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1 BACKGROUND 
 

Globally, paper and board production is an important branch of industry, whose total 

value is close to 200 billion USD annually. For the Finnish economy forest products 

are highly important. In 2006 the total production of paper and board in Finland was 

over 14 million tons (Käär 2007), which corresponds roughly 4 % of the total global 

volume. Despite the fact that the proportion of forest sector in Finnish gross domestic 

product has halved during the last three decades, being currently slightly above 5 %, 

the forest products still account roughly a quarter of the Finnish exports 

(Metsäntutkimuslaitos 2006). 

 

Because of the large production volumes of the industry, it is economically and 

environmentally essential that the production processes are constantly developed; 

even small improvements can result in rather significant total gain. 

 

In this thesis, the adhesion of reactive sizes, and the implications of this adhesion to 

paper machine fouling, is investigated. To provide a background for better 

understanding the use of reactive sizing agents in papermaking process and issues 

related to their chemistry as well as paper machine fouling and phenomena of 

spreading, wetting, and adhesion are all shortly introduced. 

 

1.1 Paper and board production 
 

Various grades of paper and board goods are produced for industrial and consumer 

purposes. The main groups of different paper and board grades are: printing and 

writing papers, packaging grades, and tissue grades (Gullichsen et al. 2000). In 

production, significant amounts of raw materials (fibres, fillers, and chemicals), 

energy, and water are consumed. The environmental load consists of solid waste, air 

emissions, and waste water. The better the papermaking process is controlled and 

mastered the more and better quality products can be produced. Also, raw material, 

water, and energy consumption can be reduced. 
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1.2 Paper sizing 
 

Most paper and board grades, with the exception of some tissue and hygiene products, 

need to be resistant to wetting and penetration by liquids. The desired degree of 

wetting resistance depends on the end use of the product. Wetting and penetration 

properties of paper are of importance in converting operations (e.g. coating), they 

determine the printing properties of the paper and the applicability of the product in, 

e.g. food industry packaging purposes. Because of the inherent hydrophilicity of 

cellulose and the porous structure of paper products, wetting and penetration by 

liquids on them is rather fast, unless sizing is performed. Paper sizing is defined as an 

activity where chemical additives are used to render the paper more resistant to 

penetration by water or other polar liquids (Laine and Stenius in press, Neimo 1999a). 

 

Paper sizing can be done internally, adding sizing chemicals to the papermaking 

furnish, or by other methods, e.g. surface sizing, where the size is applied on a formed 

paper web in the paper machine’s dry end. Internal sizing is clearly the most common 

way of sizing and has already been practised for two centuries. The most commonly 

used internal sizing systems are based either on the use of rosin acids or the so called 

reactive sizing agents, alkyl ketene dimers (AKD) and alkenyl succinic anhydride 

(ASA). Also, numerous other sizing chemicals have been developed and tested, but 

they are not as widely employed as rosin, AKD and ASA. 

 

The rosin size with alum has historically been the commonly utilized sizing method 

(Liu 1995) and rosin still is the most widely used sizing chemical in papermaking 

(Laine and Stenius in press). The reactive sizes, first introduced already at the 1950s 

(Davis et al. 1956) and 1960s (Wurzburg and Mazzarella 1963), were not extensively 

applied before the increased use of calcium carbonate and the trend towards alkaline 

papermaking during the last 2-3 decades. Currently, however, they are widely used to 

confer hydrophobicity to cellulose fibres in neutral and alkaline papermaking. The 

benefits of the use of reactive sizes include the possibility to use calcium carbonate as 

a filler and improved storage durability of the paper. In practise, the decision to use 

any particular sizing agent is a compromise depending on the requirements of the end 

product, the paper machine performance, and other economical reasons. 



 5

 

1.3 Chemistry of AKD and ASA 
 

Alkyl ketene dimers (AKD) and alkenyl succinic anhydrides (ASA) are amphiphilic 

molecules having a hydrophobic olefin chain backbone and a hydrophilic functional 

group. Structurally alkyl ketene dimers are unsaturated lactones, frequently 

synthesised through the preparation of the acid chloride of a carboxylic acid, followed 

by intermolecular lactone ring condensation (Neimo 1999b). ASA is produced by an 

ene-reaction (Alder et al. 1943) from an unsaturated alkenic hydrocarbon backbone 

and a succinic anhydride. General synthesis routes and basic structures of AKD and 

ASA are shown in Figures 1 and 2. However, it should be noted that detailed 

structures of AKD and ASA vary according to the olefin chains used (e.g. length and 

branching). Typically C14 – C20 hydrocarbons (and mixtures of these) are used for 

AKD and ASA synthesis. 

 

 

Figure 1. General synthesis route and structure of AKD. R = alkyl chain. 

R1 CH2 CH CH CH2 R2

CH C

CH C
O

O

O

R1 CH2 CH CH CH R2

CH C

CH2 C
O

O

O

+

ASA  

Figure 2. General synthesis route and structure of ASA. R1 and R2 are alkyl 

chains. 

 

AKD and ASA are water insoluble materials, AKD usually manufactured as a waxy 

solid (melting point between 40°C and 60°C) and ASA in liquid form in room 



 6

temperature. Thus, they need to be emulsified in order to be used in papermaking. 

Cationic polymers (in most cases cationic starch) are typically used for emulsification 

of the reactive sizes. In addition to stabilizing effect these polymers also promote 

retention of the emulsion on the negatively charged fibres in paper making. Small 

amounts of synthetic emulsifiers and stabilizers can be used in emulsification process. 

Because of its high reaction rate with water (i.e. sensitivity to hydrolysis) ASA is 

emulsified at the paper mill just before use. AKD is typically delivered as 20 – 25 % 

dispersion, which can be stored for several weeks. 

 

Both AKD and ASA can react and form covalent bonds with cellulose molecules 

(with hydroxyls), therefore the term reactive sizes. On the other hand they can also 

undergo reactions with water, which lead to formation of ketone (from AKD) and 

dicarboxylic acid (from ASA). It is commonly acknowledged that the hydrolysed 

AKD does not contribute to sizing (Lindström and Söderberg 1986, Marton 1990, 

Roberts. 1991). In the case of ASA, however, there is no general agreement on the 

degree to which the reacted forms of the size molecules contribute to the final 

hydrophobisation of paper. However, it has been shown by Hatanaka et al. (1991) that 

saponified ASA can be used for sizing. In both cases, preventing the hydrolysis is 

essential in order to achieve desired hydrophobisation and to avoid fouling and other 

process disturbances. Reactions of AKD and ASA with water (route A) and cellulose 

(route B) are presented in Figures 3 and 4 (note that possible dissociation and binding 

of Ca2+ is also shown in Figure 4). 
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Figure 3. Reactions of AKD: (A) with water into ketone (via a labile β-keto 

ester) (B) with cellulose to form a covalent bond. 

 

Figure 4. Reaction of ASA: (A) with water to form a dicarboxylic acid, which 

can further dissociate and bind cations such as Ca2+ (B) with cellulose 

leading to covalent ester linkage between the two. 
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The rate of hydrolysis of both AKD and ASA depends on pH and temperature. 

Especially, with ASA hydrolysis is clearly increased in elevated pH and temperature 

(Dumas 1981). Thus, to maintain maximum sizing efficiency and to avoid fouling and 

other process disturbances, reactive sizes should not be unnecessarily exposed to high 

pH and temperature conditions. The fact that the reaction rate of ASA is clearly faster 

than that of AKD brings special challenges to emulsification and use of ASA. It 

should also be reminded that emulsion stability is strongly dependent on the emulsion 

preparation process (Borch 1982). 

 

While there is still no common agreement on the detailed mechanisms of AKD and 

ASA sizing, the generally established view is that sizing includes: the preliminary 

attachment of the size particles on the fibre surfaces in paper machine wet end 

(induced by electrostatic interactions), melting (note that ASA is commonly used as a 

molten wax) and spreading of the adsorbed particles on the fibre surfaces in paper 

machine dry end, reaction of the size molecules with cellulose fibres, and orientation 

of the size molecules to give a hydrophobic paper surface (Neimo 1999a). A 

schematic description of sizing mechanism is given in Figure 5. The steps after initial 

attachment of the size particle, leading finally to paper hydrophobisation, are called 

curing. The notably higher rate of curing of ASA, because of its high reactivity, is its 

greatest advantage compared to AKD.  

 

 

Figure 5. Schematic description of sizing mechanism. 

The spreading of AKD and ASA has been recently studied; however, the detailed 

mechanisms are yet not known (Garnier et al. 1999, Gess and Rende 2005, Yu and 

Garnier 1997, Yu and Garnier 2002). Also, it has been demonstrated that covalent 

bonds are formed during sizing (Bottorff 1994, Isogai et al. 1992), but the actual 

amount of bond formation with fibres is a matter of debate (Lindström and Söderberg 
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1986, Sundberg et al. 1999). Since not all size molecules are bond to fibres, these can 

reorient, which results in lower end product hydrophobicity. This appears to be a 

significant cause of a phenomenon known as size reversion. Reversion problems are 

especially typical for papers containing precipitated calcium carbonate (PCC) and 

sized with AKD (Colasurdo and Thorn 1992, Esser and Ettl 1997). 

 

1.4 Paper machine fouling 
 

Paper machine fouling can reduce production efficiency in many ways. It, for 

example, causes breaks and damages paper machine parts (Gullichsen et al. 2000, 

Palonen 1999), decreases quality of produced paper (Lee et al. 2006, Palonen 1999), 

and decreases dewatering (Gstrein et al. 2000, Gullichsen et al. 2000). Therefore, 

numerous studies have been carried out in this field (Abraham 1998, Carre et al. 1998, 

Doshi et al. 1998, Fukui and Okagawa 1986, Hubbe et al. 2006, Kallio and Kekkonen 

2005, Kallio et al. 2004, Klein and Grossmann 1995, Krauthauf et al. 2000, Ling et al. 

1993, Monte et al. 2004, Negro et al. 1999, Otero et al. 2000, Philippaerts 2000, 

Saarimaa et al. 2006, Shetty et al. 1994, Vähäsalo and Holmbom 2005). The trend 

toward minimizing the fresh water consumption in papermaking and thus the closure 

of water circulation have made the modern paper mills especially sensitive to 

contamination. In practise, deposition can cause problems anywhere in the paper 

machine. Typical paper machine parts where deposits can be found include: press 

rolls, press felts, and transfer belts, drying cylinders, tanks, pipelines, head box etc. 

 

The sources and forms of paper machine fouling are manifold. Sources of fouling 

include e.g. tacky organic materials, inorganic species and microbes. Organic AKD 

and ASA are commonly associated with the fouling of paper machines (Knubb and 

Zetter 2002, Koskela et al. 2003, Neimo 1999a, Nguyen 1998, Petander et al. 1998). 

Since AKD and ASA are used as model fouling substances in this thesis, the work 

presented here mainly aims to examine mechanisms of contamination by organic 

materials. Tacky organic materials can be enter the papermaking process for example 

through virgin pulp, recycled paper, broke, functional and control additives, 

adhesives, waxes, and elastomers. Typical deposits on paper machine contain a 

variety of these mixed together (Hubbe et al. 2006). Tacky materials typically are 
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hydrophobic and insoluble in water and their deposition behaviour is usually 

controlled by temperature, hydrodynamic and mechanical forces, and changes in 

chemical environment (pH, ion concentration etc.) (Allen 1980, Back et al. 2000, 

Carre et al. 1998, Dreisbach and Michalopoulos 1989). A more detailed description of 

physical and chemical reasons causing instability of dispersed phases and thus, in 

many cases, leading to deposit formation is presented by Hubbe et al. (2006). 

 

Avoiding fouling problems and managing them can generally be done by: improving 

practises in process control, washing the paper machine, use of additives, and 

improving the properties of used surface materials and paper machine design. 

 

1.5 Spreading, wetting and adhesion 
 

The work of adhesion, WA, is defined as the Gibbs energy difference between two 

states; one where two phases (1 and 2) are in contact in equilibrium, and another 

where the two phases are separate in equilibrium with their own vapour (Figure 6) 

(Hiemenz et al. 1997, Weiss 1962). In terms of surface energies the work of adhesion 

can be expressed as 

1221 -+= γγγAW        (1) 

where γ1 and γ2 refer to surface tensions of phases 1 and 2 and γ12 is the interfacial 

tension between these two. Confusion can many times occur because the term 

‘adhesion’ is used for multiple purposes. It must be distinguished whether 

thermodynamic work of adhesion, WA, or practical adhesion (e.g. peel, pull, shear or 

joint strength) is the case. Probably the most common deviation from the definition of 

the work of adhesion is that the term is in many cases used even if the two separate 

phases are investigated in equilibrium with some vapour present (not the own vapours 

of the phases). Here, the surface energies of the phases 1 and 2 deviate from their 

corresponding values in equilibrium with their own vapours by the spreading 

pressure, π, representing the lowering of the surface energy by adsorption of the 

vapour, v 
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v111 -= γγπ         (2) 

and thus the difference of WA and WA
* (work of adhesion with a vapour present) is 

21
* +=- ππAA WW        (3) 

 

Figure 6. The work of adhesion; the change from two phases in contact at 

equilibrium to the two phases separate in equilibrium with their own vapour. 

Different alternatives of the spreading of the liquid drop on a surface (solid or liquid) 

are presented in Figure 7. On a surface, liquid can form a lens with a finite contact 

angle (A) or spread on the surface (B). It is also possible that molecules from the 

liquid are adsorbed on the surface (C). In case a measurable contact angle is formed 

the equilibrium balance between the surface tensions (of surface-vapour, surface-

liquid, and liquid vapour) and the contact angle, θ, is expressed by Young’s equation 

lv

slsv

γ
γγ

θ
-

=cos        (4) 

Combining this with Equation 1 gives 

)cos+1(=)( θγ lvslAW        (5) 

Thus, the work of adhesion can be determined through measuring contact angle. In 

practice, Young’s equation is used with various simplifications; e.g. the spreading 

pressure (Equation 2) is commonly assumed to be zero (Schrader et al. 1992), and 
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there are also different theories used in the calculation (Packham 1996). However, the 

method is generally very well established. 

 

The fact that the surface roughness affects the contact angle of a liquid on a solid 

surface is also well recognized. An often used measure of the contribution of 

roughness is the factor r defined by the Wenzel equation 

  cosθW = r cosθY        (6) 

where θW and θY are the contact angles measured on the rough and smooth surface, 

respectively. 

 

 

Figure 7. Different modes of the spreading of a liquid on a surface: (A) the 

liquid does not wet the surface and a lens with a finite contact angle is formed, 

(B) the liquid wets the surface completely forming a layer with two separate 

interfaces, (C) molecules from the liquid are adsorbed on the surface, but 

liquid also forms a lens. 

Several different surface forces are of importance in aqueous environment and in air. 

Although their effect on fouling in papermaking has not been very widely studied, it is 

reasonable to assume that they all have some influence on fouling. Different surface 

phenomena (e.g. adsorption and adhesion) are of interest in paper machine fouling 

and they are affected by different surface forces. The focus here is on adhesion. 

Adhesion and wetting properties of substances are always controlled by surface forces 

and the forces that are of special interest include van der Waals (LW) and Lewis acid-
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base (AB) interaction. The thermodynamic work of adhesion, WA, is in fact often 

expressed as a sum of these 

AB
A

LW
AA WWW +=        (7) 

Van der Waals forces occur between all molecules. They can be further divided into 

Debye and Keesom interactions (involving permanent dipole moments) and 

dispersion or London interactions (due to fluctuations in electron densities). The 

Debye and Keesom interactions between condensed phases (solids, liquids) to a good 

approximation can be neglected. LW forces depend first of all on the geometry and 

distance of the interacting interfaces. A non-retarded van der Waals force (i.e. no 

retardation of the energy contribution that originates from the transverse magnetic 

modes), FvdW, between a sphere and surface can be expressed as: 

D
A

R
DFvdW

6
)(

−=
       (8) 

where D is the distance between the sphere and the surface, R is a radius of the sphere 

and A is a material dependent factor called the Hamaker constant. This interaction 

becomes negligible at distances over 100 nm (Israelachvili 1992).  In their study 

Israelachvili and Tabor (1972) have shown that for very small separations (< 3 nm) 

already an adsorbed monolayer can clearly change the Van der Waals forces of the 

surface. This implies that on a paper machine a thin and even layer of deposits can 

determine the adhesion properties of the surface.  

 

Solvation and Lewis acid-base interactions are very short-range forces (the range of 

Lewis acid-base interaction is below 0.3 nm), so that they do not contribute to initial 

attachment of particles on a surface. However, they are likely to be of great 

importance in adhesion. Repulsive solvation forces occur between hydrophilic 

surfaces and are evidently related to the binding of water molecules on surfaces. Their 

detailed mechanisms are, yet, somewhat unclear (Israelachvili 1992). In a Lewis acid-

base reaction a base donates electron density to an acid. It has been demonstrated by 

Kallio et al. (2006) that the significance of acid-base interactions between surfaces 
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immersed in water is reduced, because water has both acidic and basic properties and 

hence competes efficiently with both acids and bases for acidic and basic sites on 

surfaces, however AB interactions may have importance especially in the dry end of 

the papermaking process. 

 

In practice, the strength by which dry surfaces stick to each other will be strongly 

dependent on roughness, i.e. on the actual contact area between the surfaces. This may 

sometimes be of significant importance (even greater than any surface forces). 

 

Also, capillary forces influence surfaces that are wetted by a thin film of liquid. The 

capillary attraction caused by a thin film of water between two hydrophilic surfaces 

surrounded by air occurs because the surfaces prefer to be covered by water rather 

than by air. In the same way, the capillary forces give rise to adhesion between 

hydrophobic surfaces immersed in water because water does not wet the surface, i.e. 

the surfaces prefer to be in contact with each other rather than in contact with water. 

Capillary interactions can be very strong and affect the adhesion considerably. The 

strength of capillary forces is dependent on the thickness and coverage of the liquid 

film on a surface. Since the amount of water largely fluctuates in different parts of a 

papermaking process, capillary forces also vary. 
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2 OBJECTIVES AND OUTLINE OF THE STUDY 
 

As summarised above, the use of reactive sizes (AKD and ASA) in papermaking has 

increased during the last decades and today they are used in production of various 

paper and board products. It has also been shown that AKD and ASA contribute to the 

fouling of paper machines to a considerable degree, and fouling has a major influence 

on the performance and economy of the paper production. Several different surface 

interactions are of importance when fouling is considered, and it is clear that adhesion 

plays a major part in fouling phenomena. The Aim of the work was to clarify how 

fouling could be minimized or avoided by control of adhesion; therefore different 

methods were used to investigate factors that have an influence on adhesion. 

 

In the first experiments of this work the spreading kinetics and adhesion of liquid 

ASA on different surfaces were examined using contact angle measurements [I, II]. 

The spreading was studied on materials such as cellulose, starch, steel, polyurethane, 

PTFE (polytetrafluoroethylene), and SiO2. The essential idea of the study was to 

compare adhesion to materials having rather different surface energies (hydrophilic 

and hydrophobic surfaces). Also, the effect of the environment was studied by 

performing the experiments in air, water, and aqueous solutions of different pH and 

ion concentration. 

 

After the findings from contact angle measurements, not least because of the high 

reactivity of ASA, there was a desire to employ supplementary methods for 

determining the adhesion of AKD and ASA. Thus, model surfaces, suitable for 

measuring various surface interactions, of both AKD and ASA were developed for 

these purposes [III]. The surfaces were produced by casting and spin coating. The 

adhesion of AKD and ASA to the prepared solid model surfaces was studied using a 

new contact mechanics device, Micro Adhesion Measurement Apparatus (MAMA) 

[IV]. Results obtained through contact angle and contact mechanics measurements 

were also compared. 

 

Finally, contamination testing was performed in laboratory to evaluate the accuracy 

and applicability of the conclusion made according to the adhesion measurements [V]. 
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The conditions of contamination testing were selected utilizing the information from 

the previous experiments so that the results were comparable and the most critical 

environments for contamination by the reactive sizes were investigated. 

 

This study was carried out as a part of the national technology program “PINTA –

Clean surfaces 2002-2006” (The National Technology Agency of Finland, Tekes). 

Therefore, in context of fouling one might find it useful to study also the complete 

final report of the program (Tekes 2006). It is also important to perceive that this 

thesis, to a large degree, deals with fundamental interactions and the results obtained 

here should not be limited just to adhesion of the reactive sizes, but have broader 

applications. 
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3 EXPERIMENTAL 
 

The materials and methods used in the experiments included in this thesis are 

described in detail in Papers I-V. Thus, the purpose of this chapter is to give a more 

general overview of the experimental design and to provide some background of the 

methods used. A general description of the experiments involved in the four 

individual tasks – measurement of the spreading and adhesion of ASA, preparation of 

model surfaces, contact mechanics adhesion measurements, and contamination testing 

– is first given. Then, some background of the used methods is presented. 

 

3.1 Spreading and adhesion of ASA 
 

The fundamental aim of these studies was to compare spreading and adhesion of ASA 

on surfaces with different hydrophilicity. The preliminary assumption, allowing for 

the significant contribution of acid-base interactions introduced earlier, was that in 

aqueous environment the adhesion should be the lower, the more hydrophilic the 

surface. Measurements were done not only in water, but also in air and in aqueous 

solutions at different pH (ranging from 3 to 10) and Ca2+-ion concentration (1 mM – 

100 mM), in order to investigate the performance of different materials in various 

locations of paper machine and to examine the impact of pH and ion concentration on 

the spreading of ASA. Liquid alkenyl succinic anhydride (ASA), with a purity of ca. 

99%, was used for contact angle measurements [I, II], and the work of adhesion was 

calculated from the surface and interfacial tension and contact angle measurements 

using the Young-Dupré equation (Equation 5, p. 11). The spreading and adhesion was 

determined on hydrophilic and hydrophobic model surfaces [I] and on steel, 

polyurethane, polytetrafluoroethylene (PTFE), cellulose, and starch [II]. 

 

Hydrophilic model surfaces were smooth silicon wafers (Okmetic Oy, Helsinki, 

Finland) cleaned by immersing them into alkaline and acidic hydrogen peroxide 

solutions (first 10 min at 75-85°C in alkaline, then 10 min at 75-85°C in acidic 

solution (Kern and Puotinen 1970)) and then rinsed with water and ethanol. The 

advancing contact angle of water on the SiO2 surface was 20° ± 2°. Hydrophobic 

model surfaces were prepared by methylating the cleaned and dried SiO2 surface by 
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immersing it in the solution of 0.05% dichlorodimethylsilane in xylene for 2 h 

(Elwing et al. 1987). The advancing contact angle of water on the methylated surface 

was 100° ± 2°. Steel was austenitic stainless steel type AISI 316L (Carpén et al. 

2004), cleaned in ultrasonic cleaner in ethanol for 5 min, after which it was rinsed 

with Milli-Q water and dried with nitrogen gas. Polyurethanes commonly used in 

paper machine press felts (Slater et al. 2001) (from Albany International, Halmstad, 

SWE) were used. These same polyurethane types were also used in contamination 

testing [V]. The Polytetrafluoroethylene (PTFE) surface was a commercial type (from 

Vink Finland Oy). A nano/microscale roughness was introduced to the PTFE surface 

by heat treatment. The cellulose surfaces were prepared by Langmuir-Blodgett 

deposition technique from trimethylsilylcellulose, TMSC (Schaub et al. 1993). 

Surfaces of cationic starch (CS) were prepared by adsorption on a cleaned SiO2 wafer 

immersed in a 0.1g/l aqueous solution of CS for 90 min. 

 

Also the possible impact of surface roughness was acknowledged, and therefore AFM 

measurements were performed to investigate the topography of the surfaces [I, II]. 

The chemical composition of the ASA and the model surfaces was verified by TOF-

SIMS [I]. 

 

3.2 Model surfaces of AKD and ASA 
 

Since there was a need to employ supplementary methods, in addition to contact angle 

measurements, in determining the adhesion of AKD and ASA and there were no 

reported methods to create model surfaces of AKD and ASA for surface interaction 

measurements, model surfaces of both AKD and ASA were developed for these 

purposes [III]. The aspiration was to find fast and reproducible techniques. Therefore, 

casting and spin coating methods were used to prepare surfaces from solid forms of 

AKD and ASA. For Casting sodium chloride IR crystal windows (Sigma-Aldrich) 

and a casting method earlier described by Zbik et al. (2006) were used. In Spin 

coating AKD and ASA solution concentration and spin rate were varied to prepare 

films of different thicknesses. 
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To get a comprehensive impression of the coverage of the prepared model films, their 

composition and topography (roughness), were investigated using XPS, contact angle, 

ellipsometry and AFM. Also preliminary adhesion force measurements were 

performed using the AFM colloidal probe technique (Butt 1991, Ducker et al. 1991) 

in air and in 1 mM NaHCO3.  

 

3.3 Contact mechanics adhesion measurements 
 

To achieve further knowledge of AKD and ASA adhesion and to be able to compare 

different methods (contact angle and contact mechanics) to measure adhesion, a 

recently developed contact mechanics device, MAMA (Rundlöf et al. 2000), was used 

[IV]. The AKD and ASA surfaces were prepared by spin coating and their adhesion 

was investigated on hydrophilic and hydrophobic model surfaces that were earlier 

used in the study of the spreading and adhesion of ASA. Also, supplementary contact 

angle measurements were done using liquid AKD and PDMS (used as a reference 

material) [IV] so that a full set of data was available from both contact mechanics and 

contact angle measurements. 

 

3.4 Contamination testing 
 

The contamination testing was motivated by the fact that there is not much knowledge 

about how well the conclusions based on laboratory work correlate with the 

contamination phenomena in production scale. There clearly is a need for practical 

methods in linking the huge gap between the fundamental interaction studies and the 

production scale. Thus, contamination testing was performed using a laboratory scale 

device specially designed for this purpose [V]. The conditions and materials used in 

contamination testing corresponded to those used in the spreading experiments; ASA 

emulsion was used and contamination of polyurethane materials were studied in 

different pH and Ca2+ conditions.  
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3.5 Methods 
 

Measurement of contact angles and surface tensions. As discussed earlier, contact 

angle measurements are generally regarded as the simplest method to estimate surface 

tensions of solids and liquids, and thus to measure adhesion. Therefore contact angle 

technique was the main method of investigation used in this thesis. Contact angles of 

ASA [I, II] and AKD [IV] were determined to evaluate their spreading and adhesion 

on different surface materials. Contact angle was also used to assess the chemical 

nature (hydrophilicity/hydrophobicity, reactivity etc.) of different surfaces [I-V]. 

 

A CAM 200 contact angle goniometer (KSV Instruments Ltd, Helsinki, Finland) was 

used for determination of contact angles and surface tensions. The Axisymmetric 

Drop Shape Analysis (ADSA) method, based on the principle described by Jennings 

and Pallas (Jennings and Pallas 1988), was applied for calculations (software 

delivered with the instrument). 

  

Contact mechanics measurements of adhesion. Direct force measurements between 

solid surfaces have been well established (Claesson et al. 1986, Deryagin et al. 1980, 

Johnson et al. 1971, Muller et al. 1983, Pashley et al. 1985) and the elastic 

deformation of surfaces has been described theoretically by Johnson et al. (1971). 

According to the JKR theory, the radius of the contact zone between solids, a, is 

related to the work of adhesion, Wa, by 

( )23 )3(+6+3+= RWRPWRWP
K
R

a aaa ππ     (9) 

where R is the equivalent radius of curvature of the system, P is the applied load, and 

K is the elastic constant of the system. 

 

The adhesion energy, Wa, and the modulus, K, are obtained from the cube of the 

contact radius, a3, plotted versus the load, P. The JKR theory is strictly applicable 

under thermodynamical equilibrium conditions only, where the loading data and the 

unloading data follow the same path reversibly. Under non-equilibrium conditions, 
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the loading and unloading curves may be hysteretic so that Wa(unloading) > Wa(loading). 

Many factors, such as the loading/unloading rate, temperature, relative humidity, and 

the history of the sample, affect the extent of possible hysteresis (Chaudhury and 

Whitesides 1991, Ghatak et al. 2000, Luengo et al. 1998). The values of Wa(loading) are 

often close to the thermodynamic work of adhesion (Chen et al. 1991, Falsafi et al. 

1997, Mangipudi et al. 1994), whereas Wa(unloading) may be orders of magnitude larger. 

 

A recently developed contact mechanics device, Micro Adhesion Measurement 

Apparatus, MAMA, (Ab Akribi Kemikonsulter, Sundsvall, Sweden), based on JKR 

theory, was used [IV]. Details about instrumentation and its theoretical background 

are given by Rundlöf and Wågberg (2004). 

 

Atomic Force Microscopy, AFM. Atomic force microscopy (Binnig et al. 1986) is an 

area of scanning force microscopy (SFM) developed in the mid 1980s, which has 

become one of the most successful instruments in surface science. The SFM 

explorations can be made on length scales spanning from hundreds of micrometers 

down to nanometers and it can be employed under a variety of environmental 

conditions permitting investigation of the dependence of physico-chemical properties 

of a given system on these conditions. In this work, AFM was used in its original 

purpose of characterizing the topography and roughness of sample surfaces. 

Roughness was of particular interest to ensure the desired level of smoothness of the 

surfaces for contact angle [I, II] and contact mechanics studies [IV]. Also the surface 

morphology of the model surfaces was of great interest [III]. AFM was also utilized 

for surface interaction measurements using colloidal probe technique [III]. 

 

AFM measurements were performed using a NanoScope IIIa Multimode scanning 

probe microscope (Digital Instruments, Inc. Santa Barbara, CA, USA). The images 

were scanned in tapping mode (Martin et al. 1987, Zhong et al. 1993) in air using 

commercial Si cantilevers (Digital Instruments) with a resonance frequency of ca. 300 

kHz. The roughness of the surfaces (for contact angle evaluation, see Equation 6, 

p.12) was assessed by determination of the roughness factor, r, from the 3D-AFM-

images according to 
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100
1 drS

r +=         (10) 

where Sdr is the ratio between the real interfacial area and the projected area 

 

Surface forces were also measured using the colloidal probe technique (Butt 1991, 

Ducker et al. 1991) using a NanoScope IIIa instrument. Briefly, a glass sphere with 

diameter 31.3 μm was glued to the tipless end of a cantilever with reported spring 

constant of 0.38 and 0.58 N/m (Veeco Instruments, Santa Barbara, CA, USA). 

Surface forces were measured against AKD and ASA surfaces in air and in 1 mM 

NaHCO3. The surface force was calculated from the deflection of the cantilever using 

Hooke’s law in the conventional way and normalized by the radius of the glass 

spheres (Derjaguin 1934). The spring constants were determined by the reference 

spring method (Torii et al. 1996, Tortonese and Kirk 1997).  

 

X-ray photoelectron spectroscopy, XPS. In XPS, the sample in a high vacuum is 

irradiated with X-rays and the kinetic energies of the emitted photoelectrons are 

measured (Briggs and Seah 1997). The kinetic energy of the photoelectrons depends 

on their binding energy to the atom from which they originate. The ratio of elements 

on the sample surface is detected (detection limit being ca. 1 atomic %). Depending 

on the local environments of the atom, atoms of the same element emit photoelectrons 

with different bonding energies. Thus, the different chemical states of the element, 

e.g. oxidation states of metals or different bonding of the organic carbon, can be 

determined from the XPS spectrum. As photoelectrons pass through a solid material, 

they interact with the material and can travel only a very limited distance. Thus, the 

intensity of escaping electrons decreases with increasing analyzing depth. As a 

consequence, the XPS is a very surface sensitive technique. The maximum analysis 

depth for polymeric material is reported to be 6-12 nm (Ashley and Williams 1980). 

 

Here, the coverage and chemical composition of the prepared model surfaces of AKD 

and ASA were determined using XPS [III]. XPS was also used for evaluating the 

contamination of polyurethanes used in contamination testing [V]. 
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An AXIS 165 electron spectrometer and monochromatic Al Kα irradiation was used 

for acquisition of XPS spectra. Before analysis, all samples were pre-evacuated 

overnight in order to stabilize vacuum conditions. By parallel measurements on TKK 

reference sample (Johansson and Campbell 2004), included with each sample batch, it 

was verified that UHV conditions remained satisfactory and non-contaminating. 

Elemental surface compositions were determined from low-resolution scans recorded 

with 80 eV analyser pass energy and 1 eV step. Carbon and oxygen high resolution 

spectra were recorded from O 1s and C 1s regions using 20 eV analyzer pass energy 

and 0.1 eV step. 

 

Time-of-Flight Secondary Ion Mass Spectrometry, ToF-SIMS. ToF-SIMS was used 

for the surface analysis of the hydrophilic and hydrophobic model surfaces and for the 

verification of the chemical composition of the ASA [I]. The ToF-SIMS spectrometer 

PHI TRIFT II at Top Analytica Ltd., Turku, Finland was used. The instrument and 

experimental procedure have also been described by Schueler (1992). 

 

Infrared spectroscopy. Infrared spectroscopy was used for checking the composition 

of AKD and ASA surfaces prepared for contact mechanics measurements of adhesion 

[IV] and for analysis of the polyurethane surfaces used in contamination testing [V]. 

FTIR-ATR measurements were performed with a Bio-Rad FTS 6000 spectrometer 

using a diamond ATR microcrystal. The method is described in more detail by 

Vikman and Vuorinen (2004). 

 

Ellipsometry. The thickness of the prepared AKD and ASA model surface layers was 

determined [III] using angle resolved laser (632.8 nm) ellipsometry (Picoellipsometer, 

Beaglehole Instruments). Measurements were performed at the Laboratory of Physical 

Chemistry and Electrochemistry, TKK. The data was collected at 0.5 degree intervals 

from 68 to 80 degrees. The angles were chosen around the Brewster angle since the 

sensitivity for changes in the layer thickness is the highest close to this angle. The 

thicknesses of the AKD and ASA films were determined by fitting the measured data 

to a two-layer model. The optical properties of the silicon substrate were taken from 

the data bank of the fitting software (TFCompanion, Semiconsoft). AKD and ASA 

were considered as dielectric materials having a real index of refraction equal to 1.46. 
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Deposition tester. Fouling problems in pulp and papermaking have led to 

development of several different devices and methods to evaluate fouling tendency in 

this field (Krauthauf et al. 2000, Ling et al. 1993, Philippaerts 2000, Shetty et al. 

1994, Sithole et al. 1999, Vähäsalo and Holmbom 2005). A tester developed at the 

Laboratory of Organic Chemistry, TKK in collaboration with Metso Paper was used 

for contamination testing of polyurethane materials [V]. The device used was 

specially designed to mimic paper machine wet pressing; enabling pressing, 

doctoring, addition of chemicals, and the use of wash showers. A schematic drawing 

of the deposition tester is presented in Figure 8. The sample surfaces are mounted on a 

sample holder cylinder (ca. 150 mm in diameter) whose rotation speed can be 

adjusted between 30 to 300 rpm; this corresponds to speeds of ca. 14-140 m/min. The 

test unit was used in a circulating flow mode, because of good controllability of 

essential parameters (pH, temperature etc.).  

 

 

Figure 8. Schematic drawing of the deposition tester. 1: sample holder 

cylinder (diameter ≈ 150 mm); 2: sample surfaces; 3: press roll; 4: doctor 

blade; 5: chemical addition 1; 6: chemical addition 2, 7: high pressure 

shower; 8: low pressure shower; 9: air fan (heating); 10: heating; 11: 

circulation flow inlet; 12: circulation flow outlet. 
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4 RESULTS AND DISCUSSION 
 

The aim of this chapter is to summarize the most important findings done during this 

work. The full and more detailed results can be found in the attached Papers. 

 

4.1 Spreading and adhesion of ASA 
 

The results presented in this chapter can be mainly found in Papers I and II. Also 

some data from the Papers III and V is included. 

 

4.1.1 Wetting dynamics and equilibrium contact angles 

 

The spreading of ASA on hydrophilic and hydrophobic surfaces (silica and 

hydrophobized silica) in water and in air is shown in Figure 9. In water attainment of 

equilibrium was slower on the hydrophobic surface than on the hydrophilic surface, 

probably just because the final contact angle was much lower. As expected, ASA did 

not wet the hydrophilic surface while it did spread on but did not completely wet the 

hydrophobic surface.  In air spreading on the hydrophobic surface was faster and 

resulted in a higher final contact angle than on the hydrophilic surface. Both surfaces 

were wetted by ASA. However, the difference between the two surfaces was clearly 

smaller than it was in water. The same trends in wetting of the different surfaces were 

observed also on other materials investigated; the hydrophilic surfaces were poorly 

wetted by ASA in water, on hydrophobic surfaces ASA spread fairly well, and in air 

the wetting behaviour of the surfaces was converse, although the difference between 

the contact angles recorded on hydrophilic and hydrophobic materials was not that 

significant. In Table 1 the final contact angles (t=1 min.) recorded on different 

surfaces are presented. The table also summarizes the water contact angles recorded 

for determination of the hydrophilicity/hydrophobicity of the surfaces (Wenzel, θW, 

and Yong, θY, angles calculated using roughness factor, r, from AFM study and the 

Wenzel equation Eq. 6, p. 12 are included).  

 

There was one clear exception from the general trend observed. On the hydrophilic 

polyurethane surface (PU 2), ASA contact angle was one of the highest recorded both 
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in water and in air [II]. Thus, the behaviour of this surface in air was different from 

what could have been anticipated from the water contact angle data. The polymer 

matrix of this material was modified by introducing “spacers”, which most likely 

explains its exceptional performance. Clear indication of this difference could not be 

assessed through contact angle measurements with water or topography studies by 

AFM. However, the XPS study showed [V] that the relative oxygen and silicon 

contents of the material PU 2 were higher than those of PU 1, indicating the use of 

“spacers” 
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Figure 9. Contact angles of ASA on the surfaces in water and in air. 
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Table 1. Contact angles of water on different surfaces (θw = measured 

advancing contact angle in air. θY = contact angle corrected for roughness 

using Equation 6, p. 12, r = roughness factor Equation 10, p. 21), and the ASA 

contact angles in water and in air 

ASA contact angle Surface θw [°] r θY [°] 
In water In air 

Hydrophilic 20 1.00 20 170 25 

Hydrophobic 100 1.00 100 25 47 

Steel 70 1.13 72 145 25 

PU1 102 1.02 102 45 40 

PU2 < 5 1.01 < 5 165 60 

PTFE 155 1.35 132 22 90 

Cellulose 41 1.00 41 170 18 

Cationic starch < 5 1.00 < 5 145 12 

 

The rationality of the recorded equilibrium contact angles of ASA on the surfaces in 

water, θL, was evaluated using the Bartell-Osterhof equation 

  γb / w cosθL = γb / v cosθb − γw / v cosθw    (11) 

where γw/v is the water surface tension (72.8 mJ/m2). The surface (γb/v) and interfacial 

(γb/w) tension recorded for ASA were 33.2 mJ/m2 and 11.7 mJ/m2, respectively. The 

contact angles of ASA (θb) and water (θw) needed for calculations were derived from 

Table 1. 

 

Measured interfacial contact angles of ASA on hydrophilic and hydrophobic SiO2 

surfaces are compared with the anticipated interfacial angles calculated from Equation 

11 in Table 2 [I]. The calculation results in values of cosθL smaller than -1 for the 

hydrophilic surface and larger than 1 for the hydrophobic surface, which is clearly 

absurd. 

 

This discrepancy in calculating contact angles of ASA on aqueous solutions is 

deemed to originate from the fact that fast hydrolysis reactions occurring on the 
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ASA/aqueous solution interface result in incorrect interfacial tension values. Thus, 

contact angles recorded on a cast ASA surface were used to calculate ASA/water 

interfacial tension, γASA-water from Young’s equation (Equation 4, p. 11). The γASA-water 

was calculated assuming that the measured value of the surface tension of ASA in air 

(33.2 mJ/m2) is correct and using water surface tension 72.8 mJ/m2. This yielded γASA-

water 39 mJ/m2 [III]. Using this value to predict interfacial contact angles of ASA 

results in estimations of 170° for hydrophilic and 25° for hydrophobic surface. These 

values that match exactly with the true interfacial contact angles recorded, are also 

presented in Table 2. 

 

Thus it is evident that the hydrolysis of ASA molecules at the interface in contact with 

aqueous solutions is very fast and the true values of the interfacial tension of ASA 

could not be recorded. The recorded values present the interfacial tension in the 

presence of the reaction products on the liquid-liquid interface.  

 

Table 2. Interfacial contact angles of ASA in water on hydrophilic and 

hydrophobic SiO2 surfaces and angles calculated from the Bartell-Osterhof 

equation (standard deviations based on five measurements) 

Interfacial angle [degrees] Surface 

Calculated [I] Calculated [III] Measured [I] 

Hydrophilic 180* 170 170 ± 4 

Hydrophobic 0* 25 25 ± 2 

* The measured values for hydrophilic surface yield cos θL = -3.3 and for hydrophobic 
surface cos θL = 2.8 

 

 

4.1.2 Adhesion 

 

The work of adhesion can be easily calculated from the surface tension and contact 

angle data using the Dupré equation (Equation 5, p. 11). The adhesion of ASA to the 

different surfaces was calculated using the contact angles presented in Table 1 and the 

recorded surface and interfacial tensions. Because of the discrepancy in the interfacial 

tension of ASA discussed earlier, the adhesion values in water were also calculated 
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using the interfacial tension evaluated from the contact angle measurement on the cast 

ASA surface (see Chapter 4.1.1). The results are shown in Figure 10.  

 

 

Figure 10. The work of adhesion of ASA on different surfaces, in air and in 

water (* using the Dupré equation and the calculated ASA interfacial tension 

39 mJ/m2). 

When the recorded surface and interfacial tensions are used, the calculated work of 

adhesion of ASA on all surfaces is considerably larger in air than it is in water. This is 

an obvious result of the relatively low interfacial tension (11.7 mJ/m2) measured in 

water. However, when the adhesion values were corrected using the calculated 

interfacial tension (39 mJ/m2), the adhesion of ASA on the hydrophobic surfaces in 

water was found to be larger than it was in air. 

 

Thus, the adhesion in air is somewhat larger on the hydrophilic surfaces than on the 

hydrophobic ones (again with the exception of the material PU 2). In water the 

difference in the work of adhesion is, however, clearly more significant. There is 

almost no adhesion on the hydrophilic surfaces, while the adhesion is considerable on 

the hydrophobic surfaces. 
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4.1.3 The effect of pH and Ca2+ -ions 

 

As already stated, the interfacial tension of ASA (in water) was found to be 

considerably lower than the surface tension of ASA (in air). In aqueous solutions of 

different pH (3 and 10) only minor changes in the interfacial tension from the values 

determined in pure water were observed [II]. During a 5 min period, the interfacial 

tension at pH 3 decreased by ca. 20 % and at pH 10 it approximately halved. These 

changes in interfacial tensions are most likely due to hydrolysis reactions and 

dissociation of reaction products (at pH 10) of ASA. The fact that there was no clear 

difference in the initial values determined in different pH conditions indicates that 

ASA molecules located at the liquid-liquid interface are rapidly hydrolysed when 

contacted with the aqueous solution and that any further reactions, promoted by pH 

changes, are not very fast. On the other hand, the interfacial tensions measured in 

CaCl2-solutions were considerably smaller than those in pure water. It was also 

obvious that the effect of Ca2+ on the interfacial tension was greater and much faster 

than the effect of pH changes. Surface and interfacial tensions of ASA in air, water, 

and 0.1 M CaCl2 are presented in Figure 11.  

 

 

Figure 11. Surface and interfacial tensions of ASA in air, water, and 0.1 M 

CaCl2. 
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Presumably, Ca2+-ion reacts with ASA at the liquid-liquid interface, forming an 

adsorbed compound that results in an even lower interfacial tension than that of pure 

ASA, which is already affected by ASA hydrolysis. It should be pointed out here that 

when the interfacial tension of ASA was measured in 0.1 M CaCl2 in pH 3 the result 

was fairly close to that determined in pure water. This verifies the assumption that a 

higher pH (dissociated form of the ASA dicarboxylic acid) is required for noteworthy 

Ca2+ reactions to take place. 

 

The effect of pH and CaCl2 on spreading of ASA is shown in Figure 12. Spreading of 

ASA on hydrophobic surface was recorded in pH 3, pure water, pH 10 and 100 mM 

CaCl2. The effect of changes in pH on spreading was not significant (contact angle 

slightly increased in pH 10), but the contact angle was clearly larger in the presence of 

Ca2+ -ions. 

 

 

Figure 12. Spreading of ASA on hydrophobic surface in different 

circumstances. 

From the contact angles and interfacial tensions it can be concluded that the pH alone 

does not have very significant influence on spreading and adhesion of ASA. 
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Introducing Ca2+ -ions, however, clearly affects the behaviour of ASA, although the 

effect of calcium cannot be clearly observed at low pH. To investigate whether the 

Ca2+ reactions are further promoted at higher pH, as one would assume, the interfacial 

tensions and contact angles at pH 10 in 0.1 M CaCl2 were measured. In fact, neither 

interfacial tensions nor contact angles could be accurately determined because of the 

irregular drop shapes. Images of ASA drops on hydrophilic and hydrophobic surface 

in water and in 0.1 M CaCl2, pH 10 are shown in Figure 13. This visualizes clearly 

how obvious the change in spreading is because of the change in the environment. 

From the figure it is possible to estimate that contact angles of ASA on both 

hydrophilic and hydrophobic surface become roughly equal in high pH at the presence 

of calcium (contact angle ca. 110° – 120°). 

 

 

 

Figure 13. ASA on hydrophilic and hydrophobic surfaces in water and in 0.1 

M CaCl2 solution at pH 10. 
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4.2 Model surfaces of AKD and ASA for adhesion studies 
 

The detailed results presented in this chapter can be found in Papers III and IV. 

 

4.2.1 Preparation of the model surfaces 

 

Casting and spin coating were used for preparation of the model surfaces. To 

overcome the roughness problems in casting, surfaces were cast against freshly 

cleaved sodium chloride crystals. The salt crystals were removed by dissolution in 

water after allowing the wax to cool down slowly in room temperature (method earlier 

described by Zbik et al. (2006)). 

 

Though cast surfaces can be used for some surface interaction studies, they do not 

facilitate a very wide range of measurement techniques. Therefore, spin coating was 

used to create thin films of AKD and ASA. Different organic solvents, AKD and ASA 

concentrations, substrate materials, and spin rates were used. Surfaces prepared from 

both toluene and hexane solutions were found to be uniform in macroscopic scale 

[III]. On the ASA films there was some patterning observed, which could not be seen 

on the AKD films. The results presented in the following are recorded from the films 

spin coated from a toluene solution on top of a SiO2 substrate [III], and the films 

prepared on poly(dimethylsiloxane), PDMS, from hexane solutions of AKD and ASA 

[IV]. 

 

4.2.2 Characterization of the model surfaces 

 

The thickness of the spin coated AKD and ASA films was determined using 

ellipsometry. The layer thickness of AKD as a function of the concentration of AKD  

in the spun toluene solution is shown in Figure 14 (spin rate 5000 rpm). For ASA the 

results were very similar [III]. The results demonstrate that films of varying 

thicknesses could be easily prepared by simply changing the concentration of the spin 

coating solution. The same effect could also be achieved by variations of spin rate; at 

constant concentration the layer was thicker, the lower the speed of spinning. Also the 

solvent used affected the film thickness, e.g. using hexane resulted in a thicker film 
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than using toluene. This is due to the lower boiling point, and thus faster evaporation 

of hexane. 
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Figure 14. Thickness of the AKD model film versus spin coating solution 

concentration (spin rate: 5000 rpm). 

The elementary composition of the model surfaces of AKD and ASA prepared on 

SiO2 was determined using XPS. The atomic ratios between oxygen and carbon, 

between silicon and carbon, and the relative amounts of different carbon peaks for 

AKD and ASA films spin coated from 2.5 g/l, 10 g/l, and 20 g/l toluene solutions (at 

spin rate 5000 rpm), in addition to those of cast surfaces, are shown in Table 3. The 

thinnest surface layers (prepared from 2.5 g/l solution), which were found to be ca. 10 

nm thick by ellipsometry, showed significant amounts of silicon and oxygen on the 

surface (the silica originates from the SiO2 substrate). Thus, these surface layers of 

AKD and ASA were obviously not fully covering. Layers prepared from higher 

concentrations (10 g/l and 20 g/l) of AKD and ASA provided almost similar 

carbon/oxygen atomic ratios as the cast surfaces and one can conclude that these 

concentrations were high enough to create a covering model surface from AKD and 

ASA. XPS spectra of different AKD layers are presented in Figure 15 to visualize the 

effect of the layer thickness to the recorded spectrum. The most significant changes 

can be seen in the Si peaks at ca. 150 eV and 100 eV. 
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Table 3. O/C atomic ratio, Si/C atomic ratio and relative amounts of different 

carbons for the model surfaces 

Material O/C Si/C C1 C2 C3 C4 

AKD, 2.5 g/l 0.32 0.45 37 47 3 1 

AKD, 10 g/l 0.076 0.065 63 8 1 1 

AKD, 20 g/l 0.045 0.015 76 5 2 1 

AKD, cast 0.044 0.003 89 1 2 1 

ASA, 2.5 g/l 0.32 0.29 75 17 - 7 

ASA, 10 g/l 0.178 0.041 80 12 - 8 

ASA, 20 g/l 0.167 0.034 80 13 - 7 

ASA, cast 0.189 0.025 84 9 - 7 

 

 

 

Figure 15. XPS spectra of AKD. 2.5 g/l, 10 g/l, 20 g/l, and cast surface. The 

spectra are shift vertically for clarity. 
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The AKD and ASA films spin coated (from 5 g/l hexane solution at 2700 rpm) on 

PDMS were investigated by FTIR-ATR. The spectra showing uncoated PDMS, ASA 

(cast), and PDMS coated with ASA are presented in Figure 16. Corresponding results 

were obtained for AKD [IV]. 
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Figure 16. ATR-FTIR spectra of PDMS, PDMS coated with ASA and ASA (top 

to bottom). For clarity, the ASA on PDMS and ASA spectra have been shifted 

vertically. 

The PDMS underneath the surface layer can be recognized in the spectra of ASA on 

PDMS. This was expected because the ATR-FTIR analysis depth is ca. 1 μm and the 

surface layers were estimated to be 20 – 30 nm thick (from the ellipsometry 

measurements). However, peaks typical of ASA and AKD at ca. 2915, 2850 and 1780 

cm-1 were also clearly identified on the coated PDMS and the surfaces were judged to 

have a surface coverage sufficient for contact mechanics measurements. 

 

The topography of the model surfaces was investigated by AFM. An AFM 

topography image of the AKD film cast against NaCl crystal is shown in Figure 17. 
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The rms value of the 1 μm2 surface area is 5.95 nm. However, there is a higher peak 

to the right of the image which largely contributes to the roughness, and the rms of the 

rather flat area to the left was determined to be 1.34 nm. Cast ASA surfaces showed a 

generally similar topography to the one shown here for AKD. In spite of some larger 

roughness features, which are most likely due to uneven cleavage of NaCl crystals, 

the rms values of the cast surfaces were well within the range that is appropriate for 

adhesion measurements by colloidal probe technique and contact angle measurements 

(e.g. Notley et al. have recently used cellulose spheres with similar surface roughness 

in colloidal probe microscopy measurements (Notley et al. 2006)). 

 

 

Figure 17. AKD NaCl (1 μm, z = 45 nm, rms = 5.95 nm/upper left corner 

1.34nm). 

Since the XPS analysis indicated that full coverage was not reached on the thinnest 

AKD and ASA model surfaces, AFM imaging was used to further study these 

surfaces. It was found that the structures of spin coated AKD and ASA films were 

very similar [III]. A 25 μm2 topography image of a spin coated ASA film is presented 

in Figure 18A and a 1 μm2 image within the former image is shown in Figure 18B. 

The surface was spin coated on SiO2 from 2.5 g/l toluene solution. From the larger 

image it is clear that no uniform coating was reached, but a layered structure was 

formed. Individual layer steps can be more clearly seen in the 1 μm2 image. Figure 

18B shows also a step profile of the surface, indicating clearly the ca. 2.5 nm layers of 

ASA. Ren et al. (2003, 2004) have recently studied stearic acid, which has a C-18 
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carbon chain, and can thus be used as a reference for the ASA used here. The ASA 

monolayer thickness of about 2.5 nm corresponds fairly well with the value of ca. 2 

nm found for stearic acid. Apparently the deepest spots on the surface presented in 

Figure 18A are not covered by ASA at all, so that the SiO2 substrate can still be seen. 

As the ellipsometry data showed that the surface thickness was ca. 10 nm, and the 

AFM images indicate that the thickness of one molecular layer was about 2.5 nm, it 

appears that an average four layers of ASA is deposited on the surface. The rms 

values (ca. 1 nm for the 1 μm2 images and below 3 nm for the 25 μm2 images) of spin 

coated AKD and ASA layers are generally acceptable for model surface purposes 

 

 

Figure 18. Spin coated (2.5 g/l, 2700 rpm) ASA on SiO2 (A) 5 μm, z = 18 nm, 

rms = 2.88 nm (B) 1 μm, z = 15 nm, rms = 1.38 nm. 

AFM was also used to study the AKD and ASA layers spin coated on PDMS [IV]. 

Here, a more pronounced topography change was introduced on ASA than on AKD 

surface. Topography images (size of 25 μm2) recorded from PDMS, and AKD and 

ASA layers on top of it are shown in Figure 19. The rms-roughness of ASA on PDMS 

was 6.69 nm whereas on AKD it was 0.90 nm. Figure 20 shows a 50 μm x 50 μm 

image of ASA where the rms-value was 8.93 nm. The top left corner of Figure 20 

shows a crater-like defect in the ASA layer. Similar defects, with diameters about 10 

μm, were occasionally present on ASA surfaces. However, it was still concluded that 

fairly good surface coverage was attained with both AKD and ASA and that the 

surface layers were sufficiently smooth for contact mechanics studies [IV]. 
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Figure 19. AFM topography images of (A) PDMS (rms = 1.30 nm), (B) AKD 

(rms = 0.90 nm), and (C) ASA (rms = 6.69 nm), surfaces (in all images: size = 

5 μm x 5 μm, z = 14 nm). 

 

Figure 20. AFM topography image of ASA on PDMS (image size: 50 μm x 50 

μm, z = 40 nm, rms = 8.93 nm). 

4.2.3 The stability of the model surfaces – the effect of the hydrolysis of ASA 

 

To probe the stability of the model surfaces, contact angles of water on them were 

measured. It was found that already the thinnest (ca. 10 nm, not fully covering) AKD 

film was more hydrophobic than the SiO2 substrate. The contact angles of water on 

the cast and the ca. 35 nm (10 g/l solution) spin coated surface were nearly equal, 

which supports the finding that 10 g/l AKD in toluene was a sufficiently high 

concentration to spin coat a covering AKD layer (from toluene) [IV]. The contact 

angle on the thinner AKD surface was not as high as on the thicker surfaces, which 

must be due to the contribution of the more hydrophilic SiO2 spots to the overall 
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contact angle. The contact angle data recorded on each of the AKD surfaces showed 

good stability of the surfaces (the contact angle remained stable). 

 

Contact angles of water on ASA surfaces are presented in Figure 21. These follow a 

rather different trend from the one observed with AKD; water spread comparatively 

fast on thin ASA layers, and a thick cast film was needed to create a hydrophobic 

surface. In fact, a smaller contact angle was obtained on the spin coated ASA layers 

than on the SiO2 substrate. This is believed to be associated to the reactivity of ASA 

(hydrolysis reactions of ASA with water). The reacting ASA acts as a surfactant and 

reduces the water contact angle to an even lower level than that of pure water on SiO2. 

Figure 22 shows water contact angles recorded on a thicker spin coated ASA surface. 

This surface was prepared from a solution of 50 g/l ASA in toluene and the layer 

thickness was determined to be ca. 200 nm. A clear drop in contact angle was 

observed after ca. 90 s. This indicates that even a rather thick spin coated layer of 

ASA on SiO2 is still unstable in the presence of water. 
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Figure 21. Contact angle of water on ASA surfaces prepared by casting and 

spin coating, and on the SiO2 substrate. 
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Figure 22. Contact angle of water on a ca. 200 nm ASA surface prepared by 

spin coating. 

Contact angles of diiodomethane (which is not reactive towards ASA) on ASA 

surfaces were recorded to verify that the observation of water spreading on the ASA 

films was really due to the hydrolysis reactions. Contact angles of diiodomethane are 

presented in Figure 23. Relatively similar spreading kinetics was observed both on the 

ultrathin (ca. 10 nm) ASA film and on the thick cast ASA layer. This indicates that 

when there is no reactivity between the probing liquid and the model surface the layer 

thickness does not affect the spreading of the liquid. This result further supports the 

conclusion that the reactivity of ASA caused the instability of the ASA layers in 

contact with water. 
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Figure 23. Contact angle of diodomethane on ASA surfaces prepared by 

casting and spin coating, and on the SiO2 substrate. 
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4.3 Adhesion of AKD and ASA by contact mechanics 
 

The detailed results presented in this chapter can be mainly found in Papers III and 

IV. 

 

4.3.1 Adhesion measurements 

 

To validate the applicability of the MAMA instrument for adhesion measurements, 

PDMS surfaces were used as reference material. The work of adhesion between two 

PDMS caps, Wa, calculated from the loading data was found to be 44 ± 3 mJ/m2 (see 

Figure 24). This corresponds to a PDMS surface energy of 22 mJ/m2, which is in good 

agreement with the surface energy value (21.5 mJ/m2), which was determined with 

the contact angle goniometer [IV]. It also agrees well with the values reported in the 

literature (22 – 24 mJ/m2) (Chaudhury and Whitesides 1991, Rundlöf et al. 2000). 

Thus, it was demonstrated that the used measurement technique was appropriate for 

the measurements of the work of adhesion. 

 

 

Figure 24. The cube of the contact radius as a function of the applied load, 

two PDMS caps (Wa = 44.7 ± 0.4 mJ/m2). 
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Representative curves obtained from the experiments for AKD-hydrophilic and AKD-

hydrophobic material systems are shown in Figures 25 and 26. Similar curves were 

obtained for all other material systems studied, i.e. PDMS-hydrophilic, PDMS-

hydrophobic, ASA-hydrophilic, and ASA-hydrophobic, too. The values of the work 

of adhesion are presented in Table 4. These were all obtained by fitting the loading 

data to Equation 9 (p. 20). The trend in all experiments was similar to that shown for 

AKD adhesion, i.e. hysteresis was observed when measuring the adhesion of the 

hydrophobic materials (PDMS, AKD, and ASA) to the hydrophilic surface, whereas 

on hydrophobic surface there was no noticeable hysteresis detected. Hysteresis can be 

observed as measurement points of unloading staying above the line of measurement 

points of loading, i.e. the contact area being higher in unloading than in loading at a 

given load. It was concluded that chemical reasons had a key role in hysteresis [IV]. 

However, the hysteresis was not further studied. 

 

 

Figure 25. The cube of the contact radius as a function of the applied load, 

AKD-hydrophilic SiO2 (Wa = 65.1 ± 0.4 mJ/m2). 
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Figure 26. The cube of the contact radius as a function of the applied load, 

AKD-hydrophobic SiO2 (Wa = 45.0 ± 0.3 mJ/m2). 

Table 4. The work of adhesion of PDMS, AKD, and ASA on hydrophilic and 

hydrophobic surfaces 

Work of adhesion, Wa [mJ/m2] 

Material On hydrophilic surface On hydrophobic surface 

PDMS 49.2 ± 0.3 45.1 ± 0.2 

AKD 65.1 ± 0.4 45.0 ± 0.3 

ASA 60.9 ± 0.6 47.9 ± 1.0 

 

 

4.3.2 Correlation between contact angle and contact mechanics 

 

The values from the contact mechanics measurements were compared with the results 

obtained earlier [I] from the contact angle study. Supplementary contact angle 

measurements were done with AKD and PDMS in air in order to have a full set of 

data for comparison with the contact mechanics results. These measurements were 

done as described earlier for ASA. The values of the work of adhesion determined 

from both contact angle measurements and contact mechanics measurements 

(MAMA) are presented in Figure 27. 
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Figure 27. Work of adhesion of PDMS, ASA, and AKD on different surfaces 

determined from contact angle and MAMA measurements. 

The correlation between contact angle and JKR methods was found to be satisfactory 

(the results obtained agreed with each other within experimental error for all six 

studied systems), and thus the choice of preferred method can be made depending on 

the system to be investigated. Since both contact angle and JKR techniques are 

applicable to measuring adhesion on macroscopic scale surfaces and they were found 

to be effective tools for adhesion studies of hydrophobizing agents, they will both be 

very useful in studying interactions, not least the ones affecting fouling, that are of 

great interest in different applications related to papermaking. 

 

In addition to MAMA measurements, colloidal probe experiments provided findings 

similar to those made based on contact angle measurements. It was for example 

demonstrated that adhesion in aqueous solution was clearly lower than in air [III]. 
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4.4 Contamination of paper machine materials by ASA 
 

The more detailed results presented in this chapter can be found in Paper V. 

 

4.4.1 Contamination testing 

 

Contamination testing was done using two different polyurethane materials in five 

different chemical environments presented in Table 5. 

 

Photographs taken from the contaminated polyurethane press felts showed that clear 

visible differences in fouling tendencies can be observed depending on the chemical 

environment in which the testing was performed. Photographs of the clean and 

contaminated polyurethane press fabrics are presented in Figure 28. From the visual 

inspection it was concluded that the combination of ASA and PCC formed more 

deposits than using PCC alone and that adding CaCl2 caused more contamination than 

using ASA alone, especially at the high pH (8.5). 

Table 5. Chemical environments used in contamination testing 

Environment ASA emulsion Chemical addition pH 

A 1.5 % ASA - 8.5 

B 1.5 % ASA 1.5 % dispersed PCC 8.5 

C 1.5 % ASA 100 mM CaCl2 8.5 

D 1.5 % ASA 100 mM CaCl2 4.0 

E - 1.5 % dispersed PCC 8.5 
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Figure 28. Photographs of clean and contaminated polyurethane samples, 

clean press fabric materials are shown on the left and the ones contaminated 

in different environments then from left to right. Some digital adjustment of 

photograph brightness and contrast was done to improve visibility of different 

tones. Material PU1 on the top, PU2 on the bottom. 

To be able to evaluate the contamination in more detail, XPS spectra of contaminated 

PU2 surfaces were determined. Spectra are presented in Figure 29 and the atomic 

concentrations of selected components, calculated from the wide area and high 

resolution C1s XPS spectra, in the surface of sample PU2, are shown in Table 6. The 

carbon component with only one oxygen bond (called C(CO)) and silicon were 

addressed as “substrate markers”, while two others were probing the amount of 

contamination: carbon without adjacent oxygen, the most common carbon 

contamination species, was chosen for organic contamination, and the sum of 

inorganic metals (excluding Si) and carbonate were summed up for the marker in 

inorganic contamination. All the markers are given in atomic intensities relative to the 

original, clean PU2 surface. 
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Figure 29. XPS spectra of material PU2, recorded after contamination 

experiments in different conditions, (A) ASA, pH 8.5 (B) ASA & PCC, pH 8.5 

(C) ASA & CaCl2, pH 8.5 (D) ASA & CaCl2, pH 4.0 (E) PCC, pH 8.5. Inserts 

show high resolution spectra of the C1s peak. 
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Table 6. Atomic concentrations (in atom % of total) of selected components in 

the surface of sample PU2, indicating substrate and contamination, obtained 

from wide area and high resolution C1s XPS spectra 

Environment “Substrate markers” “Contamination markers” 

 C2 (C-O) 
in C1s 

Si C1 (C-C) 
in C1s 

Inorganic 
Me+CO3 

Clean 1.00 1.00 1.00 1.00 

ASA pH 8.5 0.72 0.72 1.09 1.52 

ASA&PCC  pH 8.5 0.27 0.38 1.46 2.96 

ASA&CaCl2 pH 8.5 0.35 0.70 1.28 2.42 

ASA&CaCl2 pH 4.0 0.42 1.02 1.27 1.16 

PCC pH 8.5 0.47 0.42 0.87 9.49 

 

From Figure 29 and Table 6 it is obvious that addition of calcium results in significant 

changes in surface composition. Using ASA emulsion alone did not result in 

significant changes, neither was the use of only PCC found to be particularly 

detrimental. 

 

When ASA and PCC were used together the C/O ratio calculated from XPS results 

increased to 4.7 (from 3.1 of clean PU2 surface), while using only PCC resulted in 

C/O ratio of 1.9. This indicates that ASA covered the PCC. It has been earlier shown 

by Colasurdo and Thorn (1992) that remarkable amounts of Alkyl ketene dimer 

(AKD) can be found on PCC. Thus, it is reasonable to assume that there, indeed, 

could be significant interaction between ASA and PCC as well. 

 

Also, when ASA and PCC were used together, the amounts of C-O and Si, marking 

the clean surface, were drastically decreased and an increase in amounts of C-C and 

metals was observed (Figure 29B and Table 6). These contamination trends could also 

be seen when ASA was used in combination with CaCl2 (Figures 29C and 29D). It 

was also found that at pH 8.5 the total amount of metals was clearly higher than at pH 

4.0 and that the amount of Si on the surface decreased. An obvious explanation is that 

these differences are directly associated with the formation of metal soaps, as a 

consequence of the hydrolysis and dissociation of ASA, and the fact that these 

compounds covered the polyurethane surface. 
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The contaminated surfaces were also analyzed by FTIR. Features indicating the 

formation of calcium soaps were found in the spectra recorded from the surfaces 

contaminated in conditions of ASA & PCC and ASA & CaCl2, pH 8.5 [IV]. To verify 

that these peaks were really associated with the used environments, model 

experiments were carried out. These showed features similar to the spectra of 

contaminated polyurethanes and, thus, strongly support the reasoning. Thus, it was 

concluded that since IR techniques are readily applicable for on-line measurements, it 

might be possible to develop a measuring system forewarning about detrimental 

contamination build-up before severe runnability problems are encountered. 

 

4.4.2 Correlation between fundamental laboratory experiments and the 

laboratory deposition tester 

 

The results obtained in the contamination testing showed features similar to those 

observed in fundamental laboratory experiments [II]. It was, for example, observed 

that at pH 8.5 the total amount of metals, detected by XPS, was clearly higher than at 

pH 4.0 and also that the surface was more covered. These differences were associated 

with the formation of metal soaps and strongly support the findings, based on the 

contact angle measurements, of the combined detrimental effect of high pH and 

calcium.  

 

It also appeared that at pH 8.5 when ASA and CaCl2 were used, a difference in 

contamination between surfaces PU 1 and PU 2 was not detectable, whereas under 

conditions not so prone to calcium soap formation, some differences could be seen. 

This supports the contact angle results, which showed that when there is CaCl2 

present at high pH the surface no longer determines the contamination behaviour [II]. 
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5 CONCLUDING REMARKS 
 

It was demonstrated in this research that the spreading and adhesion of both AKD and 

ASA on hydrophilic materials in aqueous environment – excluding the high pH, high 

ion concentration circumstances – is almost negligible compared to the adhesion on 

hydrophobic materials. When measured in air, the adhesion is higher (than in water) 

on an overall basis, and on hydrophobic materials the adhesion is somewhat smaller 

than on hydrophilic materials. 

 

The hydrolysis of ASA molecules at the liquid-liquid interface is very fast. Ca2+ -ions 

had a markedly larger influence on the spreading and adhesion of ASA than pH. 

Furthermore, the outcome of combining high pH and calcium is even more 

remarkable; under such circumstances significant changes occur in the spreading of 

ASA on both hydrophilic and hydrophobic surfaces and the nature of the surface does 

no longer have any effect on the spreading of ASA. This suggests that surface 

contamination cannot be avoided in these conditions by just choosing the right surface 

chemistry. The composition of ASA or the formulation of ASA emulsions should be 

changed. 

 

New model surfaces of AKD and ASA created in this research were found to be 

useful in further studying the adhesion and the hydrolysis reactions; they can be used 

in contact mechanics adhesion measurements, and were also valuable in explaining 

the inconsistency observed in the spreading of ASA. The results obtained using the 

model surfaces verified that the hydrolysis of ASA molecules at the liquid-liquid 

interface is very fast and leads to erroneous interfacial tension results. 

 

The correlation between contact angle and contact mechanics methods to measure 

adhesion was found to be adequate, and thus the choice of preferred method can be 

made depending on the system to be investigated. Since both contact angle and 

contact mechanics techniques are applicable to measuring adhesion on macroscopic 

surfaces, they will both be very useful in studying interactions that are of great interest 

in different phenomena, not least the fouling, related to papermaking. 
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The results from the contamination testing showed similar features to those observed 

in fundamental laboratory experiments; the formation of deposits seems to be 

particularly troublesome when ASA is used concomitantly with precipitated calcium 

carbonate (PCC) or calcium chloride (CaCl2) at neutral or slightly alkaline pH. It was 

demonstrated that the laboratory contamination tester offers the possibility of direct 

connection of fundamental interaction studies to mill scale applications in 

contamination testing.   

 

During this research, it became very clear that surface force measurements of ASA, 

also by using solid model surfaces, are very difficult, if not impossible, in aqueous 

environment. This is due to the high hydrolysis rate of ASA. Reactivity was not the 

primary matter of study here, but as it, time after time, proved to have a key role in the 

behaviour of ASA, this is a very interesting field of further study. The contact angle 

measurements performed on ASA model surfaces indicate that it might be possible to 

e.g. assess the hydrolysis rate issues through a set of contact angle measurements. 

 

Based on the results presented in this study, recommendation to choose surface 

materials that stay hydrophilic as consistently as possible for paper machine wet end 

applications can be given. In places where wet and dry conditions vary with time, 

materials with desired surface chemistry and improved topography could be used 

because of lower adhesion values of fouling substances on these surfaces also in dry 

conditions. 

 

As suggested in the objectives of this study, the results obtained should be applicable 

not only for AKD and ASA, but also broader. The findings of adhesion behaviour are 

believed to be of importance when the adhesion of any hydrophobic organic 

compound to surfaces of different hydrophilicity/hydrophobicity is of interest. 

However, it must be kept in mind that reactivity, such as seen here especially for 

ASA, can also have a major contribution. 
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