
method. It is assumed that the same percentage of the paint film thickness remained 
after drying, as compared to those layers whose thicknesses could be measured. It is 
speculated that the difference in permeability should be attributed to other influences 
such as the inaccuracy in the measurement of the dry layer thickness or small bursts in 
the paint film. Like all used paints applied with a wet layer thickness of 400 µm, this 
one also suffered from some pinholes caused by air bubbles in the wet film which had 
not escaped before the film was dry. In practice, the moisture transfer properties for 
RH’s > 50% are most important. In this range, no significant difference in permeability 
between the layer thicknesses can be detected. Table 4.3.1 shows the values of the fit 
parameters of paint Ac#1-c-p40a in the Galbraith model for the different situations. In 
further fits, the values of α, β and γ will be assumed to be independent of film thickness. 
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Figure 4.3.7 Logarithmic plot of permeability as a function of relative humidity for three 
different paint thicknesses given by two lines corresponding to plus and minus one standard 
deviation from the best fit for each thickness separately 

 

Table 4.3.1. Values of the fit parameters for the Ac#1-c-p40a 

Fit parameters (Galbraith)
Ac#1-c-p40a   α  [kg⋅m-1⋅s-1⋅Pa-1]   β  [kg⋅m-1⋅s-1⋅Pa-1]                γ  [-] k 1 [s⋅m-1] k 2 [s⋅m-1]
paint formulation value σ value σ value σ value value

⋅ 10-14 ⋅ 10-14 ⋅ 10-13 ⋅ 10-13 ⋅ 10-9 ⋅ 10-9

Thickness independent
five parameter fit 1.5 - 3.3 - 4.5 - 2.5 5.0
constant k1 and k2 1.5 0.3 2.3 0.8 5 1.1 4.875 19.5
Thickness dependent

120 µm 1.5 0.3 1.8 0.9 5 1.5 4.875 19.5
250 µm 1.7 0.3 2 1.2 6 1.8 4.875 19.5
400 µm 3.8 0.6 7 6 11 5 4.875 19.5

 
To compare the different formulations, Table 4.3.2 lists the values of the fit 

parameters of seven latex formulations, two alkyd formulations, one pure styrene-
acrylate binder (thus without pigments, fillers, additives), and three commercially 
available paint formulations. All are obtained from fits with water vapour transfer 
coefficients k1 = 4.875⋅10-9 s⋅m-1 and k2 = 1.95⋅10-8 s⋅m-1. 
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Table 4.3.2. Values of the fit parameters 

Paint Fit parameters (Galbraith)
formulation         α  [kg⋅m-1⋅s-1⋅Pa-1]          β  [kg⋅m-1⋅s-1⋅Pa-1]                        γ  [−]

value st. deviation value st. deviation value st. deviation
⋅ 10-14 ⋅ 10-14 ⋅ 10-13 ⋅ 10-13

Ac#1-c-p40a 1.5 0.3 2.3 0.8 5 1.1
Ac#1-c-p40 1.8 0.16 3 1.0 6 1.2
Ac#1-t-p40 1.00 0.03 4 1.0 8.6 0.8
Ac#1-n-p25 1.9 0.3 4 2 7 1.6
Ac#1-c-p32 2.0 0.5 1.E+01 1.0E+01 7 6
Ac#1-t-p32 1.54 0.05 4 1.2 7 1.0
Ac#2-p40 2.2 0.18 5 1.8 7 1.2
Al#1-p35 0.8 0.12 0.33 0.07 3 1.0
Al#2-p63 17.1 0.6 2.E+01 1.3E+01 10 2
Ac-B 2.5 5 4.E-01 4.0E-01 5 7
Ac-I1 2.1 0.14 5 1.4 5.9 0.8
Ac-I2 38 3 2.E+01 1.7E+01 6 2
Ac-I3 7.E+01 1.1E+01 2.E+01 3.E+01 5 4
 
 

Figure 4.3.8 shows on a logarithmic scale the permeability of the Ac#1 and 
Ac#2 formulations listed in Table 4.3.2.  

RH [%]

0 20 40 60 80 100

δ  
[s

]

10-14

10-13

10-12

Ac#1-c-p40a
Ac#1-c-p40
Ac#1-t-p40
Ac#1-n-p25
Ac#1-c-p32
Ac#1-t-p32
Ac#2-p40

 

Figure 4.3.8. Logarithmic plot of permeability as a function of the relative humidity of the Ac#1 
and Ac#2 paint films 
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Because the differences between the various paint films are of the same order 
as shown in Figure 4.3.7, no significant distinction in permeability can be made 
between the paint formulations with Styrene Acrylate as binder. In Figure 4.3.9, the 
permeabilities of the Alkyd paint films Al#1-p35 and Al#2-p63 are compared with the 
permeability of the Ac#1-c-p40a paint films, which can be considered representative for 
the Acrylate paint films. There is a clear distinction between the paints, whereas the 
only relevant difference between the Al#1-p35 paint and the Ac#1-c-p40a is the binder 
used. The different film forming properties of Alkyd emulsions probably cause denser 
films (De Meijer, 1999). (For more literature on film forming properties of Alkyd 
emulsions see, for instance Östberg et al. (1995), Beetsma and Hofland (1996), Beetsma 
(1998), and Weissenborn and Motiejauskaite (2000).) Nevertheless, the Al#2-p63 
formulation is much more open than an Ac#1 paint. Possibly, the increased PVC may 
cause this. 
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Figure 4.3.9. Logarithmic plot of the permeability as a function of relative humidity of alkyd 
paint films compared to an acrylate paint film 

 

 49



Chapter 4                                                                                                                                                                             

Aging experiments 
The permeability measurements are repeated 14 months later (15 months after the 
application date). In the meantime, the films were stored out of reach of sunlight at 
24°C and 60 % RH. Figure 4.3.10 shows the relative flux change between the fresh and 
aged paints, given by 
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Figure 4.3.10. Relative flux change of aged paint films compared to fresh paint films 

 
It seems that after aging the flux is a little bit smaller. However, the 

significance of the measurements is not large enough to be certain. Table 4.3.3 shows 
the average relative flux change of the separate paints. 
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Table 4.3.3. Average relative flux change of aged films compared to fresh films of the paint 
formulations 

Formulation average stand. error
Ac#1-c-p40a -0.08 0.04
Ac#1-c-p40 -0.03 0.07
Ac#1-t-p40 -0.16 0.04
Ac#1-n-p25 -0.10 0.02
Ac#1-c-p32 -0.06 0.05
Ac#1-t-p32 -0.19 0.04
Al#1-p35 -0.13 0.03
Al#2-p63 -0.4 0.04

Total -0.14 0.04
 
 
PVC dependency 
The paints in the Ac#2 paint series all contain the same ingredients. They differ only in 
their pigment volume concentration (PVC). Their film forming properties inhibit 
obtaining free films after application on siliconised paper. Therefore, cuprophan sheets 
are used as substrate. All the formulations are applied at 250 µm wet layer thickness. 
The changing in PVC of the Ac#2 paints results in the normalized flux values through 
the combined system of paint and cuprophan depicted in Figure 4.3.11 at various 
relative humidities.  
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Figure 4.3.11. Normalized flux in relation with the PVC of the Ac#2 paints 
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Only at PVC = 80%, the flux increases significantly for average relative 

humidities over the film which are below 70%. This PVC is lower than the CPVC of the 
Ac#2 paint, which is 86% (Akzo Nobel Coatings, private communication). According 
to Patton (1979), permeability increases only for increasing PVC’s higher than the 
CPVC. The effect of the cuprophan substrate on the total flux is considered equal for all 
the different paint formulations used. 

 

4.3.5 Permeability of painted gypsum 
 
Method 
The gypsum samples mentioned in Section 4.2.1 with a thickness of 1 cm are on top 
painted with an acrylate or an alkyd paint. For this, the gypsum samples are clamped in 
a sheet of Teflon. The surface of the sample is in the same plane as the surface of the 
Teflon sheet. Wet paint is applied with a doctor blade moving at a constant distance and 
a constant speed over the Teflon and gypsum surface. With each paint, five samples are 
painted with a wet layer thickness of approximately 750 µm. This thickness is chosen to 
be more in accordance with wall painting practice. Although this wet layer thickness is 
larger than that of the free films, where already pinholes occurred at 400 µm wet layer 
thickness, the risks for paint film impurities is presumed not to increase because of the 
two sided drying, where a paint film can be regarded as two adjacent drying paint films. 
Like the free films and the gypsum samples, the moisture transfer properties of the 
painted gypsum samples are determined with the automated device.  
 
Results 
The model for moisture transport in painted gypsum, explained in Section 4.3.2, is fitted 
to the measurement data. The only fit parameter is the dry layer thickness of the paint. 
This is because the rough surface of the gypsum samples doesn’t give an unambiguous 
dry film thickness across the whole surface. Later on, an estimation of the layer 
thickness will be used. The other parameters, like the permeability of the paint layer and 
the gypsum phase, are taken from the results in Section 4.3.3 and Section 4.3.4, where 
the paint and gypsum were measured separately. For the air film layer thicknesses, 0.01 
m on top of the paint and 0.04 m in the cup is chosen in accordance with the results 
obtained from the free films. If, in spite of the presupposition of a minimum amount of 
film impurities, significant deviations in moisture transport occur, the anomalous 
samples are excluded from the calculations. Figure 4.3.12 shows the normalized flux as 
a function of the average relative humidity in the samples of plain gypsum compared to 
the two kinds of painted samples that are most permeable and least permeable. The 
results of the samples painted with other formulations are between these plotted ones. 
The model predicts another water flux for the paint-gypsum system than for the 
gypsum-paint system, because the paint permeability depends on the relative humidity 
and thus it matters if the paint is on the wet side or the dry side of the gypsum. 
Therefore, two lines are plotted for each kind of painted sample. The upper lines give 
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the normalized flux when the flux is directed from paint towards gypsum. The lower 
lines give the normalized flux for the opposite direction.  
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Figure 4.3.12. Normalized flux (G/∆p) as a function of the relative humidity for plain gypsum 
samples, samples painted with Al#2-p63 and samples painted with Al#1-p35. For all these 
samples, the gypsum phase has a height of 1 cm. The solid lines give the calculated flux 
according to the model in Section 4.3.2.  

 
In Figure 4.3.12, it can clearly be seen that for Al#1-p35 the modelled course of the 
normalized flux deviates from the measurement results. The model predicts an 
increasing permeability of the painted gypsum with increasing relative humidity, while 
the measurements show an almost constant permeability of the samples over the entire 
relative humidity range. 
 In Table 4.3.4, the modelled layer thicknesses of the paints are given together 
with the thicknesses determined with a microscope. The modelled layer thicknesses are 
about a factor ten smaller than would be expected from the free paint film equivalent 
thickness, which is computed wit the assumption that the shrinkage is identical to the 
shrinkage of the wet free paint films given in Table 3.4.1, Section 3.4.1. The thicknesses 
determined with a microscope, where only the two calculated large thicknesses are 
compared, are also larger. There is also a large difference between the free paint film 
equivalent thickness and the measured thickness. Altogether, it means that the model of 
a homogeneous paint layer on a gypsum sample is an oversimplified representation of 
the topology. 
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Table 4.3.4. Paint layer thicknesses of the paints applied to the gypsum samples according to the 
model, computed as the free paint film equivalent thickness and as measured with a microscope 

Paint Modelled Free paint film Measured
formulation dry layer thickness equivalent thickness dry layer thickness

value error χ2 value error value error
[·10-6 m] [·10-6 m] [·10-6 m] [·10-6 m] [·10-6 m] [·10-6 m]

Ac#1-c-p40a 14 3 3.1 188 6 - -
Ac#1-c-p40 9 1.1 1.6 172 4 - -
Ac#1-t-p40 8 1.1 5.7 208 4 - -
Ac#1-n-p25 15 1.9 3.6 148 4 - -

Al#1-p35 20 4 4.5 223 5 140 70
Al#2-p63 10 8 0.2 301 6 110 60

Ac-I1 8 1.4 1.0 - - - -
Ac-I2 - - - - - - -
Ac-I3 30 30 0.07 - - - -

 
 
Figure 4.3.13 and Figure 4.3.14 show pictures made with a microscope of the paint – 
gypsum interface of the gypsum samples painted with the Al#1-p35 and the Al#2-p63 
formulation respectively.   
 

Figure 4.3.13. Microscope picture of the paint – gypsum interface of a gypsum sample painted 
with the Al#1-p35 formulation. In this area of the sample, the gypsum surface is rough, which 
causes a varying paint layer thicknes. 
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Figure 4.3.14. Microscope picture of the paint – gypsum interface of a gypsum sample painted 
with the Al#2-p63 formulation. In this area of the sample, the gypsum surface is smooth, which 
causes a uniform paint layer thickness. 

 
 Figure 4.3.15 shows a comparison between the measured normalized flux and 
the theoretical normalized flux using the free paint film equivalent layer thickness. For 
Al#1-p35, the free paint film equivalent layer thickness is about 223 µm, while Al#2-
p63 has a thickness of about 301 µm. It shows that the flux through the samples is much 
larger than expected from the model. This might indicate that on gypsum the conditions 
for the film forming process are more unfavourable than on siliconised paper. 
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Figure 4.3.15. Normalized flux versus RH according to the model for both kinds of painted 
samples presented in Figure 4.3.12 using the free paint film equivalent layer thickness (dotted 
lines) and using the layer thickness from the model fit (solid lines) 
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4.4 Discussion 
 
Gravimetric steady state methods have been used to measure the sorption isotherms of 
gypsum and paint and the permeability of gypsum, paint and painted gypsum. The 
sorption isotherm of gypsum shows large hysteresis. For paint, no hysteresis and no 
layer thickness dependency of the sorption isotherm can be measured. Støre Valen 
(1998) also found no clear difference between adsorption and desorption. Adan (1995), 
however, found with a microcalorimetric method small low-pressure hysteresis. It 
seems that the accuracy of the gravimetric method is insufficient for determining 
hysteresis in paints. The permeability of gypsum does not depend on the relative 
humidity. The permeability of paint is well described with the Galbraith model. It could 
not clearly be observed that it is time dependent. In all permeability experiments with 
free paint films, the flux through the 400 µm film is larger than the flux through the 120 
µm or 250 µm film. This can only be explained with a very strong increase of the 
permeability with increasing layer thickness. This is probably caused by small pinholes 
or bursts in the paint. However, the aim of the present work is to measure the paint 
properties and not some film properties. Also, in the chapters 5 and 7, methods will be 
used for measuring the diffusion coefficient of water in paint that are not sensitive for 
small holes in the paint. To make a comparison possible, in the present chapter, it is 
assumed that permeability is layer thickness independent. The binder seems to play an 
important role in the permeability properties of paint. The alkyd based paints have a 
much lower permeability than the almost equally formulated acrylate paints. This large 
influence of the binder can be explained with the fact that it is one of the major 
constituents in the paint formulation. However, the permeability measurements at pure 
acrylate binder show that the interaction between binder and pigments also plays an 
important role. At high relative humidities pigmented acrylate paints show an increase 
in permeability while the unpigmented acrylate paint maintained an almost constant 
permeability. The occurrence of some kind of voids or channels between the pigment 
particles and the binder, due to repellent forces at molecular scale between the pigment 
particle and the binder polymer could probably explain this. The flux through painted 
gypsum is much larger than it would be expected from the model, where a smooth paint 
film lays with a uniform thickness adjacent to the gypsum. Probably, the paint 
permeates partly into the gypsum during drying and numerous air bubbles and pinholes 
are created. 
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Chapter 5 
 

Hygrometric method for paint 
 
 

5.1 Introduction 
 

One of the methods for measuring diffusivity and sorption in polymers is the sorption 
technique, where the concentration in a sample is measured in time. See for instance 
Lundberg et al. (1962) and Michaels et al. (1963). More recent examples are the studies 
of Toi et al. (1992), Chan & Odlyha (1995), Higuchi et al. (1996), Shi & Economy 
(1998) and Perez et al. (1999). Hygrometric techniques use the relative humidity around 
a sample, from which the moisture content in the sample is computed with a mass 
balance.  

In Chapter 4, gravimetric techniques for the determination of the moisture 
transfer properties of materials under steady state conditions were discussed. In the 
present chapter, two hygrometric techniques will be presented, one for measuring the 
sorption isotherm of paint (Section 5.2) and one for measuring the diffusion coefficient 
of water in paint (Section 5.3).  

 
 
5.2 Sorption isotherm 
 
Using a gravimetric technique for measuring the sorption isotherm of paint results in 
large uncertainties. In Section 4.2, however, this technique was used because this 
technique is the standard technique for measuring sorption isotherms. In the present 
section, a hygrometric method will be explored.  
 
 
5.2.1 Set-up and method 
 
The set-up used for these measurements is schematically shown in Figure 5.2.1. 
Stainless-steel plates are partially covered with the paint, as described in Section 3.4.2, 
and placed inside a glass vessel with a glass cover. Between the vessel and the cover, a 
thin Teflon foil in the form of a ring is placed. Other experiments with a rubber ring 
showed disturbance of the measurements by water release from or water absorption into 
the ring (see Section 5.3). The vessel also contains a programmable humidity sensor1 

                                                 
1 Escort Junior temperature and humidity logger, Escort Data Logging Systems LTD                                                   
(Accuracy approximately 3%) 
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that stores data in an internal memory. The set-up is placed in a room with a constant 
temperature and humidity. 
 

Stainless-steel plates

 plateGlass Water in
Teflon ring

Air in Air out

Sensor

Figure 5.2.1. Set-up to measure hygrometrically the sorption isotherm of paint films 

 
The measurement of one data point of a sorption isotherm starts with dry paint 

films inside the vessel. This is accomplished by flushing dry air through the vessel for 
about 4 hours, which is long enough to dry the paint according to Section 5.3. The air 
in- and outlet are subsequently closed with a Teflon plug and a known amount of water 
is injected into the vessel on a glass plate with a syringe. The injection hole is also 
closed with a Teflon plug. The water evaporates inside the vessel and is absorbed by the 
paint. After some time, equilibrium will be established in the vessel.  

A characteristic curve for the relative air humidity, RH [%], in the vessel as a 
function of time, is given in Figure 5.2.2. Since the air humidity still increases after 4 
hours, it appears that water vapour leaked into the vessel. The total amount of water 
inside the vessel is formed by the known amount of injected water and the water leaked 
into the vessel. Since leakage into the vessel could not be prevented, the leakage is 
taken into account in a model description, as will be described below. The amount of 
water in the air phase is calculated from the measurement of the humidity. The rest of 
the water is in the paint film.  

The vessel is placed in a room with constant relative humidity, φs [-], and 
temperature. When the vessel contains no paint film, the rate of change of relative 
humidity inside the vessel, φ, due to the leakage of water into or out of the vessel, is 
described by 

 

 ( s
d L
dt
φ )φ φ= − . (5.2.1) 

 
The value of the constant L is obtained from fitting the analytical solution of differential 
Eq. (5.2.1) to the results of an experiment without paint films in the vessel. 
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Figure 5.2.2. A characteristic curve for the relative humidity of the air inside the vessel as a 
function of time. Before the measurement starts, the vessel with the paint inside is flushed for a 
long time with dry air. At t=0, water is injected and the vessel is closed. The sudden dip in the 
curve occurs when all the injected water is evaporated but the paint still has to reach equilibrium 
with the air. After about 1⋅104 s, equilibrium is established between paint and air. The slow 
increase in the curve afterwards is caused by a small leakage in the vessel. 

 
Using the water concentration in the air, C [kg⋅m-3], and the concentration of water in 
saturated air, Csat, computed with Antoine's equation (Reid et al., 1977) and the ideal 
gas law, as 
 

 3816.44exp 23.19695
46.13sat

MC
RT T

 = − − + 
, (5.2.2) 

 
in which M [kg⋅mol] is the molar mass of water, R [J⋅mol-1⋅K-1] the universal gas 
constant for water and T the temperature in kelvin, Eq. (5.2.1) can be written as 

 
 ( )sat sdC LC dtφ φ= − . (5.2.3) 
 

The mass, ml [kg], of water, that leaked into the vessel between time t=0 and t=τ, 
follows from Eq. (5.2.3) as 

 

 (5.2.4) ( )
0 0

l satm VdC V L C d
τ τ

φ φ= = ⋅ ⋅ −∫ ∫ ,s t  

 
in which V [m3] is the volume of the vessel.  
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5.2.2 Results 
 
As was already shown in Chapter 4, hardly any influence of the layer thickness on the 
sorption isotherm can be observed for the paints used. The gravimetrically obtained 
sorption isotherms for all layer thicknesses can therefore be compared with the sorption 
isotherm obtained with the hygrometric method. Figures 5.2.3 to 5.2.7 show the results 
obtained with both methods for the examined paint formulations. For the gravimetric 
method, the free paint films shown in these figures were applied with a wet-layer 
thickness of 400 µm. The stainless-steel plates used in the hygrometric method were 
covered with the same wet layer thickness. The inaccuracy, which is given by the error 
bars, represents an estimated inaccuracy of 3% for the hygrometric method. For the 
gravimetric method, the inaccuracy is determined by the inaccuracy in the mass 
determination results. The inaccuracy in the mass determination is an addition of the 
inaccuracy of determining the mass of a rack with dry paint films and the mass of a rack 
with paint films that have absorbed some water. The fit parameters, obtained by fitting 
the GAB model to the data, are given in Table 5.2.1. 
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Figure 5.2.3. Sorption isotherm of the Ac#1-c-p40a formulation obtained with the gravimetric 
and hygrometric method and corresponding curves obtained by fitting the GAB-model to the data. 
See also Table 5.2.1. 
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Figure 5.2.4. Sorption isotherm of the Ac#1-c-p40 formulation 
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Figure 5.2.5. Sorption isotherm of the Ac#1-t-p40 formulation. Note that the fitted curve of the 
GAB model for the gravimetric results shows an almost vertical increase at 0% RH. This is 
physically unrealistic, as it is reflected by the unrealistic value for CGAB in Table 5.2.1. 
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Figure 5.2.6. Sorption isotherm of the Al#1-p35 formulation 
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Figure 5.2.7. Sorption isotherm of the Al#2-p63 formulation 
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Table 5.2.1. Values of the fit parameters in the GAB equation (gravimetric versus hygrometric 
measurements) 

      u m  [g.kg-1]          C GAB  [-]          k  [J.J-1]

Paint        Gravimetric       Hygrometric        Gravimetric       Hygrometric        Gravimetric       Hygrometric
formulation value error value error value error value error value error value error

Ac#1-c-p40a 1.5 0.8 5.7 0.3 3 8 0.99 0.07 1.11 0.06 0.946 0.007
Ac#1-c-p40 5 3 7.7 0.12 3 5 0.46735 1.6E-05 0.9 0.18 0.93 0.004
Ac#1-t-p40 5.0 0.7 3.9 0.16 1.0E+15 - 1.12 0.08 0.76 0.09 1.038 0.004
Al#1-p35 3.7 0.9 5.29 0.08 7 15 0.975 0.006 1.08 0.04 1.005 0.003
Al#2-p63 2 1.5 5.35 0.09 3 6 0.93618 4.E-05 1.0 0.12 0.931 0.004

 
 
To compare the sorption behaviour of the different formulations, the sorption 

isotherms of the paints, measured with the hygrometric technique, are presented in 
Figure 5.2.8. For readability, only the curves of the GAB fits are displayed. Here, the 
same paints are used as in the gravimetric method. Only paint Al#1-p53 is extra, 
because this formulation gives brittle free films, while stainless-steel substrates give 
suitable films. 
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Figure 5.2.8. Plot of hygrometrically determined sorption isotherms of paint films applied with 
400 µm wet layer thickness  
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In order to be able to use the hygrometric method for determining the diffusion 
coefficient (Section 5.3), an analytical expression is obtained for the sorption isotherm 
of the Ac#1-c-p40 paint. The sorption isotherm is expressed as the water concentration, 
w [kg⋅m-3], as a function of the relative humidity, as 

  

 
2

2

98.2 16601
2359.7 239838
RH RHw

RH RH
+

=
− +

, (5.2.5) 

 
were the numbers have been obtained from the best-fit, minimizing the sum of the 
squares of the relative errors (SSE), given by  

  

 
2

,

,

model i measured i

i model i

w w
SSE

w
 −

= 
 

∑ ,  . (5.2.6) 

 
The relative error is chosen, because the function is strongly non-linear with many 
points relatively close to zero. The measurements and the fit are given in Figure 5.2.9. 
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Figure 5.2.9. The sorption isotherm of Ac#1-c-p40 paint with 400 µm wet layer thickness, as 
measured (symbols) and as obtained from the best fit of two functions 

Both models are compared in Figure 5.2.10. The square of the difference 
between the models is given. Only at relative air humidities higher than the range in 
which the measurements took place, the models start to diverge.  
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Figure 5.2.10. The square of the difference between the GAB-fit and the 4–parameter fit versus 
the RH from the curves in Figure 5.2.9 

 
 
5.2.3 Discussion 
 
The advantages of this method, compared to the gravimetric method, are the higher 
accuracy and the shorter time needed for measuring a sorption isotherm. The in-situ 
method provides ideal conditions for reaching a new equilibrium as quick as possible. 
This is not the case for the gravimetric method where the sample has to be taken out of 
the desiccator for weighing. Also, the zero point does not have to be determined. 
Furthermore, the equilibrium has only to be established between air and sample instead 
of air, sample and saturated salt solution. 
 It cannot be concluded that the sorption isotherms of free and non-free paint 
films differ. The final conclusion is that the hygrometric method is better than the 
gravimetric method.  
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5.3 Diffusion coefficient 
 

5.3.1 Introduction 
 

Starting from a situation where the moisture content of a paint is in equilibrium with the 
air humidity in the vessel it is placed in, a change of the air humidity forces the system 
to a different equilibrium situation. From the time dependent air humidity inside the 
vessel and the sorption isotherm determined in advance, the diffusion coefficient of 
water in the paint can be calculated. A numerical calculation will be used so that the 
technique does not depend on the availability of an analytical solution of the proposed 
model for the sorption process. Thus, the method can also be used for the case that the 
diffusion coefficient depends strongly on the concentration. Using numerical methods, 
it is also possible to measure the sorption isotherm simultaneously.  

In section 5.3.2, the set-up and the technique will be described, including the 
mathematical equations. Section 5.3.3 and Section 5.3.4 will contain the results and the 
discussion. 
 
 
5.3.2 Method 
 
A set-up is constructed inside a stainless-steel vessel (with volume 5.12⋅10-3 m3) as 
shown in Figure 5.3.1. Painted stainless-steel plates, the same as used in the sorption 
isotherm experiments (see Section 5.2), are placed inside the vessel on a small support. 
The vessel also contains a stand-alone humidity sensor. For mixing inside the vessel, an 
externally driven stirrer is present. The vessel has an inlet and an outlet for, 
respectively, blowing air into the vessel and letting air escape from the vessel. 

The set-up is placed in a room with a constant temperature of 23.5 ± 0.5 oC and 
left undisturbed long enough to reach an equilibrium situation inside the vessel. At the 
start of an experiment, the air in the vessel is replaced by air with a different humidity 
by simultaneously opening the valves of the inlet and outlet of the vessel and blowing 
air in. After some time, the airflow is stopped and the valves are both closed. As a result 
of a mass flow into or out of the paint, the water concentration in the air phase in the 
vessel changes until an equilibrium is reached.  

The water mass flux, g [kg⋅m-2⋅s-1], inside a paint film is described with the 
gradient of the water concentration, C [kg⋅m-3], in a one-dimensional situation as 

 

 Cg D
x

∂
= −

∂
, (5.3.1) 

 
where D [m2⋅s-1] is the diffusion coefficient and x [m] the position coordinate. 
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Figure 5.3.1. Inside a closed stainless-steel vessel, paint films can absorb/release water from/to 
the air phase. 

 
It is assumed that the behaviour of the paint film is described accurately enough with 
the equations for a non-shrinking system. In this case, Eq. (5.3.1) leads to 

 

 C CD
t x x

∂ ∂ ∂ =  ∂ ∂ ∂ 
, (5.3.2) 

 
where t [s] is time. The paint film has a thickness H [m]. At position x = H, the paint 
film is attached to a plate. As there can be no flux there, the boundary condition is given 
by 

 

 0
x H

C
x =

∂
=

∂
. (5.3.3) 

 
At the other side, where x = 0, the paint film is supposed to be in equilibrium 

with the perfectly mixed air. (Later, this assumption will be verified.) At this position, 
the concentration in the paint film depends on the air humidity in the vessel. 

At the interface between the air and the paint film, a water vapour flux, 
0xg = [kg⋅s-1⋅m-2], leaves the air phase with volume V [m3]. It is assumed that there is a 

uniform water concentration, Cair, in the air in the vessel. Making a mass balance over 
the air phase in the case there is no inflow of dry or humid air, leads to 
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 0x airg Adt VdC=− = , (5.3.4) 
 

where A [m2] is the surface area of the paint. The maximum value of the air 
concentration, the value at saturation, is computed with Antoine's law and the ideal gas 
law as already given with Eq. (5.2.2). 

In the equations, the measured relative humidity is expressed as a fraction φ [-]. 
It is related to the concentration in the air as 

 
 air satC Cφ= ⋅ . (5.3.5) 
 

Substitution of Eq. (5.3.5) into Eq. (5.3.4) leads to 
 

 0x

sat

g Ad
dt V C
φ =−

=
⋅

. (5.3.6) 

 
When blowing air into the vessel with relative humidity φin [-] and volumetric 

airflow rate qv [m3⋅s-1], the relative humidity in the vessel follows from a balance, using 
Eq. (5.3.6), to be 

 

 ( )0x v
in

sat

g Ad
dt V C V
φ φ φ=−

= + −
⋅

q
. (5.3.7) 

 
This relative humidity is related to the concentration in the paint film at its surface by 
the sorption isotherm. Here, a locally linear relation is assumed between the air 
humidity and the concentration at the film surface, as 

 
 0xCφ α = β= ⋅ + , (5.3.8) 
 

where α [kg-1⋅m3] and β [-] are parameters that can depend on the concentration. The 
absolute value of the moisture content in the paint is unknown, only the change can be 
computed. Therefore, β is only given an arbitrary value. Linear Eq. (5.3.8) makes it 
possible to use a matrix solution technique to solve the equations. It is not assumed that 
the sorption isotherm is linear. Only the description for small intervals is a linear 
relation. Using Eq. (5.3.8) in Eq. (5.3.7), and with Eq. (5.3.1) for the flux at x=0, results  

 

 ( )0 0
0

x x
in x

sat

CA D
dC qx C

dt V C V
α φ α= =

=

∂
⋅

∂
= + − ⋅ −

⋅
vβ . (5.3.9) 

 
Solving differential equation (5.3.2) with boundary conditions (5.3.3) and 

(5.3.9) gives implicitly the humidity in the vessel. The Crank-Nicholson procedure is 
used for solving the differential equation numerically (see Appendix A). 
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The sensor that records the relative humidities in the vessel is a stand-alone 
device that samples the relative humidity with time intervals of 60 seconds. Thus, from 
the measured relative humidities it is not clear at what time exactly an experiment 
started. The first data point of a measurement, which is the first point where the relative 
humidity in the vessel has started to change, is supposed to be taken at time t=tlag [s]. 
The relative humidity as predicted by the model is compared with the relative humidity 
as it is measured. The values of α, tlag and D are obtained by minimizing the sum of 
squares of the errors (SSE) 

 

 , (5.3.10) ( 2
,model i measured i

i

SSE φ φ= −∑ ),

 
where i is the i'th point of measurement. 
 
 
5.3.3 Results 

 
Figure 5.3.2 gives the humidity as a function of time as measured in one of the 
experiments (symbols) and as the result of the best fit. At time t=0, the flushing of the 
vessel, which is then in an equilibrium situation with humidity φ0, is started with a flow 
rate of 8.33·10-5 m3 s-1 (5 litre per minute). The flushing is stopped after 300 s.   

 69

0 

10 

20 

30 

40 

0 1 2 3 4 5 6 7 8

RH
 [%

] 

t [⋅103 s] 

Figure 5.3.2. Humidity in the vessel as a function of time for one of the experiments (symbols) 
and as the result of the best fit (solid line) 
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The jumps in the experimentally obtained relative humidity are caused by the 
resolution of the sensor (0.5 % RH). The calculated concentration profiles in the paint 
are, for the same experiment, given in Figure 5.3.3. 
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Figure 5.3.3. The concentration profiles in the paint in one of the experiments for t = 500, 1000, 
1500, 2000, 2500 s as computed in the best fit 

 
In Figure 5.3.4 the diffusion coefficient of water in the Ac#-c-p40 paint is 

given. In Figure 5.3.5, the α is given. The horizontal lines represent the relative 
humidities that would be in equilibrium with the concentrations that occurred in the 
paint film during one experiment. They also represent the relative humidity of the air 
during one experiment. The experiments are performed far from the saturation point to 
be sure not to have any small droplets in the set-up. The scattering in the results is quite 
large.  

To improve the accuracy of the method, the sorption isotherm as measured in 
Chapter 5.2 is used as an input parameter. From this, the α (which is the dotted line in 
Figure 5.3.5) and β are derived as a function of the moisture content. The results for the 
diffusion coefficient are given in Figure 5.3.6. 

 70



Hygrometric method for paint 

1

2

3

0 50 100
0

RH  [%]

D
 [⋅

10
-1

2  m
2 s-1

] 

Figure 5.3.4. The measured diffusion coefficient of water in the Ac#-c-p40 paint as a function of 
the equilibrium humidity in air. The horizontal lines represent the relative humidities that would 
be in equilibrium with the concentrations that occurred in the paint film during one experiment. 
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Figure 5.3.5. The measured α for the Ac#-c-p40 paint as a function of the equilibrium humidity 
in air. The dotted line represents the values that come out of Chapter 5.2.  
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Figure 5.3.6. The measured diffusion coefficient of water vapour in the Ac#-c-p40 paint as a 
function of the equilibrium humidity in air, where the sorption isotherm is used as input. 

 
Compared to the results in Figure 5.3.4, the scattering remains in Figure 5.3.6. 

A reason can be that the diffusion coefficient is a function of the concentration. The 
horizontal lines in Figure 5.3.6 have a large humidity range. It is possible that the 
diffusion coefficient is not constant in one experiment. To verify if this suggestion is 
correct, small concentration differences are used. To obtain this, the time of flushing is 
reduced to 180 s and the flushing flow rate is reduced to 1.667⋅10-5 m3⋅s-1 (1 litre per 
minute). Also, completely dry air from the university pressure net is used for the 
flushing air, in order to be certain of the flushing air humidity. The results are given in 
Figure 5.3.7. 
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Figure 5.3.7. The measured diffusion coefficient of water in the Ac#1-c-p40 paint. The solid lines 
represent experiments having a stirring velocity that is 3 times as large as the experiments, which 
are represented with the dotted lines. 
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The scattering is reduced and a linear decrease in diffusion coefficient for 
increasing humidity can be recognized. To verify if the velocity of stirring is a 
parameter that influences the results, experiments are done with two different stirring 
velocities. In Figure 5.3.7 the experiments represented by the solid lines have a stirring 
velocity that is 3 times as large as the experiments represented by the dotted lines. As 
can be seen, the stirring velocity does not have an influence on the results. The 
resistance against mass transfer in the air phase may therefore be neglected, as is done 
in the model.  

It seems that not only the humidity in the paint determines the diffusivity, but 
also the history of the paint. Figure 5.3.8 gives an example of this. 
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Figure 5.3.8. The measured diffusion coefficient of water in the Ac#1-c-p40 paint with different 
histories 

 
The results are grouped in a few clusters. The experiments of cluster 1 are done after 
first drying the paint completely and adding some water to arrive at the desired air 
humidity. The experiments of cluster 2 are done after the paint has been in equilibrium 
with the climate room having a humidity of approximately 50%. The experiments of 
cluster 3 are done after the paint reached a high moisture content after 60 hours in a 
climate room with high humidity. 
 
 
5.3.4 Discussion 

 
An advantage of this method, compared to methods where the relative air humidity is 
changed stepwise, is that the changes in the relative humidity of the air are quite slow. 
Thus, the sensor, which has a response time of approximately 15 seconds, can quite 
easily follow the changes in the relative air humidity.  

When the diffusion coefficient and the sorption isotherm are both obtained 
from the best fit of the model against the experimental values, results are obtained with 
large scattering. When the sorption isotherm is determined independently and the 
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degree of flushing is reduced, the fits give more unambiguous results for the diffusion 
coefficient.  

The model supposes the diffusion coefficient to be a constant at the humidity 
interval investigated. When the experiments are done on small relative humidity 
intervals, the diffusion coefficient appears to be a function of the water concentration in 
the paint. The results, given in Figure 5.3.7, show that the air film resistance can be 
neglected. There might be a possible effect from the history of the paint.  

If the situation is more complex than the assumptions underlying the present 
work, the set-up used here might be not the best way to measure the diffusion 
coefficient. For instance, there could be hysteresis in the sorption isotherm. This would 
not be evident immediately from the results obtained from the method used here, where 
the water concentration at the surface of the paint goes down and up again in one 
experiment. If the assumptions underlying the present work are met, the method is 
suitable to measure diffusion coefficients. 

The advantage of the hygrometric technique is that it is very fast. One 
experiment finishes once a new equilibrium has been reached. This is, for the paint 
layers used, in the order of a few hours. Another advantage of this technique is that not 
much manual labour has to be done. There is also no need for free paint films. The 
technique is not sensitive to irregularities in the paint film such as entrapped air bubbles 
or small cracks. 

Notwithstanding that the present set-up can be improved with a better sealing 
of the vessel, the final conclusion is that hygrometric techniques are preferred above 
gravimetric techniques for measuring the moisture transfer properties of paints. 
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Chapter 6 
 

Gravimetric unsteady state method 
for gypsum and painted gypsum 

 
 

6.1 Introduction 
 
In this chapter, experiments will be discussed where unpainted and painted gypsum 
samples are exposed to a time dependent relative air humidity under isothermal 
conditions in order to measure the diffusion coefficient. In these experiments, the mass 
of the sample and imposed relative humidity is measured quasi-continuously. The set-
up and method will be explained in Section 6.2. In Section 6.3, an analytical model for 
the mass response of the sample will be used to derive the water vapour diffusion 
coefficient in the sample. A prerequisite of this method is knowledge of the sorption 
isotherm of the samples as will be given in Section 6.4. The results will be discussed in 
Section 6.5. An optional hysteresis model will be described in Section 6.6. Section 6.7 
will contain a discussion and conclusions 
 
 
6.2 Experimental set-up 
 

Sample preparation 
Several cylindrical gypsum plaster samples have been made, as described in Section 
3.2. Small gypsum samples with a height of 20 ± 0.2 mm and a diameter of 43 ± 0.2 
mm are used as well as large samples with a height of 40 ± 0.2 mm and a diameter of 70 
± 0.2 mm. All samples have closed bottom and side walls to assure one-dimensional 
water vapour transport in the sample. The small cylindrical samples are either kept in 
the Teflon mould or taken out and sealed with paraffin at the sidewall and bottom. The 
large samples are similarly sealed with paraffin. 
 

Experimental set-up 
The set-up is pictured in Figure 6.2.1. Inside an aluminium box with a volume of about 
8 litres, a sample is placed on a shaft. A balance1, protected against vibrations, is 
positioned under the box and is connected freely to the shaft via a hole in the bottom of 

                                                 
1 Mettler Toledo AT460 
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the box. The precision of the balance is 0.1 mg. The box is almost continuously flushed 
at a flow rate of 1 l⋅min-1 with air having a specific relative humidity (RH), which is 
controlled by adjustable mixing of dry air with saturated air. A fan mixes the air inside 
the box.  

BALANCE 

RH: ~ 
  

R
H

 / 
T 

SE
N

SO
R

 

FAN

Figure 6.2.1. Schematic picture of the set-up for gravimetric determination of the diffusion 
coefficient 

 
During mass determination, every 10 minutes, the fan and the supplied air are stopped 
for 20 seconds to prevent mass changes due to pressure fluctuations in the box. The 
relative humidity and the temperature in the box are sampled every 3 minutes during an 
experiment. The complete set-up is placed in a temperature-controlled room. Because 
high accuracy is required, the mass measurements are corrected for air pressure 
variations to eliminate changes in the buoyancy, ∆b. The latter is calculated as 
 

 
( ) ( )sample a

a

101300 1p V
b

R T
ψ− −

∆ = , (6.1.1) 

 
with Vsample [m3] the volume of the sample, ψa [m3⋅m-3] the air porosity of the sample 
(0.54), Ra the gas constant for dry air (284 J⋅kg-1⋅K-1) and T [K] the temperature in the 
box. The barometric pressure, p [Pa], is recorded hourly.  
 
6.3 Analytical model 

 
An analytical model has been developed for describing the moisture transport in a 
gypsum plaster / paint system. The basic assumptions in the mathematical analysis are 
one-dimensional transport and a harmonically varying relative humidity in the adjacent 
air. The paint film is considered to be a resistance, while for transport in the gypsum 
plaster the diffusion equation is used. A schematic drawing of the gypsum plaster / paint 
system is shown in Figure 6.3.1. Position x = 0 is chosen at the paint / gypsum interface. 
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The thickness of the paint film is df. The impermeable backside of the gypsum plaster is 
at position x = dg. 

PAINT 
FILM

 
   

 

x 

GYPSUM   AIR   

-df   d g0 

Figure 6.3.1. Model system of air, paint film and gypsum plaster for the gravimetrical 
determination of the diffusion coefficient 

 
The partial water vapour pressure in the air adjacent to the paint film, pv [Pa], is 
expressed as 

 
 , (6.3.1) 0sin( )v vp p t pω ϕ= + + v

 
where the vapour pressure changes periodically round the static value pv0 [Pa] with an 
amplitude [Pa]. The angular frequency is given by ω [rad⋅s-1], the phase shift by ϕ 
[rad]. 

vp

The mass flux density at the air / paint film interface, g [kg⋅s-1⋅m-2] is 
considered to be proportional to the difference in vapour pressure in the air, pv, and at 
the surface of the paint film, pvf,0, as is given by 

 
 ( ),0v vfg k p p= − , (6.3.2) 
 

where k [s⋅m-1] is the vapour transfer coefficient. 
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The paint film is considered to be a resistance, so the mass flux through the 
paint film is  

 

 ,0 ,vf vf g
f

f

p p
g

d
δ

 −
= 

 
 , (6.3.3) 

 
where δf [s] is the permeability, df the film thickness and pvf,g the vapour pressure at the 
paint / gypsum interface. Elimination of pvf,0 from equations (6.3.2) and (6.3.3) gives 
 

 ( ,
f

v vf g
f f

k
g p

kd
δ

δ
= −

+
)p . (6.3.4) 

 
Although this model takes paint into account, unpainted samples are described by 
setting the layer thickness of the paint film in Eq. (6.3.4) to zero.  

The mass transfer in the gypsum is described with Fick’s first law 
 
  

 w
C Cg D D D
x x x

ψ ψρ
ψ

∂ ∂ ∂ ∂
= − = − = −

∂ ∂ ∂ ∂
, (6.3.5) 

 
with D [m2⋅s-1] the diffusion coefficient, C [kg⋅m-3] the water concentration, ρw [kg⋅m-3] 
the density of liquid water and ψ [m3⋅m-3] the moisture content. At the paint / gypsum 
interface, there is continuity in the vapour flux density, i.e. 

 

 ,(f
w

f f

k
D p

x kd
δψρ

δ
∂

− = −
∂ +

)v vf gp . (6.3.6) 

 
The sorption isotherm is simplified with the linear relation 
 

 0 m vC C pψ = + , (6.3.7) 
 

where Cm [m3⋅m-3⋅Pa-1] is the slope of the sorption isotherm (=∂ψ/∂pv) and C0 [m3⋅m-3] 
the moisture content in the linear approximation at pvf,g = 0 Pa.   

The mass transport in the gypsum is given by Fick’s second law as 
 

 ( )D
t x x
ψ ψψ∂ ∂ ∂
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The approximation in Eq. (6.3.8) is valid when the variation of D(ψ) as a function of ψ 
is small.  If  is small, for instance corresponding to RH variations limited to 10%, 
then the variations in ψ are also small. More specifically, when 

vp

 

  
2 2

2

( ) ( )D
x

D
x
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ψ ψ ψ
ψ

ψ , (6.3.9) 

 
it is allowed to neglect the variation of D(ψ) as a function of ψ. This may be checked a 
posteriori, when the dependence of D on ψ is approximately known. In the further 
analysis D(ψ) will be considered to be constant. 

As the backside of the gypsum plaster is closed by the Teflon mould or sealed 
by paraffin, there is no flux at x = dg: 

 

 
, 0

0
gx d tx

ψ

= >

∂
=

∂
. (6.3.10) 

 
The initial condition is, in this case, not relevant because only fully developed 
periodical solutions will be examined. The analytical solution of transport equation 
(6.3.8) and boundary conditions (6.3.1) and (6.3.10), using the equations (6.3.6) and 
(6.3.7), is given in Appendix B.  

The analytical solution of the mass of the sample, m, is fitted to the measured 
mass data according to the Levenberg - Marquardt method (Bevington, 1992). The 
diffusion coefficient is varied until the (weighted) error sum of squares becomes 
minimal. Two extra fit parameters are used. First: the mean value of the periodically 
changing mass, m0 [kg]. Second: the slope, ms [kg⋅s-1], with which the mean value of the 
mass slowly increases or decreases over a long period of time (>100 h): 
 

 . (6.3.11) 0 the analytical solutionsm m m t= + ⋅ +
 
The analytical solution has been verified to be identical to a numerical solution. 
 

 
6.4 Sorption isotherm 
 
For calculating the diffusion coefficient of water in the samples, the slope of the 
sorption isotherm is required, see Eq. (6.3.7). Although the sorption isotherm of the 
gypsum was already measured in Section 4.2, it might deviate from the properties of the 
samples used in the present experiments, because they are made from another batch. 
The sorption isotherm is therefore determined again, using two gravimetric methods. 

In method I, five unpainted cylindrical gypsum samples, 43 mm in diameter, 
20 mm high and encased in Teflon are used for determining the sorption isotherm using 
desiccators, as described in Section 4.2. From the moment that the samples are made 
and dehydrated, 10 short adsorption – desorption cycles are performed during 6 months. 
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Then the complete cycle of Figure 6.4.1 is performed. These measurements last 3 
months. Figure 6.4.1 shows the measurement results of a complete adsorption - 
desorption cycle. Completely dry samples are placed at 97% RH, which is the starting 
point of the desorption curve. After 0% RH is reached, the adsorption curve is 
measured. The mass of the sample at 0% RH is larger than before the cycle. Continuing 
chemical reactions of the gypsum with the water vapour may have caused this 
(hydratation). 

The extended GAB model, 
 

 
( ) ( )( ) 0

1
1 1 1
m GAB

GAB

c k
k c k

ψ φ
ψ ψ

φ φ
=

− + −
+ , (6.4.1) 

 
is fitted to the data for the adsorption and desorption curve separately, of which the 
results are displayed by lines in Figure 6.4.1 and the fit parameters in Table 6.4.1. The 
results in Figure 6.4.1 may be compared with the previous results in Section 4.2.2. The 
isotherms are quite similar, which is also reflected by the values of the fit parameters. 
The parameters ψm, cGAB and k are not significantly different2.  

In method IIa and IIb, the slope of the sorption isotherm, expressed as ∂ψ/∂pv 
[m3⋅m-3⋅Pa], is determined by a step-wise change of the air humidity above the sample 
in the set-up given in Figure 6.2.1. Generally, the initial RH is higher than the final RH, 
so the results pertain to the desorption curve. As an exception, in one case (large 
sample) the initial RH is lower than the final RH. These results pertain to the adsorption 
curve. 

Using the mass difference, ∆msample [kg], between the begin and the end 
situation (>150 h, typically longer) the slope is obtained from 

 

 sample

samplev w

m
p V

∆∂
=

vp∂ ∆
ψ

ρ
, (6.4.2) 

 
with ρw [kg⋅m-3] the density of water, Vsample [m3] the volume of the sample and ∆pv [Pa] 
the vapour pressure difference. In method IIa, a sample is used encased in Teflon; in 
method IIb, the same sample is, after removing the Teflon casing, sealed at the bottom 
and sidewall with paraffin. This encasing and sealing is done to ensure one-dimensional 
transport for obtaining the diffusion coefficient. For the sorption isotherm, it is 
supposed to have no influence. 

                                                 
2 Unlike in Eq. 4.2.1, the quantity ψ [m3⋅m-3] has been chosen here.  As ψm = umρg/ρw = 
0.99um, the numerical values of ψm and um are almost equal. 
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Figure 6.4.1. Sorption isotherm for desorption and adsorption of gypsum samples encased in 
Teflon. Each data point is an average of five samples. The error bars give the standard deviation 
of the measurement of these five samples. 

 

Table 6.4.1. Values of the fit parameters in the GAB model (Eq. (6.4.1)) of adsorption and 
desorption curve of gypsum samples encased in Teflon, shown in Figure 6.4.1  

         ψ m            C GAB               k          ψ 0 reduced

    [⋅10-3 m3⋅m-3]           [⋅101]             [J⋅J-1]     [⋅10-3 m3⋅m-3] χ2

value error value error value error value error value

Adsorption 0.62 0.05 3 10 0.979 0.007 1.0 0.17 0.8
Desorption 1.0 0.12 1 1.2 0.92 0.02 1.0 0.2 1.1

 
 
One of the five small samples that is used in the sorption isotherm 

measurement, is also used in method IIa and IIb. Figure 6.4.2 shows the resulting slopes 
of the sorption isotherms. The figure shows also the two curves, which represent the 
slopes of the adsorption and desorption isotherm obtained with method I. 
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Figure 6.4.2. Slopes of sorption isotherms of the gypsum samples. The horizontal error bars show 
the minimum and maximum value of the RH for method II. The vertical bars denote the combined 
error of the mass and volume determination of the sample and the RH measurement.   

 
The slopes of the sorption isotherm measured with method IIa and IIb are 

generally smaller than the slopes measured with method I. It, therefore, seems that 
equilibrium has not been reached in method II. As an example, the mass response of a 
large sample on a step function from 80 to 90 % RH is presented in Figure 6.4.3. 
Although it looks that equilibrium has been reached after 150 hours, the mass keeps 
increasing at a very low rate. If this mass increase continues, the slope of the sorption 
isotherm becomes larger. On the other hand, the experiments with a periodically 
varying relative humidity are performed with a period of 24 h. As this is shorter than 
150 h, the slope obtained with method II probably better represents the actual slope that 
is to be used in the analytical model. This will be further discussed later. 
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Figure 6.4.3. Mass response of a large sample on a step function from 80 to 90 % RH 

 
 

6.5 Results 
 

Several experiments are performed on the unpainted gypsum plaster samples with a 
harmonically changing relative humidity. The measured RH is used in the model 
together with the accompanying mass. For the sample still encased in Teflon, the slopes 
of the sorption isotherm obtained with method I and IIa are used. When the sample is 
sealed with paraffin, only the slopes obtained with method IIb are used. 

It is verified that the RH courses in the box are in accordance with the model. 
Comparison of the measured RH to a fitted sine function shows that the measured RH in 
the box is a sine function. The partial vapour pressure course, pv, computed from the 
fitted RH sine function is used as the boundary condition in Eq.(6.3.8). 

 Figure 6.5.1 shows an example of a RH course (dashed line) together with the 
mass response of the sample (dots). The solid line gives the theoretical mass. The values 
on the left (mass) axis are arbitrary, because the balance is tared at an arbitrary moment 
with the sample having an arbitrary moisture content. Only a small interval of the total 
experiment is depicted. For the slope of the sorption isotherm, the results of method I 
are used. 
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Figure 6.5.1. The measured RH and experimental and theoretical mass with the sample still 
encased in the Teflon mould  

 
The theoretical mass not only differs in amplitude from the measurement 

results but also in phase. Increasing the slope of the sorption isotherm, which means 
increasing the moisture content variation at a given relative humidity variation, 
increases the amplitude of the theoretical mass. Taking for instance the average of 
desorption (2.44⋅10-6 m3⋅m-3⋅Pa-1) and adsorption (1.92⋅10-6 m3⋅m-3⋅Pa-1) results in a 
13.5% larger amplitude of the best fit (which is now 15% smaller than the experimental 
value). 

Table 6.5.1 shows the calculated diffusion coefficients for making use of both 
the adsorption slope and the desorption slope. As input, the measurement session shown 
in Figure 6.5.1 is used. Both the phase shifts of the theoretical masses remain much 
larger than the measured mass. The conclusion is that the theory is a poor description of 
the process. 
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Table 6.5.1. Example of the comparison between the results of the fit using the slope of the 
adsorption isotherm and the slope of the desorption isotherm. As input, the mass course of the 
experiment on the sample encased in Teflon subjected to sine shaped RH is taken. The mean 
value of the RH is 65.262 %, while the amplitude is 4.471 %. 

Slope sorption isotherm    Diffusion coefficient reduced              amplitude               ϕm

       [⋅10-6 m3⋅m-3⋅Pa-1]         [⋅10-9 m2⋅s-1] χ2                 [mg]                 [min]
value error value error value value error value error

Adsorption 1.931 0.005 3.3 0.16 28.8 1.981 0.004 186.6 0.8
Desorption 2.440 0.005 2.1 0.11 27.6 1.966 0.004 182.6 0.8

 
The amplitude and the phase shift of the mass are calculated as a function of 

the diffusion coefficient (see Figure 6.5.2). 
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Figure 6.5.2. The calculated amplitude of the moisture content and phase shift as a function of the 
diffusion coefficient 

 
The calculations are performed for a static RH of 65.3% with an amplitude of 

4.5% and a slope of the sorption isotherm of 1.9⋅10-6 m3⋅m-3⋅Pa-1. These are the same 
values as used in the example of Figure 6.5.1. At the diffusion coefficient, which gives 
the best fit of the model to the measurement results, the phase shift of the calculated 
mass course in relation to the RH course is almost at its maximum. The amplitude is not 
even at half of its maximum. At this point the sum of square errors is also at its 
minimum. So the different fit criteria, reduced Χ2 or SSE, have hardly any influence. 
The phase shift is almost constant at a large interval. At the same interval, the amplitude 
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of the moisture content has a large slope. For adjusting the model, lowering the phase 
shift can give best results. 

Visual inspection shows that the surface of the gypsum samples contains 
different

 with the slope of the sorption isotherm also as a fit 
paramete

he slopes of the sorption isotherms, needed for a good agreement between model and 

 forms of imperfection. Considering the whole surface area, irregular 
adsorption may occur. The used model neglects these forms of imperfection and 
assumes a homogeneous medium. 

The fits are now repeated
r. This time, the amplitude and the phase shift predicted by the model 

correspond to the measured values. Figure 6.5.3 shows the measured and modelled mass 
course. 

Figure 6.5.3. The measured RH and experimental and theoretical mass with the sample still 

Time [h]

0 10 20 30 40

M
as

s 
[g

]

-0.044

-0.043

-0.042

-0.041

-0.040

-0.039

-0.038

R
H

 [%
]

62

64

66

68

70Mass measured
Mass model
RH measured

encased in the Teflon mould and the slope of the sorption isotherm as a fit parameter 

 
T
experiments, are in Figure 6.5.4 compared with the measured slopes. In general, the 
calculated slopes predicted by the model are smaller than the measured slopes with 
method IIa and method IIb. Looking closely at the measurements of method II (for 
example Figure 6.4.3, Section 6.4), it can be seen that more than a week after the step 
function in the RH, equilibrium is still not reached yet. Although the mass change at that 
moment is minimal, the slope will be in the long run even larger than pictured in Figure 
6.5.4. 
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Figure 6.5.4. Slopes of sorption isotherms versus RH. The solid symbols are calculated from the 
model with the slope as fit parameter. The open symbols are determined with method IIa and 
method IIb. The horizontal error bars show the minimum and maximum value of the RH. In the 
vertical bars, the error in determining the mass and volume of the sample and the error in 
determining the RH are included. 

 
 
In tables 6.5.2 to 6.5.4, the fit parameters, with the slope of the sorption isotherm as a 
variable, as already depicted in Figure 6.5.4, are given for the experiments with the 
small sample encased in Teflon as well as paraffin and the large sample encased in 
paraffin. The third fit parameter (slope mass sine) turns out to deviate from the ones 
obtained with fits, whereby the slope is considered constant. Again, this may be a 
compensation for the deviation in moisture transfer behaviour between model and 
measurement. 
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Table 6.5.2. Diffusion coefficients and slopes of the sorption isotherm of sample in Teflon mould 

                RH ω  Diffusion coefficient Slope sorption isotherm      Slope mass sine reduced

                [%] [⋅10-5 rad⋅s-1]          [⋅10-8 m2⋅s-1]        [⋅10-6 m3⋅m-3⋅Pa-1]      [⋅10-5 kg⋅m-3⋅h-1] χ2

value amplitude value value error value error value error value

81.727 4.425 7.266 2.68 0.03 2.330 0.009 -21.3 0.3 3.46
75.388 4.483 7.264 3.79 0.06 1.368 0.005 -6.6 0.2 1.52
65.262 4.471 7.273 5.5 0.14 0.849 0.004 -1.2 0.14 0.82
55.700 4.449 7.256 5.6 0.3 0.674 0.005 -11.9 0.5 0.87
49.35 4.35 7.33 11 1.2 0.583 0.006 -1.2 0.5 1.03

40.518 4.205 7.2736 4.6 0.17 0.699 0.005 -5.8 0.16 1.95

 
 

Table 6.5.3. Diffusion coefficients and slopes of the sorption isotherm of sample encased in 
paraffin 

                RH ω  Diffusion coefficient Slope sorption isotherm      Slope mass sine reduced

                [%] [⋅10-5 rad⋅s-1]          [⋅10-8 m2⋅s-1]        [⋅10-6 m3⋅m-3⋅Pa-1]      [⋅10-5 kg⋅m-3⋅h-1] χ2

value amplitude value value error value error value error value

85.342 4.38 7.321 2.32 0.03 2.88 0.014 -9.6 0.9 4.21
75.070 4.55 7.296 4.5 0.12 1.251 0.007 -1.4 0.7 0.88
65.850 4.28 7.271 5.2 0.2 0.796 0.005 -4.2 0.4 0.59
56.410 4.2 7.287 5.4 0.2 0.622 0.004 -5.0 0.16 0.61

 
 

Table 6.5.4. Diffusion coefficients and slopes of the sorption isotherm of large samples encased 
in paraffin 

                RH ω  Diffusion coefficient Slope sorption isotherm      Slope mass sine reduced

                [%] [⋅10-5 rad⋅s-1]          [⋅10-8 m2⋅s-1]        [⋅10-6 m3⋅m-3⋅Pa-1]      [⋅10-5 kg⋅m-3⋅h-1] χ2

value amplitude value value error value error value error value

85.004 5.01 9.776 4.86 0.05 2.45 0.017 7 4 15
82.48 3.83 7.278 5.70 0.03 1.404 0.003 4.9 0.5 2.77

62.805 3.859 7.2763 9.57 0.04 0.609 0.0010 -14.4 0.12 1.32
65.465 4.011 7.2721 9.53 0.04 0.604 0.0010 -3.8 0.12 1.47
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6.6 Hysteresis 
 

The used model has been shown to be invalid. The amplitude of the moisture content of 
the sample in reaction to a relative humidity change is smaller than expected from the 
slope of the sorption isotherm. This could be caused by hysteresis. In the literature, 
several models for adsorption and desorption including hysteresis are given. Mualem 
(1976), for instance, proposed a theory that permits a quantitative prediction of the 
actual phenomena of considerable hysteresis characterizing the hydraulic conductivity - 
capillary head relationships, and the less significant hydraulic conductivity - moisture 
content hysteresis. However, the hydraulic conductivity is not measured in the present 
research. Pedersen (1990) found a plausible way to describe the sorption isotherm, 
when the material shows hysteresis behaviour. Pedersen gave an analytical expression 
for the slope of the scanning curve at a relative humidity, when the slope of the 
adsorption and desorption curves at the same relative humidity are known, dependent on 
the direction of the moisture history. The moisture content is described with the fit 
parameters ψmax, A and n for the adsorption isotherm as 
 

  

1

,
ln1

an

a max a
aA
φ

−
 

= − 
 

ψ ψ , (6.6.1) 

 
and for the desorption isotherm as 
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−
 

= − 
 

, (6.6.2) 

 
where φ [-] is the relative humidity, ψmax the estimated maximum moisture content at 
100% RH, and where the subscripts, a and d, mean, respectively, adsorption and 
desorption. Figure 6.6.1 shows that the model of Pedersen fits the measured sorption 
isotherms very well. 
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Figure 6.6.1. Adsorption and desorption isotherm of gypsum samples encased in Teflon (See also 
Figure 6.4.1). The lines give the Pedersen model and the symbols the measurement results. 

 
The Pedersen model gives the moisture capacity ξhys=∂ψ/∂φ at the scanning curve for 
desorption as  
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and for adsorption as 
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−

, (6.6.4) 

 
where γ is a parameter between 0 and 1, which can be different for adsorption (subscript 
a) and desorption (subscript d). Figure 6.6.2 shows some examples of scanning curves 
for desorption for three different values of γd. When the moisture history of the material 
changes (in this case at RH=60% from absorption to desorption), the relation between 
the relative humidity and the moisture content is described by the scanning curves. The 
minimal physical realistic slope of the scanning desorption curve is a horizontal line 
obtained with γd=0. Continuing the desorption, this scanning curve approaches the main 
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desorption curve asymptotically. The maximal slope of the scanning desorption curve is 
a slope equal to the slope of the main adsorption curve and is obtained at γd=1 and 
follows this curve at decreasing RH. When the moisture history of a material changes 
from desorption to adsorption, the opposite occurs.  
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Figure 6.6.2. Scanning curves for desorption. Both the adsorption and the desorption curve are 
given with a solid line. Desorption from a RH of 60% is pictured from the top downwards, for 
γd=0, γd=0.5 and γd=1.  

 
Figure 6.5.4 already showed that the expected slope of the sorption isotherm is smaller 
than the slope of the measured adsorption and desorption curve. With the model of 
Pedersen, it is tried to obtain comparable slopes. The moisture content, ψ, is chosen 
halfway between ψa and ψd. Fitting the Pedersen model to the expected slopes from the 
experiment, with γ as a fitting parameter, gives the results as shown in Figure 6.6.3. 
 

 91



Chapter 6 

RH [%]

40 50 60 70 80 90

S
lo

pe
 s

or
pt

io
n 

is
ot

he
rm

 [⋅
10

-6
m

3 ⋅m
-3

⋅P
a-1

]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Small sample (Teflon encased)
Small sample (paraffin encased)
Large sample (paraffin encased)
Sorption isotherm slope (Pedersen)
Hysteresis slope (γ=0.43)

Figure 6.6.3. Slope of Pedersens model (dotted line) compared with the suggested slopes from 
the experiments. The Pedersen model is fitted to the results of the small samples encased in 
paraffin (open circles). The best fit is obtained for γd=0.43. To obtain an identical slope for the 
adsorption, γa equals γd. 

 
The Pedersen model is in good agreement with the obtained results. Thus, according to 
Figure 6.6.3, hysteresis could cause the difference between model and experiment. 

Also painted gypsum is placed in the set-up and exposed to a sine shaped 
humidity change. A case is studied of a large sample, which is painted with an Al#1-p35 
formulation at a wet layer thickness of 750 µm. The paint layer causes a larger phase 
shift of the mass compared to unpainted samples. Using a free paint film equivalent 
thickness of about 225 µm, the sorption isotherm from Figure 6.6.1 for the gypsum, the 
hysteresis scanning curve for γa=γd=0.43, and a permeability of 4.6⋅10-11 s, which values 
follow from earlier results, no good agreement is obtained. Reducing the paint film 
thickness in the model to 20 µm, the same modelled thickness as obtained with the 
permeability measurements at painted gypsum, and reducing the permeability of the 
gypsum to 3.5⋅10-12 s, the good agreement, as shown in Figure 6.6.4, results. The 
amplitude as well as the phase shift of the modelled values approach the measured 
values.  
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Figure 6.6.4. The measured RH and experimental and theoretical mass of a sample painted with 
the Al#1-p35 formulation. This agreement is obtained for γa=γd=0.43, δgypsum=3.5⋅10-12 s and 
dfilm=20 µm. 

 
 
6.7 Discussion and conclusions 
 
A gravimetric, unsteady state method is used to determine the water vapour diffusion 
coefficient in gypsum. A moisture transport model based on Ficks law for water vapour 
transport and the moisture capacity (the slope of the sorption isotherm) is used to 
analyse the experiments. First, unpainted gypsum is studied. The moisture capacity 
measured with a step function appears to be smaller then measured with a desiccator. 
Fitting the modelled changes in moisture content to the measured values obtained with 
varying relative humidity, no satisfactorily agreement can be obtained. Only when the 
slope of the sorption isotherm is decreased compared to the measured values, agreement 
results. The slope, needed for agreement, appears to be systematically smaller than as 
measured. This indicates that hysteresis plays a role. The mass changes predicted by the 
model, including hysteresis, can satisfactorily describe the measured mass and gives a 
good agreement. Also, for painted gypsum, a good agreement can be obtained using a 
hysteresis model. It is indicated that the characteristics of the paint (i.e. the thickness 
and its material properties) are influenced by the penetration of wet paint into the 
substrate during film forming. First, the thickness of the paint will be smaller than 
expected and the material properties of the paint change (e.g. decrease in water vapour 
resistance due to pinholes, cracks etc.). Secondly, the paint penetrates into the substrate 
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creating a contact layer with different moisture transport properties compared to the 
paint and the substrate. This phenomenon leads, after film formation, to a three-layer 
composite: paint, contact layer and substrate. The presence of this extra layer results in 
a reduced penetration depth of water vapour into the gypsum layer. The present 
experiments however lack sufficient information for determining the characteristics of 
the contact layer.  
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Chapter 7 
 

Dimensional determination of  
the diffusion coefficient for paint 

 
 

7.1 Introduction 
 

In this chapter, a method will be developed for obtaining the diffusion coefficient of 
water in paint from the swelling or shrinking of the paint due to respectively the 
increase or decrease of the water concentration in the paint. The sorption isotherm, 
which is needed in this method, has been measured in Chapter 5. 

In Section 7.2, the set-up and the method of measurement will be described. 
The theoretical description and the used numerical solution technique will be treated in 
Section 7.3. In Section 7.4, the method is discussed further and the measurement results 
are given. Section 7.5 contains conclusions and a discussion about the usefulness of the 
method. 

 
 

7.2 Set-up and measurement method 
 

The set-up to measure the swelling of the paint film is schematically sketched in Figure 
7.2.1. The paint film, applied on a stainless steel substrate, is positioned against the 
backside of a chamber with a controlled atmosphere (of approximately 5 litre). The 
temperature is, inside as well as outside the chamber, constant. The air humidity is 
controlled with a PID controller by blowing a mixture of dry and wet air into the 
chamber at a constant flow rate of 1 litre per minute. The controller gets feedback 
information from a humidity sensor.  

In the method, it is aimed at changing the air humidity stepwise. The paint film 
then responds by swelling or shrinking, due to respectively the absorption or desorption 
of water. The difference between the initial thickness and the thickness at the new 
equilibrium after the step serves, together with the sorption isotherm of the paint, as a 
calibration for the thickness of the paint film as a function of the concentration. 
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Figure 7.2.1. Set-up for measuring the swelling of paint films 

  
The change in the thickness of the paint film is measured with a technique 

called Electronic Speckle Pattern Interferometry (ESPI). The paint film is illuminated 
with an expanded laser beam and reflects laser light. To avoid unwanted reflections, the 
window of the controlled chamber is a tilted glass plate. The interference pattern of the 
image of the paint film and a reference beam is collected by a digital camera. The 
resulting image is a distribution of bright spots where the interference is constructive 
(the speckle pattern). This image is stored in a memory and serves as the reference 
image. Then, the paint film changes thickness due to loss or gain of water to or from the 
surrounding atmosphere. Again, an image is recorded by the camera. From this image 
the reference image is electronically subtracted. The resulting final image gives the 
information of how much the film is deformed as a function of the position on the paint 
film. If no deformation has occurred, the image of the measurement equals the reference 
image, and the final image is completely dark. If a deformation has occurred, the value 
of the deformation as a function of its position on the paint film is computed from the 
intensity of the pixels from the final image. A general description of speckles is given 
by Françon (1979) and the technique of ESPI is described in more detail by Jones & 
Wykes (1989).  

The time evolution of the paint film can be followed using all pixels from the 
final images. As an example, the time evolution of a cross section of the paint film, with 
an initial thickness of approximately 116 µm, is given in Figure 7.2.2. The horizontal 
axis gives the position on the paint film. The vertical axis gives the displacement of the 
paint film, not the thickness of the paint film. The relative humidity of the air was 
increased stepwise from 5% to 95%. 
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Figure 7.2.2. Illustration of the measurement of the increase of the thickness of a paint film as a 
function of position 

 
For positions smaller than 10 mm, there is no dimensional change. The steel 

plate is unpainted there. For positions larger than 20 mm, the change in thickness is 
approximately the same for every point on the paint film. From the time evolution of the 
change of the thickness, the diffusion coefficient of water in paint can be calculated, as 
will be explained below. Looking at Figure 7.2.2, it does, essentially, not matter from 
which point evolution the diffusion coefficient is calculated. The time evolution of 
every point with a position larger than 20 mm would result in approximately the same 
diffusion coefficient. Therefore, the position of only one pixel from the final images is 
used, which corresponds to the time evolution of one point of the paint film surface. 
 

 97



Chapter 7                                                                                                                                                               

7.3 Theoretical description and  
numerical solution technique 

 
The concentration, C [kg⋅m-3], of water in the paint film depends on the position, x [m], 
in the direction perpendicular to the surface of the paint film and on time, t [s]. If it is 
assumed that the transport in the paint film is one-dimensional, the concentration is 
described with Fick's second law as 

 

 C D
t x x

C∂ ∂ ∂= 

∂ ∂ ∂ 

, (7.3.1) 

 
where D [m2⋅s-1] is the diffusion coefficient, which may be a function of the water 
concentration. In Eq. (7.3.1), the swelling and shrinking of the paint film is neglected, 
because, as will become clear from the measurements, the water transport is dominated 
by diffusion, and convection may be neglected. At the isolated surface, at x = H0, the 
boundary condition is 

 

 0C
x

∂
=

∂
. (7.3.2) 

 
At the other surface, at x = 0, the concentration stays in equilibrium with the applied 
relative humidity, φ, of the air. As will be justified below, no film resistance is assumed 
between the air and the paint. The relation between the air humidity and the 
concentration at x = 0 is given by the sorption isotherm, which was shown in Section 
5.2 to be well described with 
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which is also used for the initial concentration in the paint. The thickness of the film, Hf, 
depends on the water concentration in the paint. The thickness of the completely dry 
film is H0. If the paint film contains a homogeneously distributed amount of water, the 
thickness of the film, H, is a function of the concentration. This function is obtained by 
calibration. When the concentration in the paint film depends on the position, the 
thickness of the paint film is given by 
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00
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where dx is the dry thickness of a slice of the paint film. Differential equation (7.3.1) 
with boundary conditions (7.3.2) and (7.3.3) are solved numerically with a Crank 
Nicholson procedure as described by Van der Zanden (1998). A grid is used with 31 
grid points. A mesh is a factor 1.06 larger than its smaller neighbour mesh, with the 
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smallest mesh at x = 0. The time step in de simulations is 1 s. The integral equation 
(7.3.4) is computed by using Van der Zanden's Eqs. (15)-(18). The diffusion coefficient 
is obtained by fitting the model prediction against the experiments. The sum of the 
squares of the differences between the model and the experiment is minimized. It is 
assumed that the interval on which an experiment is done is small enough that it can be 
described with a constant diffusion coefficient. 

 
 

7.4 Results 
 

The paint film used is the Ac#1-c-p40 formulation, as used in the hygrometrical 
sorption isotherm measurement method of Section 5.2. The thickness of the dry paint 
film is 116 ± 6 µm. As an example, the measured position of the surface of the paint 
film is given in Figure 7.4.1, for the case the air humidity is changed a few times 
stepwise between 70% and 80%.  
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Figure 7.4.1. The displacement of the surface of a paint film in an experiment with the air 
humidity changing stepwise between 70% and 80% 

 
After one step forward and one step backward, the value of the measured 

position of the paint surface is not the same. This is caused by an accumulation of 
computational inaccuracies in the ESPI software. Another explanation could be creep of 
the paint. As an example, it will be explained how the diffusion coefficient is obtained 
from the first down going flank in Figure 7.4.1. From this experiment, the measured 
relative humidity in the chamber and the measured displacement of the surface of the 
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paint film is given as a function of time in Figure 7.4.2. The initial condition is a 
relative humidity of 80%. The experiment starts at that time where the last measured 
relative humidity is still close to 80%. At that time, t is put zero. The experiment stops 
where the paint film displacement starts to show ‘strange’ behaviour, marked in Figure 
7.4.2 with ‘stop’. At this point, the paint film seems to become thicker again. This could 
be the result of the computational inaccuracies. It could also be the result of the heating 
up of the paint, which cooled a little during the evaporation of water. 
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Figure 7.4.2. Humidity in the chamber (diamonds) and the displacement of the surface of the 
paint film (dots) as a function of time 

 
With the (later verified) assumption that the thickness of the paint film is linear 

with the water concentration in the paint, the sorption isotherm, and the data in Figure 
7.4.2, the function H is, as a function of the concentration, given by  

 
 83.725 10 1.155 10H C 4− −= ⋅ + ⋅ , (7.4.1) 
 

where H is in meters and the concentration, C, in kg⋅m-3. For calculating the diffusion 
coefficient, the final equilibrium state of the paint film is less important than how fast 
this state is reached. The concentration distribution in the film is computed, with which 
the thickness of the paint film follows from Eq. (7.3.4). For the best fit, the 
experimental and the theoretical thickness of the paint film is given in Figure 7.4.3. The 
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agreement is good. Thus, there is an agreement between the theoretical and 
experimental results. 
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Figure 7.4.3. Comparison of the film thickness as measured (dots) and as computed with the 
model (solid line) 

 
In Figure 7.4.4, the solid lines give the results of the measurements of the 

diffusion coefficient. Every solid line has an arrow point, indicating whether the air 
humidity in an experiment was increased (pointing to the right) or decreased (pointing 
to the left).  
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Figure 7.4.4. The diffusion coefficient as obtained from the measurements 

 
Figure 7.4.5 shows that the slope of the film thickness against the 

concentration is for all experiments within an inaccuracy range of 15% identical to the 
value given in Eq. (7.4.1). This indicates that the assumption that the thickness varies 
linearly with the concentration in the paint is justified.  
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Figure 7.4.5. Slope of the film thickness against the concentration for all experiments 
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The results of one of the experiments between 50 and 60% humidity is given in 

Figure 7.4.6. 
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Figure 7.4.6. Humidity in the chamber (diamonds) and the displacement of the surface of the 
paint film (dots) as a function of time 

 
It can be observed that, contrary to Figure 7.4.2, the time needed to reach a 

new film thickness is only a little larger than the time to reach a new relative humidity 
in the chamber. Although the comparison between the fit and the experimental results of 
the thickness (Figure 7.4.7) is good, the obtained diffusion coefficients are unreliable 
for smaller relative humidities. In this area, the fast varying film thickness stays close to 
its equilibrium with the changing air humidity. A thicker paint film would make 
measurements at smaller humidities possible. 
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Figure 7.4.7. Comparison of the film thickness as measured (dots) and as computed with the 
model (solid line) at a 50-60% relative humidity interval 

 
 

7.5 Discussion and conclusion 
 

The change of the thickness of a paint film has been measured when subjected to a 
changing relative air humidity. The water transport in the film is described with a 
diffusion coefficient. It is assumed that the interval on which an experiment is done 
(10% relative humidity) is small enough to justify the assumption of a constant 
diffusion coefficient in this experiment. From the results in Figure 7.4.4, it can be 
concluded that this assumption is not valid.  

It has been assumed that the humidity range in one experiment is small enough 
to make the modelling of the moisture transport without convection justified. The 
magnitude of the change of thickness of the paint film in Figure 7.4.1, 0.5 µm, is so 
small compared to the thickness of the paint film, 116 µm, that this assumption is 
justified. The change of thickness is small enough to be neglected in the modelling, but 
is large enough to be measured.  
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Discussion and conclusions 
 

8.1 Introduction 
 
The water vapour transfer properties of paint and (painted) gypsum are characterized by 
two material properties. First the sorption isotherm and second either the water vapour 
diffusion coefficient or the water vapour permeability.  

The measuring methods and the examined materials described in the previous 
chapters will be discussed in respectively Section 8.2 and Section 8.3. In Section 8.4, 
recommendations will be given for further research. 

 
 

8.2 Evaluation of measuring methods 
 
Modifying paint formulations in a scientific way is very complex. Independently 
changing parameters are not available. Therefore, experimental techniques have been 
modified and newly developed, which are scientifically conclusive and provide rapid 
and reliable information on paint films and painted gypsum. 
 
Sorption isotherm 
Sorption isotherms have been measured with a gravimetric and a hygrometric 
technique. The advantage of the gravimetric technique is its simplicity. Only a balance 
and a conditioned environment are needed. The calculations are simple. In the 
hygrometric method, a known amount of water is added to a dry system of paint and air. 
When equilibrium is reached, the amount of water in the air phase is measured. The rest 
of the water is in the paint. The advantage of this technique is that it is more accurate in 
those cases, where the sample is still attached to a relatively heavy substrate that does 
not contain any water. For the measurements on paints, both methods are used. 
Comparison of the manual effort needed to obtain the experimental values for paint 
shows that the hygrometric technique is less elaborate than the gravimetric technique. 
Besides, the obtained values are more accurate. For paint, the hygrometric technique is 
better. The sorption isotherm of gypsum has been measured only with the gravimetric 
technique. An attempt to measure this sorption isotherm with the hygrometric technique 
showed that a very long time is needed to reach equilibrium. During this long time, an 
amount of water can leak into or out of the set-up, of which the exact amount is not 
known. This introduces inaccuracies. The sorption isotherm can also be measured with 
more advanced techniques such as, for instance, a microcalorimetric or a manometric 
technique. These techniques have the disadvantage that they are more expensive. 
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Permeability and diffusion coefficient 
The permeability or the diffusion coefficient has been measured with a gravimetric, a 
hygrometric and an interferometric technique. The gravimetric technique uses the mass 
loss or gain of a cup covered with a free paint film. In the present study, this cup 
method has been improved by applying a capillary for avoiding pressure differences 
over the paint film. Another improvement is the box, in which the experiments are done, 
with which the ambient pressure is kept constant. The hygrometric technique uses the 
absorption and desorption of water vapour in and out of a non-free paint film in a closed 
vessel. It appeared that water vapour can be absorbed in the rubber ring, with which the 
vessel with cover is sealed, in amounts large enough to disturb the measurements 
considerably. The set-up can be improved further on this point. The interferometric 
technique uses an expensive laser set-up to measure the change in thickness of a non-
free paint film, when the paint film is subjected to a change in relative humidity. Fitting 
the model to the measured thickness gives the diffusion coefficient. The advantage of 
the gravimetric technique is that it is simple. It also does not require complicated 
calculations. Another advantage is that the situation in the paint film is steady state. 
This makes that the sorption isotherm is not needed to obtain the permeability. The 
advantage of the hygrometric technique is that it is very fast. One experiment finishes 
once a new equilibrium has been reached. This is, for the paint layers used, in the order 
of a few hours. Another advantage of this technique is that not much manual labour has 
to be done. The advantage of the interferometric technique is that it is very accurate and 
that it shows when the change in thickness is so large that it needs to be included in the 
modelling. It is an advantage of both the hygrometric technique and the interferometric 
technique that these methods do not need free paint films. Also both techniques are not 
sensitive to irregularities in the paint film such as entrapped air bubbles or small cracks. 
The gravimetric technique, however, is sensitive to these irregularities. This method 
measures some film property and not a paint property. 
 
Determination of the diffusion coefficient 
The diffusion coefficient cannot be measured directly but has to be calculated. From 
Fick’s law, expressed with partial vapour pressure, pv, as potential (see also Eq. (2.3.1)), 
follows 

  

 ( ) v

v

pCg D C
p x x

δ
  vp∂ ∂∂

= − = − ∂ ∂ ∂ 
. (8.2.1) 

 

The diffusion coefficient is determined from the permeability, δ, and the slope of the 
sorption isotherm, ∂C/∂pv, as 
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. (8.2.2) 

 

When using the Galbraith model for the permeability and the GAB fit of the 
gravimetrically obtained sorption isotherms, the diffusion coefficient is given in Figure 
8.2.1 for a few paints. 
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Figure 8.2.1. Diffusion coefficient versus relative humidity of some paint formulations by 
making use of gravimetrically determined sorption isotherms 

 

The results presented in Figure 8.2.1 are physically unrealistic. Where one 
paint shows a strong decrease in diffusion coefficient another paint shows a strong 
increase in diffusion coefficient, while these paints should show a similar behaviour, 
because the composition is similar. Also, the very strong dependence of the diffusion 
coefficient on the relative humidity in a small relative humidity interval is physically 
unrealistic. When using the hygrometrically obtained sorption isotherms, the diffusion 
coefficient is given in Figure 8.2.2 for the same paint as in Figure 8.2.1. The plot looks 
much better now. 
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Figure 8.2.2. Diffusion coefficient versus relative humidity of some paint formulations by 
making use of hygrometrically determined sorption isotherms 

 
The diffusion coefficient of paint Ac#1-c-p40 is presented in Figure 8.2.3. as a 

function of the relative humidity, as it is measured with the three techniques. The results 
of the three techniques do not agree. The reliability of the results of the hygrometric 
technique may suffer from the absorption and desorption of the rubber ring. If the free 
paint films have cracks, paint films without cracks would have, as a measurement result, 
even a smaller diffusion coefficient than the solid line in Figure 8.2.3. It seems that, for 
this case, the diffusion coefficient of a free paint film is smaller than the diffusion 
coefficient of a non-free paint film. No attempt has been made to measure the moisture 
transfer properties of gypsum with the hygrometric or the interferometric technique, 
because, for obtaining reliable results, the sorption isotherm with all its hysteresis 
effects must be known accurately, which is not the case. A sorption technique has been 
used in Chapter 6 to measure the moisture transfer properties of (painted) gypsum. The 
mass of a sample is registered, when it is subjected to a changing environment. To 
obtain the diffusion coefficient accurately, also for this case, the sorption isotherm must 
be known, including all hysteresis effects. There are other techniques for measuring the 
moisture transfer properties, such as gamma ray attenuation (e.g. Kober and Mehlhorn, 
1991), microwave absorption (e.g. Volkwein, 1993), neutron scattering (e.g. Groot et 
al., 1989) and nuclear magnetic resonance (e.g. Carpenter et al., 1993). These 
techniques are very expensive and sometimes require specialized skills for operating the 
equipment. 
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Figure 8.2.3. Comparison of the diffusion coefficient of Ac#1-c-p40 obtained with the cup 
method (curved line), with the hygrometric technique (dotted line pieces), and with the 
interferometric technique (solid line pieces) 

 

The diffusion coefficient of gypsum is presented in Figure 8.2.4 as a function of the 
relative humidity, as it is measured with the gravimetric steady state and unsteady state 
method (Chapter 4 and 6 respectively). 
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Figure 8.2.4. Comparison of the diffusion coefficient of gypsum obtained with the gravimetric 
steady state and unsteady state method 

 

 

8.3 Evaluation of material properties 
 
Paint 
The moisture transfer properties are not the only physical properties of paint. Other 
important properties are the film forming properties of the wet paint and the brittleness 
of the dry paint. All these properties depend on the formulation of the wet paint. In the 
present study, only the moisture transfer properties, i.e. the sorption isotherm and the 
permeability or diffusion coefficient, are examined. The sorption isotherm can be 
described with the GAB equation. The differences between the permeabilities of the 
various used paint formulations are, as can be observed in Figure 4.5.9, so small, that no 
conclusion can be drawn about the influence of the constituents on the moisture transfer 
properties. The permeability of the paint can be described as a function of the relative 
humidity with a function proposed by Galbraith. It could not be measured that the 
permeability of the paint depends on the layer thickness. In contradiction to the 
literature, the permeability of the investigated Acrylate paints has a maximum close to 
the CPVC. It seems that the moisture transfer properties of free and non-free paint films 
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are different. A convincing difference in moisture transfer properties of paint after aging 
could not be detected.  
 
Gypsum 
The sorption isotherm and the permeability of gypsum have been measured with 
gravimetric techniques. The sorption isotherm, which shows hysteresis and consists of 
an adsorption and a desorption isotherm, can be described with GAB equations. 
Unexpected behaviour in the experiments for obtaining the diffusion coefficient of 
gypsum also confirms the proposition that hysteresis could play a role. Using the 
hysteresis model of Pedersen gives a good agreement between experiments mutually. 
The application of this hysteresis model on gypsum needs more testing. It appeared that 
there could be large differences between moisture transfer properties of gypsum 
samples that are made in a slightly different way. This was very obvious in the 
experiments from Appendix C, where gypsum was brought into contact with liquid 
water. Also, the moisture transfer properties seemed to change in time. Maybe there is a 
continuous process of hydratation. Another possibility is the slow absorption of water in 
the small crystals in the gypsum. More research needs to be done to clarify this matter. 
 
Painted gypsum 
The permeability of painted gypsum is measured only gravimetrically. The flux through 
the painted gypsum is much larger than would be expected from the model, where the 
paint is assumed to be a perfect plane film parallel to the surface of the gypsum. Støre 
Valen (1998) already stated that the water vapour transfer resistance of the coating 
layer, when measured as a free film, is slightly larger compared to that when measured 
as a composite material. The same conclusion can be drawn from the present research, 
where the layer thickness, if modelled as a perfect plane film, is much smaller than 
should be expected from the amount of applied paint. The different film forming 
properties, when paint is applied on a rough substrate, may cause this. The paint is 
shaped according to the topology of the gypsum surface. The paint, however, does 
reduce the moisture flux considerably.  

The water absorption characteristics of painted gypsum has been determined 
by bringing the painted gypsum into direct contact with liquid water (see Appendix C). 
Absorption times were found to depend on the paint layer thickness. For really thick 
paint layers, the absorption time increases very much. Clearly, there is some amount of 
paint needed to seal all the open pores in the gypsum. 

 
 

8.4 Recommendations for further research 
 
The used techniques for measuring the moisture transfer properties can have some 
improvements. The reliability of the hygrometric techniques suffers from leakage. The 
rubber or Teflon sealings of the vessel and the cover, create an extra source / sink in the 
measurements. Thus, the effect of using a sealing of soft metal, which does not adsorb 
any moisture, should be investigated. Also the stand-alone sensor can act as a source / 
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sink in the measurements. Placing the sensor outside the vessel, except the measuring 
part, diminishes this problem. 

Multiple moisture content dependent measurements of the transfer properties 
of paint over various small RH ranges characterize the moisture transfer properties 
better than one measurement comprising the whole RH range. With these moisture 
content dependent measurements, also extra emphasis can be given to the RH range for 
which the paints are designed and will be used in. Further on, paint properties can be 
dependent on the interaction between the paint and the underlying substrate. Therefore, 
paint properties should not only be investigated with free paint films solely but also 
with paint applied to the intended substrate. 

The binder seems to play an important role in the moisture transport properties. 
That is probably because it is one of the principal constituents. Therefore, adjusting the 
moisture transport properties of a paint, priority should be given to the properties of the 
binder. The Alkyd emulsion used is originally designed for wood. Possibly, the 
moisture transfer properties of this type of binder can be improved if it is further 
improved for porous, stony materials, especially gypsum plaster. Also other types of 
binder, which are normally not used in wall paints, should be considered as a possible 
improvement of the moisture transfer properties of wall paints. The sorption isotherm of 
the gypsum samples changed during a measurement session. It should be investigated if 
these changes influence the diffusion coefficient of the samples, and, if so, what is the 
cause. Further on, the moisture transfer properties of wall paints should be investigated 
in relation to other porous finishing materials. 

All experiments have been performed under isothermal conditions. Moisture 
transfer properties are strongly dependent on temperature. Besides, the glass transition 
temperature of binders, i.e. acrylate, is in the comfort range of human beings. At this 
point, its properties strongly change. Therefore, measurements at other temperatures 
must be performed, to know the temperature dependence of the moisture transfer 
properties. 

Knowledge of some vital moisture transfer properties is still lacking. The exact 
hysteresis behaviour of gypsum is unknown. More critical testing has to reveal this. 
Also the cause of the difference in moisture transfer properties between free and non-
free paint films is unknown. More research is needed in the moisture transfer behaviour 
of the interfacial zone between paint and porous substrate. A microscopic view of the 
distribution of the paint between the gypsum particles should give a first clue towards 
the physics of the moisture transfer process there. In thick porous substrates, like 
gypsum plaster, profiles can fairly easily be measured. Paint films and interfacial zones, 
on the other hand, are smaller than the resolution obtained with modern profiles 
determination techniques. Therefore, NMR techniques have to be improved or the 
possibility of other techniques, like for instance high-energy ion scattering in 
combination with recoil spectrometry (IJzendoorn 1994), have to be investigated.  
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Nomenclature 
 

Roman symbols 
a water activity     [-] 
A surface area     [m2] 
b buoyancy     [kg] 
cGAB constant GAB equation    [-] 
C overall water concentration   [kg⋅m-3] 
C0 moisture content at pv = 0 Pa in linear approximation [m3⋅m-3] 
Cair concentration of water in air   [kg⋅m-3] 
Cm slope sorption isotherm    [m3⋅m-3⋅Pa-1] 
Csat concentration of water in saturated air  [kg⋅m-3] 
CPVC critical pigment volume concentration  [%] 
d layer thickness     [m] 
df layer thickness     [m] 
D diffusion coefficient    [m2⋅s-1] 
Da diffusion coefficient of water in air   [m2⋅s-1] 
F statistical function    [-] 
g moisture flux density    [kg⋅m-2⋅s-1] 
G moisture flux     [kg⋅s-1] 
G free enthalpy     [J] 
∆G chemical potential    [J⋅mol-1] 
∆G0 chemical potential in the standard state  [J⋅mol-1] 
H thickness     [m] 
k constant GAB equation    [J⋅J-1] 
k water vapour transfer coefficient   [kg⋅m-2⋅s-1⋅Pa-1] 
K proportionality factor    [mol⋅s⋅kg-1] 
Kp water vapour permeance coefficient  [kg⋅s-1⋅Pa-1] 
L leakage constant     [s-1] 
m mass      [kg]   
M molar mass     [kg⋅mol-1] 
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n number of particles    [mol] 
p barometric pressure    [Pa] 
psat water saturated vapour pressure   [Pa] 
pv partial water vapour pressure   [Pa] 

vp  partial vapour pressure amplitude   [Pa] 
pv0 static partial vapour pressure   [Pa] 
pvs partial water vapour pressure at the surface  [Pa] 
PVC pigment volume concentration   [%] 
qv volumetric flow     [m3⋅s-1] 
R universal gas constant    [J⋅mol-1⋅K-1] 
Ra gas constant for dry air    [J⋅kg-1⋅K-1] 
RH relative humidity     [%] 
Rv gas constant for water vapour   [J⋅mol-1⋅K-1] 
SSE sum of squares of the errors   [-] 
t time      [s] 
T temperature     [K] 
u moisture content     [g⋅kg-1] 
um mass fraction complete penetrant monolayer [g⋅kg-1] 
V volume      [m3] 
w moisture content     [kg⋅m-3] 
x space co-ordinate     [m] 
 

Greek symbols 
α parameter     [kg-1⋅m3] 

α regression coefficient Galbraith equation  [kg⋅s-1⋅m-1⋅Pa-1] 

β parameter     [-] 

β regression coefficient Galbraith equation  [kg⋅s-1⋅m-1⋅Pa-1] 

γ regression coefficient Galbraith equation  [-] 

δ water vapour permeability coefficient  [kg⋅s-1⋅m-1⋅Pa-1] 

δa permeability coefficient of air   [kg⋅s-1⋅m-1⋅Pa-1] 

δp permeability coefficient of solid   [kg⋅s-1⋅m-1⋅Pa-1] 
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Nomenclature 

ϑ moisture content     [g⋅kg]  

µ vapour diffusion resistance number   [-] 

ρ density      [kg⋅m-3] 

σ variance      [-] 

φ relative humidity     [-] 

ϕ phase shift     [min]  

Χ 2 (chi-square) goodness-of-fit parameter  [-] 

ψ moisture content     [m3⋅m-3] 

ψm mass fraction complete penetrant monolayer [g⋅kg-1] 

ψ   amplitude moisture content   [m3⋅m-3] 

ω angular frequence    [rad⋅s-1] 
 

Subscripts 
a adsorption 
d desorption 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 115



 

116 



References 
 
Adan O.C.G. (1994) On the fungal defacement of interior finishes. Ph.D. Thesis, 
Eindhoven University of Technology (NL). 
 
Adan O.C.G., Dongen J.E.F. van, Gids W.F. de, and Luxemburg L.C.J. van (2000) 
Handboek vocht en ventilatie: basis voor ontwerp, uitvoering en beheer. (In Dutch) 
Rotterdam: Stichting Bouwresearch. 
 
Anderson R.B. (1946) Modifications of the Brunauer, Emmett, and Teller Equation 
J. Am. Chem. Soc. 68, 686-691. 
 
Ayerst G. (1969) The effects of moisture and temperature on growth and spore 
germination in some fungi. J. Stored Prod. Res. 5, 127-141. 
 
Balik C.M. and Xu J.R. (1994) Simultaneous Measurement of Water Diffusion, 
Swelling, and Calcium Carbonate Removal in a Latex Paint Using FTIR-ATR.  
Journal of Applied Polymer Science, Vol. 52, 975-983 
 
Bear J. and Bachmat Y. (1990) Introduction to modeling of transport phenomena in 
porous media. Vol. 4, Kluwer, Dordrecht. 
 
Beetsma J. and Hofland A. (1996) Technical Feature DSM resins analyse alkyd paints - 
The difficulties of, and differences between, waterbased alkyd emulsions and acrylic 
dispersions. Paint & resin, vol. 68, 1, 15-18. 
 
Beetsma J. (1998) Alkyd emulsion paints: Properties, challenges and solutions.  
Pigment & resin technology, vol. 27, 1, 12-19.  
 
Bevington P.R. and Robinson D.K. (1992) Data Reduction and Error Analysis for the 
Physical Sciences, second edition, WCB/McGraw-Hill. 
 
Blahnîk R. (1983) Problems of measuring water sorption in organic coatings and films, 
and calculations of complicated instances of moistening.  
Progress in Organic Coatings 11, 353-392. 
 
Block S.S. (1953) Humidity requirements for mould growth.  
Appl. Microbiol. 6, 287-293. 
 
Bradford E.B. and Vanderhoff J.W. (1966)  
Morphological Changes in Latex Films. J. Macromol. Chem., 1, 335. 
 
Brocken H.J.P. (1998) Moisture transport in brick masonry: the grey area between 
bricks. Ph.D. Thesis, Eindhoven University of Technology (NL). 

117 



References 

Burch D.M., Thomas W.C., and Fanney A.H. (1992)  
Water vapour permeability measurements of common building materials.  
ASHRAE Transactions: Symposia 98 (2), 486-494. 
 
Carpenter T.A., Davies E.S., Hall C., Hall L.D., Hoff W.D., Wilson M.A. (1993) 
Capillary water migration in rock: process and material properties examined by NMR 
imaging. Materials and Structures 26: 286-292. 
 
Castela A.S.L., Simões A.M., and Ferreira M.G.S. (2000) E.I.S. evaluation of attached 
and free polymer films. Progress in Organic Coatings 38, 1-7. 
 
Černý R., Podĕbradská J., and Drchalová J. (2002) Water and water vapour penetration 
through coatings. Journal of thermal envelope and building science. Vol.26, No.2. 
 
Chan T.Y.A. and Odlyha M. (1995). The effect of relative humidity and pigment type 
on paint films. Thermochimica Acta, 270, 755–767. 
 
Crank J. (1956) The mathematics of diffusion. Clarendon Press Oxford. 
 
Crank J. and Park G.S. (1968) Diffusion in Polymers.  
Academic Press, London and New York. 
 
Dales R.E., Miller D., and McMullen E. (1997) Indoor Air Quality and Health:  
Validity and Determinants of Reported Home Dampness and Moulds.  
International Journal of Epidemiology 26(1), 120-125. 
 
D’Alkaine C.V., Garcia C., Corti H., and Gomez D. (1980)  
Surface coatings international. Part A: Coatings journal : JOCCA 63, 23. 
 
De Boer J.H. (1968) The Dynamical Character of Adsorption, 2nd ed., 
Clarendon Press, Oxford. 
 
De Groot S.R. (1952) Thermodynamics of irreversible processes.  
North Holland, Amsterdam. 
 
De Meijer M. (1999) Interactions between wood and coatings with low organic solvent 
content. Ph.D. Thesis, Wageningen University (NL). 
 
Dören K., Freitag W., and Stoye D. (1994)  
Water-borne coatings: the environmentally-friendly alternative. Munich, Hanser. 
 
Fanger P.O. (1970) Thermal comfort, Danish Technical Press, Denmark. 
 
Fanney A.H., Thomas W.C., Burch D.M., and Mathena L.R. Jr. (1991)  
Measurements of moisture diffusion in building materials. ASHRAE Transactions 97(2). 
 

 118



References 

Françon M. (1979) Laser speckle and applications in optics. London: Academic Press. 
 
Galbraith G.H., McLean R.C., and Guo J.S. (1998)  
Moisture permeability data presented as a mathematical relationship.  
Building Research & Information 26(3), 157-168. 
 
Gervais P., Fasquel J.-P., and Molin P. (1988)  
Water relations of fungal spore germination. Appl. Microbiol. Biotechnol. 29, 586-592. 
 
Groot C.J.W.P., Verkerk P., van Tricht J.B., and van der Ende P. (1989)  
Study on the water distribution in joints and bricks using scanning neutron radiography. 
Proc. Fifth Canadian Masonry Symposium, pp.477-486,  
University of Britisch Colombia, Vancouver. 
 
Guggenheim E.A. (1966) Applications of Statistical Mechanics,  
Clarendon Press, Oxford, p. 186. 
 
Hall C., Ioannou I., and Hamilton A. (2003) Capillary absorption into autoclaved 
aerated concrete AAC: additional free uptake test using n-decane liquid.  
Hamstad project report January 2003, Centre for materials science and engineering, 
University of Edinburgh. 
 
Hare C.H. (1997) Water Permeability in Pigmented Films.  
J. Protective Coatings and Linings, 1410, 77-94. 
 
Higuchi A., Nakajima T., Morisato A., Ando M., Nagai K., and Nakagawa T. (1996) 
Estimation of diffusion and permeability coefficients of CO2 in polymeric membranes 
by FTIR method. Journal of Polymer Science B, 34, 2153–2160. 
 
Hopfenberg H.B. et al. (1974) Permeability of Plastic Films and Coatings to Gases, 
Vapors, and Liquids. Plenum Press, New York and London. 
 
Huldén M. and Hansen C.M (1985) Water permeation in coatings.  
Progress in Organic Coatings 13, 171-194. 
 
IJzendoorn L.J. van (1994) High energy ion scattering and recoil spectrometry in 
applied materials science (review). Analytica Chimica Acta 297, 55-72. 
 
Jones R. and Wykes C. (1989) Holographic and speckle interferometry (Chapter 5). 
Cambridge: Cambridge University Press. 
 
Jonquières A. and Fane A. (1998) Modified BET Models for Modeling Water Vapor 
Sorption in Hydrophilic Glassy Polymers and Systems Deviating Strongly from 
Ideality. J. Appl. Polym. Sci. 67, 1415-1430. 
 

 119



References 

Klopfer H. von (1974) Wassertransport durch Diffusion in Feststoffen. Insbesondere in 
Baustoffen, Kunststoffen und Beschichtungen. Bauverlag GmbH, Wiesbaden und Berlin. 
 
Kober A. and Mehlhorn L. (1991) Radiometrische Feuchtemessung in Bauteilen mit 
hoher räumlicher Auflösung. Bauphysik 13, 43-49.  
 
Kolek Z. (1997) Characterization of water penetration inside organic coatings by 
capacitance measurements. Progress in Organic Coatings 30, 287-292. 
 
Koren, L.G.H. (1995) Allergen avoidance in the home environment, a laboratory 
evaluation of measures against mite, fungal and cat allergens. 
Ph.D. Thesis, Eindhoven University of Technology (NL). 
 
Kreyszig E. (1988) Advanced engineering mathematics. John Wiley & Sons. 
 
Krus M., Hansen K.K., and Künzel H.M. (1997) Porosity and liquid absorption of 
cement paste. Materials and Structures 30, 394-398. 
 
Krusche P, Weig-Krusche M., Althaus D., and Gabriel I. (1982)  
Ökologisches Bauen. Bauverlag, Berlin. 
 
Küntz M. and Lavallée P. (2001) Experimental evidence and theoretical analysis of 
anomalous diffusion during water infiltration in porous building materials.  
Journal of physics. Section D, applied physics 34, 2547-2554. 
 
Künzel H. (1980) Müssen Aussenwände atmungsfähig sein?  
wksb Heft, Nov., 1980, pp. 1-4. 
 
Lide D.R. (1994) CRC Handbook of chemistry and physics. 
75th edition, CRC Press, Boca Raton, Florida, USA. 
 
Loomans M.G.L.C. (1998) The Measurement and Simulation of Indoor Air Flow. 
Ph.D. Thesis, Eindhoven University of Technology (NL). 
 
Lundberg J.L., Wilk M.B., and Huyett M.J. (1962). Estimation of diffusivities and 
solubilities from sorption studies. Journal of Polymer Science, 57, 275–299. 
 
Luo X.-W, Yun Z.-Y, Li S.-J., and Zhou W.-F. (1995) Study on the sorption of water 
into epoxy resins by means of electrochemical impedance spectroscopy. 
Macromolecular Rapid Communications, Vol. 16 (12), 941-946. 
 
Maffezzoli A.M., Peterson L., Seferis J.C., Kenny J., and Nicolais L. (1993)  
Dielectric Characterization of Water Sorption in Epoxy Resin Matrices.  
Polymer Engineering and Science, Vol. 33, No. 2. 
 

 120



References 

Markova N. and Wadsö L. (1998)  
A microcalorimetric method of studying mould activity as a function of water activity.  
International Biodeterioration & Biodegradation, 42, 25-28. 
 
McCarter W.J. (1996) Assessing the protective qualities of treated and untreated 
concrete surfaces under cyclic wetting and drying.  
Building and environment, Vol. 31, No. 6, pp. 551-556. 
 
Michaels A.S., Vieth W.R., and Bixler H.J. (1963).  
The measurement of diffusion constants of gases in polymers by sorption techniques.  
Journal of Polymer Science B, 1, 19–23. 
 
Michaels A.S. (1967) Official Digest, June, p. 942. 
 
Min B.-G., Shin D.-K., Stachurski Z.H., and Hodgkin J.H. (1994)  
A study of water adsorption characteristics of DGEBA/DDS resin system using near 
infra-red spectroscopy. Polymer Bulletin 33, 465-470. 
 
Mualem Y. (1976) Hysteretical models for prediction of the hydraulic conductivity of 
unsaturated porous media. Water resources research vol. 12 no. 6; 1248-1254 
 
Myers A.W., Meyer J.A., Rogers C.E., Stannett V., and Szwarc M. (1962) The 
permeation of water vapor (Part VI). Permeability of Plastic Films and Coated Papers 
to Gases and Vapors, Technical Association of the Pulp and Paper Industry, New York. 
 
Nguyen T., Byrd E., Bentz D., and Lin C. (1996) In situ measurement of water at the 
organic coating/substrate interface. Progress in Organic Coatings 27, 181-193. 
 
Oberbach K and Meyer B. (1995) Kunststoff Taschenbuch,  
26. Ausgabe, Hanser-Verlag, München, Germany. 
   
Oesterle K.M., Klotzsch D., and Koll H.J. (1978) Tentative interpretation of water 
susceptibility of paints and a technological approach to reduction. Rule of 
correspondence of the points of adsorption. J. Coat. Technol, 50(647) 48-57. 
 
Östberg G., Bergenståhl B., and Huldén M. (1995) Influence of emulsifier on the 
formation of alkyd emulsions. COLSUA 94, 2-3, 161-171. 
 
Ozaki A., Watanabe T., Hayashi T., and Ryu Y. (2001)  
Systematic analysis on combined heat and water transfer through porous materials 
based on thermodynamic energy. Energy and Buildings 33, 341-350. 
 
Padfield T. (1998) The role of absorbent materials in moderating changes of relative 
humidity. Ph.D. thesis, The Technical University of Denmark, Department of Structural 
Engineering and Materials. 
 

 121



References 

Pasanen A.-L., Kalliokoski P., Pasanen P., Jantunen M.J., and Nevalainen A. (1991) 
Laboratory studies on the relationship between fungal growth and atmospheric 
temperature and humidity. Environment International, 17, 225-8. 
 
Patton T.C. (1979) Paint flow and pigment dispersion – A Rheological Approach to 
Coating and Ink Technology. John Wiley & Sons, New York, USA, Second Edition. 
 
Pedersen C.R. (1990) Combined heat and moisture transfer in building constructions. 
Ph.D. Thesis Technical University of Denmark, Lyngby. 
 
Pel L. (1995) Moisture transport in porous building materials.  
Ph.D. Thesis, Eindhoven University of Technology (NL). 
 
Perera D.Y. (1971) Water transport in paint films.  
Ph.D. Thesis, Delft University of Technology (NL). 
 
Perez C., Collazo A., Izquierdo M., Merino P., and Novoa, X.R. (1999)  
Characterisation of the barrier properties of different paint systems. Part I: Experimental 
set-up and ideal Fickian diffusion. Progress in Organic Coatings, 36, 102–108. 
 
Philip J.R. and Vries D.A. de (1957) Moisture Movement in Porous Materials under 
Temperature Gradients. Trans. Amer. Geophys. Union, 38, 222-232. 
 
Reid R.C., Prausnitz J.M., and Sherwood T.K. (1977) The properties of gases and 
liquids. McGraw-Hill Book Company, New York, 3rd ed.. 
 
Roels S., Carmeliet J., and Hens H. (2003) Modelling Unsaturated Moisture Transport 
in Heterogeneous Limestone. Transport in Porous Media, 52, 351-369 
 
Roos A. (1999) On the Effectiveness of Ventilation.  
Ph.D. Thesis, Eindhoven University of Technology (NL). 
 
Roulstone B.J., Wilkinson M.C., and Hearn J. (1992)  
Studies on polymer latex films. Polym. Int., 27, 43-50. 
 
Schellen H.L. (2002) Heating Monumental Churches.  
Ph.D. Thesis, Eindhoven University of Technology (NL). 
 
Schirmer R (1938) Die Diffusionszahl von Wasserdampf-Luftgemischen und 
die Verdampfungsgeschwindigkeit. Z. VDI Beiheft, Verfahrenstechnik 170. 
 
Schult K.A. and Paul D.R. (1996) Techniques for Measurement of Water Vapor 
Sorption and Permeation in Polymer Films.  
Journal of Applied Polymer Science, Vol. 61, 1865-1876. 
 

 122



References 

Shi F.F., and Economy J. (1998) Moisture transport studies of newly developed 
aromatic and aromatic/aliphatic copolyester thin films.  
Journal of Polymer Science B, 36, 1025–1035. 
 
Shilton N. (2002) Food Process Engineering – Drying,  
Lecture notes, University College Dublin, National University of Ireland. 
 
Skaarup K. and Hansen C.M. (1980) Concentration Dependence, Boundary Layer 
Resistance, and the “Time-Lag” Diffusion Coefficient.  
Polymer Engineering and Science, Vol. 20, No. 4. 
 
Snijders M.C.L. (2001) Indoor Air Quality and Physical Independence; An Innovative 
View on Healthy Dwellings for Individuals with Chronic Lung Disease.  
Ph.D. Thesis, Eindhoven University of Technology (NL). 
 
Støre Valen M. (1998) Moisture transfer in organic coatings on porous materials;  
The influence of varying environmental conditions.  
Ph.D. Thesis, The Norwegian University of Science and Technology, Trondheim. 
 
Toi K., Ito T., Shirakawa T., and Ikemoto I. (1992). Sorption and diffusion of gases in a 
polyimide. Journal of Polymer Science B, 30, 549–556. 
 
Van der Pal M., Van der Graaf E.R., De Meijer R.J., De Wit M.H., Hendriks N.A. 
(2001) Experimental set-up for measuring diffusive and advective transport of radon 
through building materials. The Science of the Total Environment 272, 315-321. 
 
Van der Pal M. (2004) Ph.D. Thesis, in preparation 
Eindhoven University of Technology (NL). 
 
Van der Wel G.K., Adan O.C.G., and Bancken E.L.J. (1999) Towards an ecofriendlier 
control of fungal growth on coated plasters? Progress in Organic Coatings 36, 173-177. 
 
Van der Wel G.K. and Adan O.C.G. (1999) Moisture in organic coatings – a review, 
Progress in Organic Coatings 37, 1-14. 
 
Van der Zanden A.J.J. (1998) An iterative procedure to obtain the concentration 
dependency of the diffusion coefficient from the space-averaged concentration vs time. 
Chemical Engineering Science, 53, 1397-1404. 
 
Van Faassen D. and Borm P. (1992) Composition and occupational health hazards of 
water-borne construction paints. Paint Research Association Proceedings,  
12th International Conference on Water-borne Coatings, Milan. 
 
Van Mook F.J.R. (2003) Driving rain on building envelopes.  
Ph.D. Thesis, Eindhoven University of Technology (NL). 
 

 123



References 

Verhoeff A.P. and Burge H.A. (1997) Health risk assessment of fungi in home 
environments. Annals of Allergy, Asthma, & Immunology; 78: 544-56. 
 
Viitanen H. (1994) Factors affecting the development of biodeterioration in wooden 
constructions. Mat. and Struc. 27, 483-493. 
 
Volkwein A. (1993) The capillary suction of water into concrete and the abnormal 
viscosity of the porewater. Cement Concrete Res. 23: 843-852. 
 
Walter G.W. (1991) The application of impedance methods to study the effects of water 
uptake and chloride ion concentration on the degradation of paint films––II. Free films 
and attached/free film comparisons. Corrosion Science 32, issue 10, 1085-1103. 
 
Weissenborn P.K. and Motiejauskaite A. (2000) Emulsification, drying and film 
formation of alkyd emulsions. Progress in Organic Coatings 40, 253-266. 
 
Wilson M.A., Hoff W.D., and Hall C. (1995) Water movement in porous building 
materials – XIII. Absorption into a two-layer composite.  
Building and environment. Vol. 30, No. 2, pp. 209-219. 
 
Wilson M.A., Hoff W.D., and Hall C. (1995) Water movement in porous building 
materials – XIV. Absorption into a two-layer composite (SA<SB).  
Building and environment. Vol. 30, No. 2, pp. 221-227. 
 
Wind M.M. and Lenderink H.J.W. (1996) A capacitance study of pseudo-fickian 
diffusion in glassy polymer coatings. Progress in Organic Coatings 28, 239-250. 
 
Withaker S. (1977) Simultaneous heat, mass and momentum transfer in porous media. 
A theory of drying porous media. Adv. Heat Transfer 13: 119-200. 

 124



Appendix A  

Solving the differential equation numerically 
 
Ficks second law in Section 5.3.2 is solved numerically. In the beginning of the process, 
there may be fast changes in the paint film at the interface with the air phase. Thus, it is 
wise to have a grid for the numerical calculations that is fine at the interface and coarser 
further into the paint film. Following Van der Zanden (1998), such a grid is obtained 
with the coordinate transformation towards the dimensionless coordinate ξ, given by 

  

 1
1N

ax H
a

ξ −
=

−
, (A.1) 

 
where H is the thickness of the paint film, a the factor one mesh is larger than its 
smaller neighbour mesh, and N the number of grid points minus 1. In this study, for a 
and N is used respectively 1.06 and 30. The gridpoints have the ξ-values 0, 1, .., N. 
Using this coordinate, Ficks second law (Eq. 5.3.2) becomes 
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Because the ξ-grid is equidistant with interval 1, the first and the second derivative of C 
are easily approximated assuming a parabola through three grid points, which results 
respectively in 
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where Cξ is short for C(ξ). Likewise for the first derivative of D. Again following Van 
der Zanden (1998), Eq.(A.2) is developed in time according to the Crank-Nicholson 
procedure as 
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where Dξ+1,t+∆t is short for D(C(ξ+1,t+∆t)), and ∆t the time step in the computations. 
After rearranging the terms of Eq.(A.5), follows 
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Boundary condition Eq.(5.3.3) becomes 
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Solving the differential equation numerically 

where the last approximation results from the assumption of a parabola through the first 
three grid points, boundary condition Eq.(5.3.9) becomes, according to the Crank-
Nicholson procedure, 
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which, after rearranging the terms, gives 
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In making a time step, the values for the diffusion coefficient at time t+∆t are not 
known, because the concentrations are not known a priori. The new values of the 
diffusion coefficient could be approximated with the corresponding values at time t. In 
this study, however, a constant diffusion coefficient is assumed for a single experiment. 
Differential equation (A.6) and boundary conditions (A.7) and (A.10) are written in 
matrix form and solved numerically with the Gauss-elimination technique, as described 
for instance by Kreyszig (1988). 
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Solving the differential equation analytically 
 
The solution of the transport equation in Section 6.3 (Eq. 6.3.8) and its boundary 
conditions (6.3.1) and (6.3.10), using the equations (6.3.6) and (6.3.7) is assumed to 
consist of a time independent and a time dependent solution 

 
 ( , ) ''( ) '( , )x t x x tψ ψ ψ= + . (B.1) 
 

From this follows (Eq. 5.3.7) 
 
 0''( ) m v0x C C pψ = + , (B.2) 
 

where, Cm is the slope of the sorption isotherm (=∂ψ/∂pv) and C0 the moisture content in 
the linear approximation at pvf,g = 0. Thus, ''( )xψ is constant and corresponds to the 
value of the sorption isotherm at 0vp pv= . To find '( , )x tψ , Laplace-transformation is 
used. 
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Transformation of the transport equation gives 
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and of the boundary conditions 
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Define: 
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 1( ) sin( ) cosh( )s x ax ax=  (B.8) 

 2 ( ) cos( )sinh( )s x ax ax=  (B.9) 
 1( ) cos( ) cosh( )c x ax ax=  (B.10) 
 2 ( ) sin( )sinh( )c x ax ax=  (B.11) 
 
 1( ) sin( ) cos( )t x ax ax=  (B.12) 
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  (B.14) 2 2
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With this, '( , )x tψ becomes 
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The real part of '( , )x tψ is the time dependent part of the solution, i.e. 
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The mass is given by integration of Eq.(B.20) 
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where A [m2] is the surface area of the sample. 
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The vapour pressure at the surface is calculated from 
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The vapour pressure at the surface becomes 
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Appendix C  

Experiments in the capillary range 
 

C.1 Introduction 
 

Finishing systems of coated gypsum plaster applied in rooms like kitchens and 
bathrooms normally only have moisture uptake from water in the form of vapour. 
However, if surface condensation occurs, condensation can be in such large amounts 
that, at the surface, a film of liquid water occurs. 

Simulation of surface condensation, where the production of condensate is 
larger than the uptake ability of the material, is performed with absorption experiments. 
Herewith, a continuous supply of liquid water at the surface is provided by bringing the 
surface of the sample into contact with liquid water. Continuous mass measurement of 
the sample gives an indication of the absorption behaviour of the material immersed.  

The infiltration of liquid and the propagation of the moisture front in non-
saturated porous media are generally described with a diffusion equation that predicts 
the position of the wetting front in one dimension to be proportional to the square root 
of time (t1/2). Küntz and Lavallée (2001) introduced a new theoretical model for 
infiltration, based on the assumption of a non-Fickian diffusion mechanism after 
reinterpretation of NMR absorption data (of, amongst others, Pel (1995)) in which the 
previous t1/2 relation underestimated the volume of absorbed water. The position of the 
absorption profiles appeared to be proportional to tα. The scaling exponent α varies with 
the nature of the material and thus may not be universal. Also McCarter (1996) found 
that the volumetric uptake of treated and untreated concrete substrates does not obey the 
simple square-root-time relationship due to the existence of a saturation gradient 
between the exposed surface and the interior of the sample. A relationship of the form 

 
 i at b t c= + + , (C.1.1) 
 

where i is the cumulative absorbed volume of water per unit area of inflow surface, was 
fitted successfully against the results. The coefficients (a and b) and constant term (c) 
are again not universal. Krus et al. (1997) considered dilatation tests on cementitious 
materials both before and after water and hexane saturation. According to them, it 
seems possible that a contraction of capillary pores due to moisture-related swelling of 
the cement gel leads to the non-linear water absorption over the square root of time. 
Hall et al. (2003) showed that the sorptivity of the matrix of autoclaved aerated concrete 
is smaller than expected by simple capillarity scaling. This anomaly was tentatively 
ascribed to (rapid) chemomechanical alteration of the material during water absorption, 
since the free uptake of an inert organic liquid (decane) with the same viscosity as water 
showed a sorptivity of about 40% higher than water. 
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Roels et al. (2003) investigated the influence of macro-scale heterogeneities on 
the imbibition process. They found that the position of the different layers, and the exact 
material properties inside each layer can significantly influence the imbibition process. 
Wilson et al. (1995 XIII and 1995 XIV) investigated absorption into a two-layer 
composite consisting of two dissimilar materials in hydraulic contact. The movement of 
water through their samples was increased by an additional pressure. They used a sharp 
wet front model to describe the absorption of water. Two different cases were 
distinguished. The first and simplest case is absorption through a high sorptivity 
material into a lower sorptivity material. After the water passes the interface the rate of 
absorption becomes the same as the rate of absorption into the second material alone 
and is therefore controlled by the properties of the second material. In the second case, 
with absorption through a low sorptivity material into a higher sorptivity material, the 
absorption of water as it crosses the junction is initially controlled by the properties of 
the first material and, at longer times, it is controlled by the properties of the second 
material. Černý et al. (2002) also investigated the absorption behaviour of two-layer 
systems consisting of several external paints on glass fibre reinforced concrete 
substrates. The substrate itself showed in the initial absorption phase the classical 
square-root-of-time relationship followed by the expected “knick point” (the water front 
was approaching close the upper surface of the specimen), and finally the capillary 
water saturation phase. For the coating-substrate systems, they found a quite different 
situation. In the very beginning, there was a fast increase in the absorption process, 
followed by a nearly constant water flux. Then the flux increased for some time and 
then remained constant, but at a different level. Finally, the “knick point” and the 
capillary water saturation phase were observed. They stated that the square-root-of-time 
rule can only be valid when the space region is one-dimensional, semi-infinite, and 
homogeneous, which is not the case for coating-substrate systems. Černý et al. 
explained the water absorption behaviour as follows. In the first steady state condition, 
the substrate acts as a water sink with respect to the coating layer, and the water 
concentration gradient near to the coating-substrate interface as the main driving force is 
changed only very slowly. During that period of time, the water content profile in the 
substrate is nearly constant and slowly increases with time. After certain time, the 
increase in water content level in the substrate leads to a decrease in water concentration 
gradient near the coating-substrate interface, the water concentration on the coating-
substrate interface increases to compensate this decrease and to establish the interface 
water mass balance on another level. So, the water flux through the coating decreases 
until a new quasi-steady state is established. The steady state conditions in the coating 
layer were apparently maintained also in this case although with lower water 
concentration gradient than in the initial phase. Consequently, the water absorption 
coefficient was constant for a relatively long time period and the system behaved like a 
homogeneous material. The hypothesis of Černý et al. to explain this relationship 
differing from the square-root-time behaviour was that the key role is played by the 
shape of the “mushy zone” between the coating and the substrate. A thin continuous 
water layer could be formed on the surface of this zone with the help of the surface 
roughness making the absorption of water molecules easier. 
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The method and the kind of samples used will be described in Section C.2. The 
obtained results will be given in Section C.3. A discussion of the method and the 
conclusions will be given in Section C.4.  

 
 

C.2 Method 
 

The set-up is built with help of directions from DIN 52617, “Bestimmung des 
Wasseraufnahme-koeffizienten von Baustoffen”. 

Two sizes of cylindrical gypsum plaster samples are used: small ones, with a 
diameter of 43 ± 1 mm and a height of 20 ± 1 mm, and large ones with a diameter of 70 
± 1 mm and a height of 40 ± 1 mm. The production is the same as described in Section 
3.2. However, instead of MP75SL, Roodband1 is used. Both kinds of samples are 
hydrated for at least seven days. The samples have been conditioned at 20°C and 60% 
RH, the small (older) samples for at least 10 months, and the large (new) samples for at 
least 3 days. After the conditioning, some samples are coated with the Ac#2-p40 
formulation of which the constituents are given in Section 3.3. 

A schematic picture of the set-up is given in Figure C.2.1. The sample is placed 
in a stainless steel holder. The holder is without let or hindrance connected underneath a 
balance2. A computer records the balance data. The surface of the sample is placed 
several millimetres under water.  

The mass determination of a sample is influenced by fluctuations in the water 
level and the air draft. Two possibilities are investigated to keep the water level constant 
and the air draft small. 
1) The sample is hung in a closed desiccator in which the water level is kept constant 
with a communicating vessel. 
2) The sample is hung in a vessel with a large surface area and closed with a plate. 

Results show that the desiccator causes more disturbance because the reaction 
time of the communicating vessel is long. Therefore, the large vessel is used for the 
experiments. 

 

                                                 
1 Knauf Roodband, Knauf Germany 
2 Mettler Toledo AT460, precision 0.1 mg 
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Balance 

 
Computer 

Cover

Gypsum sample

Water

Stainless steel holder 

Figure C.2.1. Schematic drawing of the set-up 

 
To assure one-dimensional water transport in the sample, the sidewall is 

closed. Two possibilities are investigated. First, keeping the sample in the Teflon mould 
with which the gypsum is encased. Second, sealing with paraffin. Both methods show 
hardly any difference in measurement results. However, paint doesn’t adhere as good to 
Teflon as to paraffin. Therefore, paraffin is used for further experiments. Before the 
paraffin is applied, the samples are first coated. To be sure that the transition between 
coating and paraffin is vapour tight, the paraffin overlaps the paint film for about 1 mm. 

To investigate the influence of the paint layer thickness on the water absorption 
behaviour of the gypsum sample, four different film thicknesses are applied. The 
application is done in one time with a brush. The dry paint density, ρdry [kg⋅m-3], is 
calculated as 

 

 s wet
dry

s

M
V
ρ

ρ
⋅

= , (C.2.1) 

 
with Ms [-] weight fraction solid material of the paint, ρwet [kg⋅m-3] the density of the 
wet paint and Vs [-] volume fraction solid material. The mass of the dry paint on the 
sample is the weight difference between the uncoated sample and the sample with dry 
paint. The thickness of the paint film, dfilm, is calculated with 

 

 dry
film

dry sample

m
d

Aρ
=

⋅
, (C.2.2) 
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Experiments in the capillary range 

 
where mdry [kg] is the mass of the dry paint film, Asample [m3] the surface area covered 
with paint, assuming that the wet paint is distributed homogeneously over the whole 
surface. 

The measurement method for the absorption experiments is as follows. The 
sample is placed in the holder (with the painted side facing downwards). The holder is 
connected to the balance, and the sample is obliquely slided into the water in order to 
get rid of air bubbles beneath the sample. After the balance is tared, the weight is 
determined every 15 seconds until the mass increase is slowing down. Then, every 5 
minutes, the mass is measured. When equilibrium is reached, the sample is taken out of 
the holder, and its final mass is determined on the balance. 

The water in the vessel slowly evaporates, by which the water level decreases. 
Therefore, the upward pressure (buoyancy) on the sample decreases, through which the 
sample seems to continue to absorb water. To investigate the influence of this effect on 
the measurements, an aluminium block with known dimensions is suspended from the 
balance into the water. Figure C.2.2 shows the apparent mass increase of the block in 
time. The slope is 2.5126⋅10-3 ± 1.2⋅10-7 mg⋅s-1. Table C.2.1 shows the resulting 
apparent mass increase for the sample diameters used. 
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Figure C.2.2. Apparent mass increase of aluminium dummy due to evaporation of water from the 
vessel 

 

 135



Appendix C 

Table C.2.1. Dimensions and corresponding dm/dt of the samples due to evaporation of water 
from the vessel 

 Surface area 
[cm2] 

Volume 
[dm3] 

dm/dt 
[g⋅s-1] 

Aluminium dummy 29.71 - 2.51⋅10-6 
Small sample 14.58 0.028 1.23⋅10-6 
Large sample 39.04 0.162 3.30⋅10-6 
Vessel 778.27 - - 

 
In practice, this means that a large sample with a 127 µm thick paint layer, which 
absorbs 60 g water totally after 15,000 s, has a measurement error of 0.05 g, which is 
only 0.08%. Experiments lasting shorter have an even smaller error. Therefore, this 
error will be neglected. 

When the sample absorbs water, the water level decreases in the vessel. 
Therefore, the upward pressure on the sample also decreases. Because of this, the 
measured mass increase, m(t) [kg], is larger than the real mass of the absorbed water, 
mreal(t) [kg]. To calculate mreal, the measured mass is written as 

 
 ( )( ) ( ) ( )water samplem t V t h t Aρ= + ∆ ⋅ , (C.2.3) 

where ρwater [kg⋅m-3] is the density of the absorbed water, V(t) [m3] the volume absorbed 
water, ∆h(t) [m] the decrease in the water level in the vessel and Asample [m2] the surface 
area of the sample. While water is absorbed, the water level in the vessel decreases with 

 

 ( )( )
vessel

V th t
A

∆ = , (C.2.4) 

 
where Avessel [m2] is the water surface area in the vessel. Substitution of Eq. (C.2.4) in 
Eq. (C.2.3) gives 
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The real mass of the absorbed water is 

 

 ( )( ) ( )
1

real water
sample

vessel

m tm t V t
A
A
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+ 

 

, (C.2.6) 

 
where Avessel is the surface area of the vessel. Because Asample « Avessel, the error in the 
measurement is approximately 
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 ( ) sample
error

vessel

A
m m t

A
≈ . (C.2.7) 

 
The dimensions of the sample and water vessel are given in Table C.2.1. 

Using small samples, the ratio Asample/Avessel is about 0.02; for large samples 
about 0.05. This is a systematic error of 5%. The correction is a multiplier. The more 
water is absorbed, the larger the difference between measured and real mass. The 
measurements have been corrected for this effect. 

 
 

C.3 Results 
 

The results of the absorption experiments performed at small and large uncoated 
samples are shown in Figure C.3.1 and Figure C.3.2 respectively. No difference in the 
absorption process can be detected between sealing the sidewall of the samples with 
Teflon or paraffin, see Figure C.3.1. For the large samples, with twice the height of the 
small samples, the time constant of the absorption process is expected to be four times 
as large. However, Figure C.3.2 shows a time constant which is even fifty times as 
large. Several reasons can be given for this difference in time constant. There can be for 
instance a difference in initial water content. However, according to the pre-
conditioning, the small samples are expected to contain the least water, while the results 
show a quick water uptake. Difference in pore structure due to using different gypsum 
batches and difference between fresh and aged gypsum can also give different time 
constants. Although both types of samples have sealed sidewalls, imperfections in the 
sealing of the small samples contribute more to supposed deviations. 
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Figure C.3.1 Mass increase small uncoated gypsum samples versus time 
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Figure C.3.2. Mass increase large uncoated gypsum samples versus time 
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Experiments in the capillary range 

The results of the experiments for the coated small and large samples are given in 
Figure C.3.3 and Figure C.3.4 respectively. For one small sample coated with a 70 µm 
paint film, no measurements took place between t=931 s and t=1528 s.  

The thicker the paint layer the larger the resistance against water absorption. 
However, samples with a thick paint layer show a wider spread in the results compared 
to samples with a thin paint layer. Observing the absorption process, samples with the 
thickest paint layer show an escape of air bubbles through the paint. Visual inspection 
shows that samples coated with thick paint layers contain pinholes. These imperfections 
bring the water in direct contact with the gypsum phase, which accelerates the 
absorption.  
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Figure C.3.3. Water absorption of small coated samples versus time 
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Figure C.3.4. Water absorption of large coated samples versus time 

 
 

C.4 Discussion and conclusions 
 

The large samples are made of the same sort gypsum plaster as the small ones. 
However, a different batch and a different storage time after hydratation are used. 
Comparison of both plasters shows that the time needed to reach saturation for the large 
sample is at least fourteen times larger than would be expected from the results of the 
small ones. They do not exhibit the same absorption process. 

All the coated samples reach the same saturation moisture content belonging to 
the type of sample, small or large. Only the small coated samples seem to reach a higher 
saturation moisture content compared to the small uncoated ones. This difference of 
approximately 1.5 g can be explained by the possibility of already absorbed water at the 
moment of tare. 

Looking at the paint layers, it can be concluded that the thicker the paint layer 
the larger the spread in the measurement results. This observation can be connected with 
the increasing chance of impurities in the dry film at increasing paint layer thickness.  

Despite the careful placing of the sample in the water, tiny air bubbles 
sometimes remain under the sample, which decrease the absorption surface and cause 
an upward force on the sample. 

The connection between the paraffin and the paint film can be disrupted. Water 
then easily penetrates the sample. Increasing the overlap of paraffin on the paint should 
avoid these problems. 
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Experiments in the capillary range 

In any case, the paint layer delays the moisture uptake of the gypsum and the 
flux density decreases for increasing film thickness. However, even for the thickest 
paint layers the moisture uptake is capillary in character. This is because, according to 
the permeability results in Section 4.3, vapour transport through a paint film at high 
relative humidities is still slower than the transport shown in Figures C.3.3 and C.3.4.  

The measurement data of the uncoated small and large samples are plotted 
against the square root of time in Figure C.4.1 and Figure C.4.2, respectively. The small 
uncoated samples seem to follow a simple square-root-time relationship but the large 
uncoated samples do not. Therefore, the simple square-root-time relationship does not 
provide a general description of the examined absorption process. The literature cited in 
the first section showed some improved model descriptions based on the square-root-
time relationship. However, the used coefficients lack a physical background and are 
not universally applicable to porous material. Therefore, a better model should be 
developed which overcomes the above mentioned disadvantages. 

To obtain a more equal dry paint layer thickness across the whole gypsum 
sample without any imperfections, an improved paint application method must be used. 
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Figure C.4.1. Mass increase small uncoated gypsum samples versus the square root of time. The 
same data are used as in Figure C.3.1. 
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Figure C.4.2. Mass increase large uncoated gypsum samples versus the square root of time. The 
same data are used as in Figure C.3.2. 
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Appendix D  

Paint ingredients 
 
Another formulation of an Alkyd emulsion used to examine its moisture transfer 
properties. 

 

Table D.1. Formulation of Alkyd emulsion Al#2-p63 

Function Ingredient Mass %
Solvent Demi water 26.03
Binder Uradil AZ554 Z-50 18.46
Pigment Tioxide TR92 24.11
Filler Omya Violet 11.68
Filler Omya BLP 3 11.22
Filler Socal P2 7.24

Oratan 731 25% 0.49
Dispersing agent Natrosol 250HR 0.24
Dispersing agent Calgon N 0.24
In-can biocide Acticide® BX 0.15
Defoamer Agitan 295 0.14
Total 100
PVC [%] 62.5
Dry mass [%] 63
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Appendix E  

Measurements 
Table E.1. The experiments performed with the different samples. 

Thickness Applied on        Sorption isotherm            Permeability Diffusion
Sample code [µm] Cuprophan Gravimetric Hygrometric fresh aged coefficient
MP75SL 10 mm x x x

20 mm x x
Ac#1-c-p40a 120 x x x x

250 x x x x
400 x x x x x

Ac#1-c-p40 120 x x x x
250 x x x x
400 x x x x x

Ac#1-t-p40 120 x x x x
250 x x x x
400 x x x x x

Ac#1-n-p25 120 x x x
250 x x x
400 x x x

Ac#1-c-p32 120 x x x
250 x x x
400 x x x

Ac#1-t-p32 120 x x x
250 x x x
400 x x x

Ac#2-p0 250 x x
Ac#2-p40 120 x

250 x
400 x

Ac#2-p60 250 x x
Ac#2-p81 250 x x
Ac#2-p86 250 x x
Ac#2-p91 250 x x

Ac-B 120 x
250 x

Ac-I1 250 x x x x
Ac-I2 250 x x x x
Ac-I3 250 x x x x

Al#1-p35 120 x x x
250 x x x x
400 x x x x x

Al#1-p53 120
250
400 x

Al#2-p63 120 x x x x
250 x x x x
400 x x x x x
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Dankwoord 
 

Promoveren is als onderwaterhockey. Het gevecht met je tegenstander, in dit geval de 
grenzen van de wetenschap, valt in het niet bij het gevecht met jezelf. Het spel kan op 
alle dieptes gespeeld worden. Wil je echter tot de diepste diepte doordringen, dan moet 
je een lange adem hebben. Ook al ben je gezegend met vele capaciteiten, zonder de hulp 
van anderen red je het niet. Het speeltuig zoekt altijd het diepste punt op, zelf zul je 
steeds weer terug naar de oppervlakte moeten komen voor enige vorm van ‘spiratie’. Is 
het niet voor respiratie dan toch zeker om enige inspiratie op te doen door er eens van 
boven af naar te kijken. Tenslotte geldt voor een succesvolle beoefening van beiden: 
Luctor et emergo, ik worstel en kom boven.  

Velen hebben bijgedragen aan de totstandkoming van dit proefschrift. Ik ben 
hen daarvoor veel dank verschuldigd. Enkele mensen wil ik met name noemen.
 Allereerst mijn promotoren, prof. Stache Bancken en prof. Jan Carmeliet. 
Stache, immer vaderlijk was jouw begeleiding. Ondanks mijn beperkingen bleef je 
onvoorwaardelijk vertrouwen houden in mij, jouw laatste promovendus. Ondertussen 
wist je me ook nog de liefde voor de verf bij te brengen. Jan, jouw stokpaardje 
‘multiscale modelling’ wist je zelfs toe te passen bij de begeleiding van het 
schrijfproces van mijn proefschrift.  

Mijn achtereenvolgende dagelijkse begeleiders Hans Lamers, Wim van der 
Spoel en Ton van der Zanden. Hans, nimmer deed Stache tevergeefs een beroep op je, 
zelfs toen hij radeloos aan kwam zetten met een promovendus uit die vermaledijde 
provincie, bleek je een redder in begeleidingsnood. Wim, tijdens mijn afstuderen bij het 
radononderzoek had je me al (zijdelings) begeleid. Jij zetelend in Groningen, ik 
residerend in Eindhoven bij de faculteit Natuurkunde. Tot ons beider verrassing kruisten 
onze wegen zich enige jaren later bij de faculteit Bouwkunde. In jouw begeleiding was 
duidelijk de strenge hand van jouw promotor en ons beider afstudeerbegeleider prof. 
Rob de Meijer te herkennen. Ondanks je vertrek naar TU Delft bleef je je rol als uiterst 
kritische co-promotor met verve vervullen. Ton, de laatste twee jaar dat je de dagelijkse 
begeleiding overnam hebben we in jouw kamerTJE veel inhoudelijke maar ook veel 
volstrekt niet ter zaken doende gesprekken gevoerd die jij altijd begon met de 
opmerking  “Pak je stoel” en immer uitmonden in het relativeren van de door de 
goegemeente als belangrijke zaken beschouwde onderdelen in het leven met het 
proefschrift (promoveren) in het bijzonder.  

De leden van de kerncommissie, prof. P.J. Hovde van de Norwegian University 
of Science and Technology, Trondheim en prof. A.L. German van de faculteit 
Scheikundige Technologie van de TU Eindhoven voor de waardevolle adviezen. Ook de 
overige leden van de promotiecommissie wil ik bedanken voor de bereidheid om het 
proefschrift te lezen en te beoordelen. 

De technici die meehielpen bij het bouwen van de meetapparatuur en het doen 
van experimenten. In de eerste plaats Roalt Bruininks mijn persoonlijk, technisch 
assistent. Bij onze eerste kennismaking stelde je jezelf voor als voorman van ‘Disaster 
Area’. Dat deed het ergste vermoeden voor de aanblik van de jou toe te wijzen 
werkplek. Echter bij een skateboarder als Roalt loopt alles op rolletjes. Je draaide er ook 
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je hand niet voor om om de potjes armworstelen met mijn balorige robot winnend af te 
sluiten. Guus Theuws, jouw gouden handjes hebben menig vernuftig stukje 
fijnmechanica geschapen. Wout van Bommel, doortastend bracht je spanning en licht in 
mijn promotieduister. Harrie Smulders, op onnavolgbare wijze pakte je de te 
programmeren software hard aan. Peter Cappon, nauwgezet en vol overgave werkte je 
alles uit. Janny de Laat, met jouw cupjes in mijn hand kwam nieuw inzicht tot stand. 
Verder bedank ik nog de technici Eric Wijen en Sip Overdijk van de capaciteitsgroep 
constructief ontwerpen voor de hulp bij en gebruik van de ESPI-opstelling. Patrick de 
Laat en Erwin Dekkers van de Gemeenschappelijk Technische Dienst voor het 
ontwerpen en bouwen van de drukbox en Frans Kuijpers van de 
Glasinstrumentenmakerij voor het ontwerpen en maken van de tientallen glazen cups. 

De studenten die door middel van onderzoeksprojecten een bijdrage leverden 
aan mijn promotieonderzoek. Marieke Schopmeijer en Moniek van Dun voor het 
onderzoek naar een methode om de laagdikte van verffilms op een 
gipspleisterondergrond te bepalen. Marieke Krijnen voor de bepaling van de 
vochtvereffeningscoëfficiënt in het hygroscopische gebied met behulp van cyclische 
vochtbelasting. Bertie van den Braak en Linda Mascini voor de bepaling van de 
waterabsorptiecoëfficiënt van gipspleister in relatie tot de aangebrachte verffilm. 

Mijn directe promovendicollega’s van de groep materiaalkunde. In de eerste 
plaats Gerben van der Wel. Gerben, ruim vier jaar deelden we een spartaans ingericht 
kamertje in de meest desolate uithoek van de universiteit. Twee totaal verschillende 
persoonlijkheden waren daar tot elkaar veroordeeld en dat heeft van het begin af aan 
geleid tot ontiegelijke uitbarstingen die me voor het leven hebben getekend. De 
uitbarstingen, die overigens louter een ongekend kolderieke aard hadden, hebben 
namelijk diepe lachrimpeltjes in mijn aangezicht weten te beitelen. Verder bedank ik 
Mark Frencken en Michel van der Pal. Mark, met je onbegrensde creativiteit heb je de 
basis gelegd voor de verbeterde cup-methode en de reproduceerbare 
verfapplicatiemethode. Michel, met je authentieke non-conformistische levenshouding 
bracht je ons radononderzoek op een hoger plan. Ook ben ik prof. Nico Hendriks 
erkentelijk. In de rol van (capaciteits)groepsvoorzitter deed je menige beer op mijn 
onderzoeksweg met de staart tussen de benen weglopen. 

Het laboratorium Bouwfysica KU Leuven, met name Hans Janssen voor de 
simulaties aan (geverfd) gipspleister.   

De gebruikerscommissie van de Stichting Technologische Wetenschappen 
(STW), met in het bijzonder: programmadirecteur Margriet Jansz. Heldhaftig strijdend 
wist je de logge universitaire bureaucratie klein te krijgen. Na mijn rapportages stond je 
altijd klaar met complimenterende woordjes, waarop ik dan weer maanden met 
genoegen kon teren. Olaf Adan (TNO-Bouw), je was een inspirerend voorvechter en 
wegbereider van mijn onderzoek. 

De in het onderzoek participerende verfindustrie, met name Loes van Elven 
(SIGMA), Anniek Santing (DSM Resins, Zwolle) en Gerard Kloosterman (AKZO 
Nobel Coatings BV,  Groot Ammers) voor het meedenken en meehelpen met het maken 
van de diverse verfformuleringen. Wim Stout (Air Products) en Johan Bieleman 
(SERVO Coating Additives) voor de additievenadviezen. Jenny Lunenburg (AKZO 
Nobel Coatings BV, Sassenheim) voor het inwijden in de wereld van de 
schimmel(bestrijding). 
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Theses 
 
1. Due to its fastness and low labour requirements, the hygrometric method is better 

than the cup method for determining the diffusion coefficient of water vapour in 
paints. This thesis, Section 8.2. 

2. Free paint films have different moisture transfer properties than applied paint films. 
This thesis, Section 8.3. 

3. The binder plays a very prominent role in the moisture transfer properties of wall 
paints. This thesis, Section 4.4. 

4. The moisture transfer properties of the gypsum plaster used in this thesis are 
strongly influenced by the hydratation process and hystereses effects. This thesis, 
Section 8.3. 

5. Teaching is more advantageous for doing good research than conversely. 

6. Architects are talented ‘mentalizers’, who explain afterwards in a convincing way 
their own, subconscious creations out of intentions and motives. 

7. To settle down in academic surroundings, new Ph.D. students still can use W.F. 
Hermans’ Dutch novel written in 1975 “Onder Professoren” (Among Professors).  

8. Because democracy presumes and cherishes equality and capitalism demands 
inequality and even creates it, the victory of democratic capitalism is not the end of 
history*, but the end of an era. *Francis Fukuyama (professor international political 
economy). The End of History and the Last Man, Free Press, 1992. 

9. With the present meritocracy, class society is still around. 

10. The probability that an initially made appointment between two parties about a 
certain place and time will change geographically and / or in time is proportional to 
how sophisticated the means of communication are which both parties possess 
mutually. 

11. Every marriage needs communication specialists. 

12. Nowadays, the green leaflets more and more outgrow the old male goat.  
(Derived from a Dutch saying: ‘an old male goat still likes a green leaflet’, which 
means that an old man still likes a pretty lassie) 

13. The deviser of a slim down diet must not look so much at the caloric value of the 
food but more at the psychology of the user of the diet. 

14. Going on holiday has become a social obligation.  

15. In contradiction to other sections of society, at underwater hockey, braggarts don’t 
float to the top. 
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Stellingen 
 
1. De hygrometrische methode is beter dan de cupmethode voor het bepalen van de 

diffusiecoëfficiënt van waterdamp in verven, doordat zij weinig handelingen vergt 
en snel is. Dit Proefschrift, Paragraaf 8.2. 

2. Vrije verffilms hebben andere transporteigenschappen dan verffilms die op een 
ondergrond zijn aangebracht. Dit Proefschrift, Paragraaf 8.3. 

3. De binder speelt een zeer prominente rol in de vochttransporteigenschappen van 
muurverven. Dit Proefschrift, Paragraaf 4.4. 

4. De vochttransporteigenschappen van het in dit proefschrift gebruikte gipspleister 
worden sterk beïnvloed door het hydratatieproces en hysterese-effecten. Dit 
Proefschrift, Paragraaf 8.3. 

5. Onderwijs geven heeft meer nut bij het doen van goed onderzoek, dan omgekeerd. 

6. Architecten zijn getalenteerde ‘mentalizers’, die achteraf hun eigen, onbewust 
gevormde creaties op een overtuigende wijze kunnen verklaren uit bedoelingen en 
motieven. 

7. Als inburgeringcursus in de academische wereld kunnen nieuwe promovendi nog 
steeds W.F. Hermans’ roman uit 1975: “Onder Professoren” gebruiken.  

8. Aangezien democratie gelijkheid veronderstelt en koestert en kapitalisme 
ongelijkheid vereist en haar zelfs voortbrengt, is de overwinning van het 
democratisch kapitalisme niet het einde van de geschiedenis*, doch slechts het 
einde van een tijdperk.*Francis Fukuyama (professor internationale politieke 
economie). The End of History and the Last Man, Free Press, 1992. 

9. Met de huidige meritocratie is de klassenmaatschappij terug van nooit weggeweest. 

10. De waarschijnlijkheid dat een in eerste instantie gemaakte afspraak tussen twee 
partijen over een zekere plaats en tijd uiteindelijk geografisch en / of in de tijd 
verschoven zal gaan worden is evenredig aan de geavanceerdheid van de 
communicatiemiddelen die beide partijen gemeenschappelijk bezitten. 

11. Ieder huwelijk vergt communicatiespecialisten. 

12. De groene blaadjes groeien thans de oude bok steeds meer boven het hoofd. 

13. Bedenkers van een afslankdieet zouden niet zozeer op de energetische waarde van 
het voedsel moeten letten maar meer op de psychologie van de volger van het dieet. 

14. Op vakantie gaan is een sociaal opgelegde verplichting geworden. 

15. In tegenstelling tot bij veel andere collectieve geledingen komen praatjesmakers bij 
onderwaterhockey niet bovendrijven. 
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