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Abstract 
 
The aim of this thesis work was to gain understanding of the interactions between talc mineral 
and surfaces, liquids and chemicals relevant for industrial applications, such as pulp and 
paper. Talc is used in the pulp and paper industry as a filler pigment, in control of pitch 
(lipophilic extractives) deposits and as a coating pigment. A deeper understanding of talc 
interactions will be beneficial in optimizing its use.  
 
Long-range attractive interactions between talc and hydrophobic model probes, as well as 
pitch probes, have been measured using the atomic force microscope (AFM) colloidal probe 
method. Two procedures for preparation of pitch colloidal probes were developed to allow 
these studies. Model hydrophobic, nanorough surfaces with surface energy characteristics 
similar to talc have also been prepared and their interactions with hydrophobic model probes 
compared to interactions between hydrophobic model probes and talc. It is demonstrated that 
talc mineral interacts with model hydrophobic particles, as well as with pitch, by long-range 
attractive forces, considerably stronger than the expected van der Waals force. The possible 
origin of the measured interaction forces is discussed, and the conclusion is that the main 
cause is an attractive capillary force due to formation of a gas/vapor capillary between the 
surfaces. Force measurements using model hydrophobic, nanorough surfaces show that a 
large-scale waviness does not significantly influence the range and magnitude of the capillary 
attraction, but large local variations in these quantities are found. It is demonstrated that a 
large variation in adhesion force corresponds to a small variation in local contact angle of the 
capillaries at the surfaces. The nature of the surface topographical features influences the 
capillary attraction by affecting the local contact angle and by pinning of the three-phase 
contact line. The effect is clearly dependent on the size of the surface features and whether 
they exist in the form of crevices or as extending ridges. Entrapment of air also affects the 
imbibition of water in pressed talc tablets. 
 
The effects of wetting and dispersion agents on the interactions between talc and hydrophobic 
probes have also been investigated. It is demonstrated that a common dispersing agent used 
for talc, poly(acrylic acid), does not affect the capillary attraction between talc and non-polar 
probes. In fact, the results strongly suggest that poly(acrylic acid) does not adsorb on the basal 
plane of talc. From this finding it is inferred that the stabilizing effect of this additive most 
likely is due to adsorption to the edges of talc. In contrast, a wetting agent (the non-ionic 
triblock copolymer Pluronic PE6400) removes the long-range capillary attraction. It is 
suggested that such an ability to replace air at the talc surface is of great importance for an 
efficient wetting agent. 
 
The Hamaker constant for talc has also been estimated by using optical data obtained from 
spectroscopic ellipsometry. It is demonstrated that a nanocrystalline talc mineral, cut in 
different directions displays very small differences in Hamaker constant between the different 
crystallographic orientations, whereas a microcrystalline sample displays a significantly 
higher value. The estimated Hamaker constants are discussed for different material 
combinations of relevance for the pulp- and paper industry, such as cellulose and calcium 
carbonate.   
 
Key words: Talc, surface forces, capillary attraction, hydrophobic interaction, pitch control, 
wetting agent, dispersing agent, adsorption, imbibition, absorption, permeation, atomic force 
microscopy, colloidal probe, Hamaker constant, surface roughness, nanostructure. 
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Sammanfattning  
 
Målet med detta avhandlingsarbete var att öka förståelsen för interaktioner mellan talkmineral 
och ytor, vätskor och kemikalier relevanta för industriella applikationer, såsom papper och 
massa. Talk används i pappers- och massaindustrin som fyllmedel, för kontroll av hartsrika 
(lipofila extraktivämnen) avsättningar och som bestrykningspigment. En djupare förståelse för 
talkinteraktioner kommer att vara användbart för att optimera dess användning. 
 
Långväga attraktiva interaktioner mellan talk och hydrofoba modellpartiklar, såväl som 
mellan talk och hartspartiklar, har uppmätts med hjälp av atomkraftsmikroskopi (AFM) 
genom att fästa kolloidala partiklar på kraftsensorn. Två metoder för att framställa partiklar 
gjorda av harts har utvecklats för att möjliggöra dessa studier. Hydrofoba, nanostrukturerade 
modellytor med ytenergier liknande de för talk har också tillverkats och deras växelverkan 
med hydrofoba modellpartiklar har jämförts med dem mellan talk och hydrofoba 
modellpartiklar. Studierna visar att talkmineral växelverkar med hydrofoba modellpartiklar, 
såväl som med harts, genom långväga attraktiva krafter som är betydligt starkare än den 
förväntade van der Waals kraften. Möjliga orsaker till de uppmätta växelverkanskrafterna 
diskuteras och slutsatsen blir att huvudorsaken är en attraktiv kapillärkraft som uppkommer 
genom att en gas-/ångkapillär bildas mellan ytorna. Kraftmätningar gjorda med hydrofoba 
nanostrukturerade modellytor visar att en storskalig vågighet inte nämnvärt påverkar storleken 
av kapillärattraktionen, men stora lokala variationer existerar. Det demonstreras att en stor 
variation i adhesionskraft motsvaras av en liten variation i lokal kontaktvinkel för kapillärerna 
på ytorna. Ytornas topografi påverkar kapillärattraktionen genom att påverka den lokala 
kontaktvinkeln samt genom att trefaskontaktlinjen inte kan röra sig fritt över ytan. Effekten är 
tydligt beroende av huruvida ytojämnheterna existerar i form av nedsänkningar eller 
upphöjningar. Instängd luft påverkar också pressade talktabletters uppsugningsförmåga av 
vatten. 
 
Vätnings- och dispergeringsmedels inverkan på växelverkan mellan talk och hydrofoba 
partiklar har undersökts. Resultaten visar att ett vanligt dispergeringsmedel för talk, 
polyakrylsyra, inte påverkar kapillärattraktionen. I själva verket tyder data på att 
polyakrylsyra inte adsorberas på talks basalplan. Utifrån dessa resultat dras slutsatsen att 
polyakrylsyra stabiliserar talkdispersioner genom att adsorbera på talkkanterna. Ett vanligt 
vätmedel (nonjonisk triblock sampolymer Pluronic PE6400) tar å andra sidan bort långväga 
kapillärattraktion. Detta antyder att egenskapen att ersätta luft på talkytan är av stor betydelse 
för effektiva vätmedel. 
 
Hamakerkonstanten för talk har uppskattats genom att utnyttja optiska data från 
ellipsometrimätningar. Det demonstreras att ett nanokristallint talkmineral kapat i olika 
riktningar uppvisar mycket små skillnader i Hamakerkonstant mellan de olika 
kristallografiska orienteringarna, medan ett mikrokristallint prov uppvisar ett betydligt högre 
värde. De beräknade Hamakerkonstanterna diskuteras för olika materialkombinationer 
relevanta för pappersindustrin, såsom cellulosa och kalciumkarbonat.  
 
 
Nyckelord: Talk, kapillärattraktion, ytkrafter, hydrofob växelverkan, hartskontroll, 
vätningsmedel, dispergeringsmedel, adsorption, uppsugning, absorption, permeabilitet, 
atomkraftsmikroskopi, kolloidal partikel, Hamakerkonstant, ytråhet, nanostrukturerad yta. 
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Summary of papers 
 
The interaction between cleaved talc surfaces and hydrophobic probe particles, silanized 
silica and thiolized gold (Paper I): A method for atomic force microscopy (AFM) colloidal 
probe measurement between talc and model hydrophobic surfaces was established. The talc 
surfaces used in this study, in the [001] plane, show a micro roughness with sharp peaks of up 
to 3 nm in height. The main finding is that the force profiles obtained demonstrate the 
predominance of a long-range attractive force with a large variability in range and magnitude. 
The variability of the attractive force, and the frequent observations of clear steps in the force 
curve suggest that it is caused by gas/vapor cavities bridging the surfaces once the surfaces 
are brought sufficiently close together – i.e. that the attraction is a capillary force. The results 
also imply that the same mechanism is of importance in applications where talc is used as a 
collector for pitch. 
 
Interaction forces between talc and pitch (Paper II):  Colloidal and extractable wood resin 
components present in pulp, collectively called “pitch”, are used as probes for force 
measurements with talc. The presence of pitch may cause severe problems during 
papermaking due to deposits in and on the paper machine. There is thus a need for controlling 
pitch aggregation and adsorption. In order to be able to develop more efficient pitch control 
systems one needs to develop the understanding of pitch-pitch interactions, and of the 
interactions between pitch and other materials. With this general goal in mind, methodologies 
for preparing geometrically well-defined pitch particles attached to AFM tips were developed. 
Model pitch particles consisted of one component only (abietic acid), a mixture of 
components (collophonium), as well as particles prepared from real pitch deposits. The main 
finding is that the forces acting between pitch and talc are attractive, and, once initial 
approach is made, this attraction is exerted out to large distances of separation. The range of 
the interaction is similar to that found for the model hydrophobized probes used in Paper I. 
Further arguments that the formation of bridging air bubbles or cavities are responsible for 
this interaction are presented. 
 
Fluid transport in compacted porous talc blocks (Paper III): A method for the compaction 
of talc powder into tablets with a preferred orientation of the platelets was developed. The 
tablets were obtained with different controlled porosity depending on pressing methods and 
applied pressure. Tablets with and without additives were produced. The main finding is that 
the orientation of the high aspect ratio platy talc, the surface chemistry imparted by the 
additives, and the nature of the transported fluid influence the imbibition and permeation 
rates. Non-polar hexadecane displays a higher imbibition and permeability than water for all 
particulate orientations during short timescale absorption, likely due to the oleophilic nature 
of talc, and thus a more complete filling of the pores for non-polar liquids is to be expected. 
At longer timescales water is imbibed either at a similar rate to hexadecane or faster 
depending on the surface chemistry generated by additives leading to hydrophilicity. The 
swelling of the added polymers used to create wettability leads to break-up of the structure 
and exposure of hydrophilic surfaces for more rapid imbibition. Furthermore, dispersing 
agents tend to contribute to the blocking of pores and throats in the swollen state, and so a 
limitation in total imbibed volume occurs. The permeability under pressure is also inhibited 
by additives, which supports the suggestion of partial blockage of the pores and throats. When 
the individual talc crystal c axes, defining the perpendicular direction to the [001] planes, are 
oriented 90° to the primary average liquid flow direction, imbibition and permeation of 
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wetting liquid are increased. This is suggested to be due to decreased tortuosity, provided the 
liquid is wetting the oriented edge surfaces.  
 
Influence of the dispersing agent polyacrylic acid and the wetting agent Pluronic PE 
6400 on the interaction forces between talc and hydrophobic particles (Paper IV): The 
interactions between a natural talc surface and a model hydrophobic particle were investigated 
in aqueous solutions by employing the AFM colloidal probe technique. The main focus was 
on the influence of wetting and dispersing agents on the long-range capillary attraction. Due 
to the natural heterogeneity of talc, and the stochastic nature of the bubble bridging process, 
the variability in the range and magnitude of the attraction is larger compared to when other 
interactions predominate or when molecularly smooth model surfaces are used. Addition of 
poly(acrylic acid), a common dispersing agent, did not affect the measured forces. Thus, it is 
concluded that poly(acrylic acid) does not adsorb to the basal plane of talc. In sharp contrast, 
addition of Pluronic PE6400, a nonionic triblock polymer used as wetting agent, resulted in 
complete removal of the capillary attraction. Instead, a short-range steric repulsion is the 
dominating feature. Clearly, Pluronic PE6400 is able to displace air bubbles from the surface 
and prevent their formation when the particles come into contact. This is suggested to be an 
important feature of efficient wetting agents. 

 
Influence of surface topography on adhesive and long-range capillary forces between 
hydrophobic surfaces in water (Paper V): The interactions between a hydrophobic probe 
particle and surfaces with nanoscopic surface features were investigated. The surfaces were 
prepared by spin-coating of nanoparticles and by polishing. The surface topography was 
characterized by AFM, using the methods of high-resolution imaging, low-resolution imaging 
using the probe particle, and by the rolling ball method. The spin-coated surfaces can be 
characterized as nanostructured, due to the high density of nanoparticles that on a short length 
scale provides a regular pattern of crevices and hills. On these surfaces a larger waviness is 
also distinguished. In contrast, the polished surfaces display sharp nanoscopic peaks and 
hardly any crevices. The main finding is that in all cases the dominant force at short 
separations is a capillary attraction due to the formation of an air/vapor condensate. The 
measurements show that the large-scale waviness of the surface does not significantly 
influence the range and magnitude of the capillary attraction, but large local variations in 
these quantities are found. The large variation in adhesion force corresponds to a small 
variation in local contact angle of the capillary condensate at the surfaces. The report 
discusses how the nature of the surface topographical features influences the capillary 
attraction by influencing the local contact angle and by pinning of the three-phase contact 
line. The effect is clearly dependent on whether the surface features exist in the form of 
crevices or as extending ridges. 
 
Hamaker constants for talc minerals using spectral ellipsometric data (Paper VI): 
Refractive indices over a large wavelength span for talc minerals of different crystallinity and 
origin were measured using spectral ellipsometry. From the resulting data, more accurate 
determinations of Hamaker constants than previously reported or otherwise possible from 
literature data were calculated. It is reported that nanocrystalline talc mineral, cut in different 
directions, displays very small differences in Hamaker constant between the different 
crystallographic orientations (from 1.7 to 1.9.10-20 J), whereas a microcrystalline sample 
displays a significantly higher value (4.2.10-20 J). The difference is explained by a significant 
difference in the refractive index of talk from different sources. Implications for the use of 
talc as a pitch control agent, in the action of wetting and dispersing additives used as 
processing aids, and in combination with cellulose, calcite and polystyrene are discussed.  



 ix

Preface   
 
Talc is used in the paper industry as filler, a coating pigment and as a pitch adsorber. In order 
to optimize its use and understand its effect, the fundamental forces involved in its 
interactions with surfaces and liquids relevant for its applications need to be known. Chapter 1 
begins with mineralogical facts about talc as well as physical properties and areas of use,  
followed by short descriptions of some theories of interaction forces between surface, as well 
as relevant formulas describing fluid transport in porous media. The main focus in this chapter 
is on the history of and proposed explanations of the “hydrophobic long-range interaction 
force”. Chapter 2 describes the instruments and materials used in the work presented in this 
thesis, with the main focus on the Atomic Force Microscope. The results and discussions 
around the findings are presented Chapter 3, followed by conclusions and some ideas for 
future studies in Chapter 4.  
 



1 Introduction 
 

1.1 Talc 
 

1.1.1 Mineralogy and occurrence 
 
Talc, with the chemical formula Mg3Si4O10(OH)2, is the softest mineral on earth1. It defines 
number 1 on Mohs scale of hardness, which ends with diamond as number 10.2 The reason for 
its softness stems from its chemical structure (Figure 1), which consists of a magnesium based 
octahedral layer sandwiched between silica rings through shared oxygen atoms2. Because 
both sides of this structure expose an oxide surface, individual talc platelets are held together 
only by weak van der Waals forces. Sliding and delamination are therefore relatively easy, 
giving talc its characteristic soft, slippery feel. 
 

 

 
 
Fig.  1 The crystal structure of pure talc 

Talc is a metamorphic mineral resulting from the transformation of magnesia minerals such as 
pyroxene, amphibole, olivine and other similar minerals in the presence of carbon dioxide and 
water under the effect of geothermal activity1, 3. This is known as talc carbonation or 
steatization and produces a suite of rocks known as talc carbonates3. This type of talc deposit 
is common in Vermont, Quebec and Finland and has magnesite and chlorite as accessory 
minerals4. Other minerals that are commonly associated with talc are tremolite, dolomite, 
quartz, calcite, forsterite and serpentine5. 

The color of talc can vary between different sources, depending on the accessory minerals. 
The differences in color depends on the presence of metals, for example iron which causes a 
green color, chromium, which causes a pink color or manganese which causes an orange-red 
color6. Accessory minerals affect the overall hardness, and natural (unpure) talc specimens in 
reality have a Mohs’ hardness number closer to 2. 

Talc is a lamellar mineral that mainly occurs as broad columnar, stalked or spiky aggregates 
or masses. Talc found as platelets or crystals is rare6. Some physicochemical data of talc are 
provided in Table 1. 
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Table 1. Some physical and chemical data for talc 
 

Density5 2.6-2.8 g/cm3  
Optical refraction6  

� 1.539-1.550 
� 1.589-1.594 
� 1.589-1.596 

Birefringence, �. 6 -(0.050-0.046) 
pH in water4 9.0-9.5 
Thermal stability7 <930°C 
Surface energy as immersion enthalpy1  

In water [�Him] 300-400 mJ/m2 
In n-heptane [�Him] ~100 mJ/m2 

Dielectric constant, �’8 ~3 
Water contact angle9 66-90° 
Brightness1 85-88% 

 

1.1.2 Industrial uses of talc 
 
Since ancient times, soapstones have been employed for carvings, ornaments, and utensils; 
Assyrian cylinder seals, Egyptian scarabs, and Chinese statuary are notable examples5. Today, 
the users of talc in the order of consumption volume are the pulp and paper industry, 
ceramics, plastics, paints, roofing and sealant, cosmetics and pharmaceuticals and 
agrochemicals, followed by several other smaller consumers6. 
 
In the pulp and paper industry talc is used as filler, as a process aid in pulping and de-inking, 
for pitch and stickies control, and as a coating pigment. As a paper filler, talc is used because 
of its good lightness, softness, particle shape, inert properties and low price10. In the 1960’s 
talc started to be used in pitch and stickies control, since it was discovered that it adsorbs on 
pitch and detackifies it, preventing the pitch from agglomerating and attaching to the 
equipment. Furthermore, in the 1980’s talc started to be used as a coating pigment, mainly for 
lightweight coated (LWC) gravure paper11. 
 

1.1.3 Studies on talc interactions 
 
In 1971 Baak et al. investigated the adsorptive properties of talc and its applications to pitch 
control12. In their report, the effectiveness of talc for pitch control is explained by the fact that 
talc is oleophilic and layered. The oleophilicity making it possible to adsorb the pitch and the 
layering leading to the steady creation of new surfaces as the pitch is submitted to friction 
from fibers and other substances in the paper mill. It is stated that talc is a preventative pitch 
controlling agent, which means that it should be added ahead of the spot in the paper mill 
where agglomeration normally occurs. This is due to the fact that talc does not react 
chemically with the pitch, and talc is thus unable to break up agglomerates that have already 
been formed. In their report, Baak et al. show several micrographs of talc covered with pitch 
particles as evidence for pitch adsorption.  
 
In 1973 Gill investigated the control of pitch deposits in pulp mills with talc13. He separated 
the pitch into three types, namely filmy, particulate and agglomerated pitch, which he showed 
on micrographs. A more recent study of adsorption onto talc has been made by Cuba-Chiem 
et al.14 They studied the interaction of carboxy methyl cellulose (CMC) with talc by ATR-
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FTIR, which revealed that the polymer is likely to have two different interactions with talc; a 
stronger interaction with the talc edge through chemical complexation and a weaker 
interaction with the talc basal plane through hydrophobic interaction. ATR-FTIR was also 
used by Chiem et al. for the study of adsorption of low molecular weight polyacrylamide onto 
talc15. Their main finding is that the dominant binding mechanism is hydrophobic interaction 
between the hydrocarbon polymer backbone and the hydrophobic face of talc. 
 
In 1996 an extensive investigation of adsorption of polyacrylic acid (PAA) and PEO-PPO-
PEO surfactants on talc dispersions was performed by Laurila16. Several parameters of great 
importance for talc processing and papermaking applications such as the length of PEO and 
PPO blocks, temperature, pH, ionic strength and concentrations were analyzed. Laurila notes  
that the adsorption occurs in single or multilayers, that PAA can go from single to multilayers 
as a function of both temperature and concentration and that PEO-PPO-PEO adsorbs mainly 
due to hydrophobic character of the PPO blocks. In comparison with the present study, one of 
the main differences is that talc dispersions were studied by Laurila which contains both basal 
planes and edges so the adsorption behavior is here inherently different. 
 

1.2 Surface forces and interaction energies 
 

1.2.1 Derjaguin approximation 
 
Interactions can be discussed in terms of forces or interaction free energies. Between 
macroscopic bodies, the forces are often easier to measure. The force between two spheres is 
related to the free energy of interaction per unit area of two flat surfaces at the same 
separation by the Derjaguin approximation17: 
 

)D(E
RR

RR
2)D(F

21

21
��
�

�
��
�

�
+

= π       (1.1) 

  
Where 

F force between spheres 
D surface separation 
R1, R2 radii of spheres 
E interaction free energy 

 
This equation is valid for any type of force as long as17: 
 

(1) the radius of the spheres is much larger than their separation distance 
(2) the surfaces are non-deformable 
(3) the derivative of the interaction energy with respect to separation is continuous 

 
By assuming that one of the interacting spheres has a very large radius compared to the other, 
we reach the limiting case of a sphere near a flat surface: 
 

planessphere )D(RE2)D(F π=      (1.2) 
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The force between surfaces of a given geometry is related to the free energy of interaction for 
the same geometry as: 
 

     F = − ∂E

∂D
            (1.3) 

 
 

1.2.2 Van der Waals forces 
 
The molecular van der Waals force is the collective name for three long-range interaction 
forces; dispersive (London), orientation (Keesom) and induction (Debye)18, 19, all decaying 
with distance, r, to the power of r-7. The corresponding van der Waals interaction energy 
varies with distance to the power of r-6, and the different contributions are described below. 

 

iodVdW EEEE ++=    (1.4) 

 
Where 

EVdW van der Waals interaction energy 
Ed dispersive energy 
Eo orientation energy 
Ei inductive energy 
 

The dispersion force originates from fluctuating dipoles occurring as electrons travel around 
the nucleus causing a temporary asymmetric charge distribution, generating a short-lived 
electric field, which in turn induces dipoles in the nearby molecules. The dispersion energy 
between two spherical molecules in vacuum is described by the London formula: 
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Where 

�0 permittivity of vacuum (8.854187×10-12 F/m) 
I ionization potential of the molecule 
� electronic polarizability of the molecule 
r separation distance 

 
The London formula can be modified to account for retardation effects occurring at larger 
separation distances: 
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Where 

h Planck’s constant (6.626068 × 10-34 m2 kg/s) 
c light velocity (2.99792458 × 108 m/s in vacuum) 
 



 5 

The orientation force was investigated by Keesom, who developed a formula describing how 
the rotation of permanent dipoles results in an interaction energy between molecules: 
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Where 

k Boltzmann’s constant (1.3806503 × 10-23 m2 kg s-2 K-1) 
T absolute temperature 
� dipole moment 

 
Debye modified the Keesom equation (1.4) to account for dipole–induced dipole interactions: 
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1.2.3 Hamaker constant 
 
The Hamaker constant (A) describes how the properties of two interacting bodies and of the 
intervening medium affect the van der Waals interaction. In the original treatment of 
Hamaker, also called the microscopic approach, the total interaction was calculated by 
assuming pair-wise additivity of the contributions from individual molecules. The Hamaker 
constant was calculated from the polarizabilities and number densities of the atoms in the two 
bodies20. However, there are several limitations to this approach. For example, many-body 
effects are ignored, and the effect of retardation is not included. Later, the theory of Lifshitz21, 
which is more accurate, relaxed these assumptions but the concept of a Hamaker constant was 
retained. Within this theory, the Hamaker constant can be calculated from the dielectric 
properties of the interacting surfaces and the intervening medium. The approximate and non-
retarded Lifshitz formula for material 1 interacting with material 2 across medium 3 is given 
below17.  
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  (1.9) 

 
Where 

�i the static dielectric constant for medium i 
ve the main electronic absorption frequency in the UV region  
 assumed to be the same for all three media (typically 3×1015 s-1) 
ni the refractive index of medium i in the visible region 

 

The first term depends on temperature and results from the Keesom and Debye molecular 
forces, while the second term originates from the London dispersion force. In most cases the 
van der Waals force is attractive, but with some combination of dielectric properties this force 
can be repulsive, and this situation arises when the Hamaker constant is negative. 
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The van der Waals force for a flat surface interacting with a sphere or a macromolecule, 
where the sphere or macromolecular radius is much larger than the surface separation, can be 
calculated by the formula17, 22: 
 

  
2D6

A

R

F −=                     (1.10) 

 
Where 

R sphere radius 
D surface separation 

 

1.2.4 Hamaker constant determination by means of ellipsometry 
 
The dielectric properties of a material can be represented by the complex frequency 
depending function �(�) according to: 
 

)(i)()( ωεωεωε ′′+′=                       (1.11) 
 

Where 
� radial frequency of incident light 
�' real part of the dielectric function representing transmission 
�’’ imaginary part of the dielectric function representing absorption 
 

We note that the value of the dielectric function at real frequencies is a complex number. For 
a transparent material the absorption, k is negligible and the dielectric function is directly 
related to the refractive index according to: 
 

)(n)()( 2 ωωεωε =′=                       (1.12) 
 
A relatively simple expression for the dielectric function was presented by Ninham and 
Parsegian23-25, who introduced the dielectric function at imaginary frequencies, �(i�m). This 
has the mathematical advantage that the value of the function becomes real number, and the 
value of the function varies slowly and continuously over the whole frequency range. For � = 
0, �0 is obtained. Increasing � results in a decreasing value for the dielectric function until � = 
1 is reached as ���. For the Hamaker calculation, only discrete, periodic frequencies are 
included: 
 

)h/kT4(m 2
m πξ =                          (1.13) 

 
Where 

m  integer (0, 1, 2...) 
 

The full Ninham-Parsegian expression for the frequency dependence of the dielectrical 
function includes components from the micro-, infrared-, visible- and ultraviolet- parts of the 
spectrum. Since for most materials, the contributions from the IR, visible and UV regions are 
dominating, the Ninham-Parsegian expression can be simplified to: 
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Where 

�IR, �UV characteristic absorption frequencies in the infrared and ultraviolet 
regions, respectively 

CIR, CUV oscillator strengths for �IR and �UV 
 

If the IR-values are known, then CUV and �UV  can be calculated according to the Cauchy 
equation25: 
 

[ ] UV2
UV

2
22 C1)(n1)(n +−=−

ω
ωωω           (1.15) 

 
This equation treats real, measurable data and a “Cauchy plot”, of [n2(�)-1] as a function of 
[(n2(�)-1)�2] gives a straight line with the intercept CUV and the slope �UV

-2. 
 
The interaction energy for material 1 interacting with material 2 across medium 3 can 
according to the Lifshitz theory be expressed as21, 25, 26: 
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Where 

y the integration variable introduced by Lifshitz21 
D separation between the surfaces 
 

The prime on the first term indicates that the m=0 (the static contribution) is given half 
weight. The difference in dielectric function, 	kl is defined as: 
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From these equations, an analytical approximation of the Hamaker constant can be calculated 
as26: 
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1.2.5 Contact angle 
 
A drop of a liquid on a solid displays a contact angle (
) as illustrated in Figure 2. This angle 
is a measure of the interaction between the liquid, the surface and the surrounding gas phase, 
as described by the Young equation: 
 

sllvsv cos γθγγ +=                    (1.19) 

 
 
Where 

�sv surface free energy of the solid in contact with the vapor 
�lv surface free energy of the liquid in contact with its vapor 
�sl surface interfacial free energy of the liquid-solid interface 

 
A water droplet on a hydrophilic surface in air will display a low contact angle, the lowest 
possible one is zero degrees and represents total wetting. A similar droplet on a very 
hydrophobic surface will be almost spherical, displaying a contact angle of up to close to 
180°. Figure 2 displays the difference between two such cases. 
 

 
Hydrophobic 

surface 
Hydrophilic 

surface 
 
Fig.  2 Water contact angles on a hydrophobic and a hydrophilic surface. 
  
Equations describing contact angles normally assume that the droplet contains the liquid 
phase and that the surrounding gas medium is saturated with vapor. Since the three phases 
involved in the formation of a contact angle can be any non-mixing substances, this fact is 
important to keep in mind when dealing with other systems. For example, for the case of an 
air bubble attached to a hydrophobic surface immersed in a liquid, the liquid phase is the 
surrounding medium and the vapor phase is the “droplet”. 
 

1.2.6 Surface energy 
 
According to the van Oss’ approximation, the surface energy of a solid is the sum of two 
parts; an apolar term that takes into account the Lifshitz-van der Waals interaction, and a 
polar term that includes the Lewis acid-base interactions based on electron donor and acceptor 
capabilities27: 
 

  AB
S

LW
SS γγγ +=                     (1.20) 

 
Where 

LW
Sγ  apolar part of surface energy of solid 
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AB
Sγ  polar part of surface energy of solid 

 
The apolar part of the surface energy can be calculated from the surface-air-surface Hamaker 
constant using the relation: 

 

2
0

LW
S

l24

A

π
γ =                       (1.21)

     
Where 

l0 minimum surface separation (~0.165 nm)17 
 

LW
Sγ  can also be determined from the contact angle of a droplet of an apolar liquid on the 

solid surface using the Young-Dupré formula28: 
 

LW
LV

LW
S

LW
LV

LW
A 2)cos1(W γγθγ =+=                       (1.22) 

 
Where 

LW
AW  apolar component of the work of adhesion 

LW
LVγ  apolar component of the surface tension of liquid 


 contact angle 
 
For apolar liquids LVγ = LW

LVγ . For polar liquids Equation 1.22 is modified to read29: 

 
AB

A
LW

ALVA WW)cos1(W +=+= θγ                      (1.23) 

 
Where 

WA total work of adhesion 
AB

AW  polar component of the work of adhesion 
 

1.2.7 Double-layer forces 
 
A charged surface immersed in an electrolyte solution will accumulate a diffuse ion cloud of 
oppositely charged ions adjacent to the particle surface and repel similarly charged ions. The 
thickness of the electrical double layer, often discussed in terms of the Debye-length, is a very 
important parameter, which determines the range of the double-layer interaction30. The Debye 
length, �-1, is determined by the valency and concentration of ions in bulk solution: 
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Where 

e electronic charge 
n concentration of ions 
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zi valency of ions 
 

The double-layer interaction between two charged particles in a liquid results from the 
increase in ionic concentration in the region where their electrical double layers overlap. The 
resulting double-layer free interaction energy per unit area between flat surfaces can be 
calculated from the Poisson-Boltzmann equation, which for small surface potentials and large 
separations can be simplified to: 
 

)Dexp(R2)D(E 2
00DL κψεεπ −=    (1.25) 

 
Where 

0 surface potential 
D distance between particles 
 

In the calculations presented in this thesis work we used exact numerical solutions to the non-
linear Poisson-Boltzmann equation to calculate the double-layer force. 
 

1.2.8 DLVO theory 
 
The van der Waals interaction in combination with the double-layer interaction is the 
foundation for the DLVO (Derjaguin Landau Verwey Overbeek)  theory31 where the total 
interaction energy is calculated as the sum of van der Waals interaction and the electrical 
double-layer interaction:  
 

DLVdWT EEE +=                       (1.26) 

 
There are some important assumptions in the DLVO theory17, 32: 
 

(1) The surfaces are assumed to have a uniform surface charge density, which is a very 
good approximation at large surface separations. 

(2) The solvent is seen as a continuum, i.e. the molecular nature of the solvent is 
neglected. 

(3) The solvent only exerts influence via its dielectric constant, i.e. there are no non-
electrostatic interactions between ions and solvent. 

(4) The ions are regarded as point charges, i.e. their size is neglected. 
(5) Ion-ion correlation effects are neglected, i.e. only the mean concentration of ions is 

considered and not the spatial correlation between negatively and positively charged 
ions. 

(6) Normally, image charge effects are neglected. Such effects will contribute to the short-
range interactions between ions and surfaces. The neglect of this effect is equivalent to 
assuming that the surface has the same dielectric constant as the solvent. 

 

1.2.9 Steric interactions 
 
Adsorbed layers, especially of large molecules such as polymers, can play an important role 
in aggregation and deposition phenomena31. In the case of large adsorbed amounts, polymers 
can enhance the stability of colloidal particle dispersions. Block copolymers or grafted 
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polymers are attached preferentially with one chain end to the surface of the particle and 
extend the other end into the liquid medium. These chains will, as the particles approach each 
other in a good solvent, repel each other since their conformational freedom will be reduced. 
This phenomenon is called steric stabilization. Since the effective Hamaker constant for the 
adsorbed layers is rather low due to that they contain a large amount of solvent, the van der 
Waals attraction between the layers is low. The most important factors determining the degree 
of steric stabilization is the thickness of the adsorbed layer relative to the particle size, the 
adsorbed amount, and the solvent quality. 
 
Interaction energies as a function of separation due to steric interactions between two surfaces 
with adsorbed polymers in an extended brush conformation in a good solvent, can be 
described by the scaling theory derived by de Gennes33. By using the relationship in equation 
1.3 and the Derjaguin approximation the interaction force between a sphere and a flat surface, 
both carrying polymer brush layers becomes34: 
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Where 

L thickness of each brush layer 
s the distance between anchoring points on the surface 
D separation between the surfaces 
 

When the amount of adsorbed polymer is low, one polymer can become attached to two 
particles, causing polymer bridging. This phenomenon can cause flocculation in a colloidal 
particle dispersion and is widely used in many industrial applications31. 
 

1.2.10 Interaction forces between hydrophobic surfaces 
  
The magnitude of the interaction forces as a function of distance between two hydrophobic 
surfaces in aqueous solutions was first measured by Israelachvili and Pashley in 198235. They 
reported the measured interaction to have the same range as the van der Waals dispersion 
force, but being an order of magnitude stronger. After this first report many authors have 
observed long range attractive forces between hydrophobic surfaces36-44. Because of the large 
number of observations with varying force magnitudes and ranges, several mechanisms for 
the hydrophobic force have been proposed as displayed in Table 2. 
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Table 2. Summary of suggested explanations for the long-range attraction between non-polar macroscopic 
surfaces in water. 
 
Mechanism Supporting observations Non-supporting observations 
Water structural effects45-48 
 

• Birefringence of water 
interlayers in Na 
montmorillonite shows an 
ordered water structure49 

• Suggested mechanism for the 
hydrophobic interaction between 
non-polar molecules50 

 

• Fails to explain the long range 
of the interaction forces between 
macroscopic surfaces.  

• Predicts identical decay for all 
hydrophobic surfaces – not 
always observed51 

• Measurements show 
solvophobic interactions in 
other solvents than water52 

 

 
Electrostatic fluctuations  
Solvent and electrolyte fluctuations 
between surfaces53-57 
 

• Some measured interactions 
decays with separation with a 
decay-length equal to twice the 
inverse Debye length of the 
electrolyte48, 58-60 

 

• Predicts a correlation between 
salt concentration and range of 
interaction forces – not always 
observed37, 51, 61-63 

• Long-range hydrophobic 
interactions have been measured 
between solvophobic surfaces in 
non-polar liquids52 

• Does not explain the large 
variations in measured strength 
and distance for the 
hydrophobic force 

 

 
Dissolved gas 
Bridging gas bubbles61, 64 
 

• Observations of nano-sized gas 
domains at the hydrophobic 
surface/water interface. By 
AFM65-69 and cryofixation70  

• Degassing prior to measurement 
lowers the magnitude of 
interaction forces and removes 
/reduces visible nano-sized 
domains61, 65, 66, 71 

• Discontinuous steps in force 
curves72 and repulsion prior to 
jump-in52, 71-74 

• Variability in the jump in 
separation and between approach 
and retraction72, 75 

• Increased amount of gas on 
surface increases the attractive 
force76  

• Calculations indicate that stable 
bubble attachment to an ideal, 
molecularly smooth solid 
surface at constant potential will 
occur if there is a gas in and 
outflux77 

 

• Forces after degassing are still 
higher than expected by van der 
Waals – double layer 
interactions78  

• Calculations indicate that stable 
bubble attachment to an ideal, 
molecularly smooth solid 
surface at constant potential will 
not occur79 

• X-ray studies indicate a gap at 
the hydrophobic surface/water 
interface, not caused by gas 
bubbles80 

• Optical ellipsometry indicates 
no air film and very large bubble 
separation if bubbles are present 
on the surface at all81, 82 

• Conductance measurements 
indicate that the thickness of a 
potential vapor layer is less than 
0.25nm83 
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Hydrodynamic force 
(promoted by gas bubbles) 
 

• Drainage of water from the gap 
between approaching surfaces, 
due to a molecular slip caused 
by lowered viscosity at the 
solid/liquid interface84-86 

 

• Measurements show no 
correlation between speed of 
approach and measured 
interaction force74 

 
Surfactant/contamination 
Adsorption-desorption equilibrium 
 

• When soluble surfactant is 
present the range of the 
measured interaction force have 
been observed to depend on its 
concentration87, 88 

• Nanostructures observed on 
hydrophobic surfaces could be 
contamination and not bubbles89 

• The presence of a depletion 
layer measured by neutron 
reflectivity depends on sample 
preparation90 

 

• Interaction forces measured 
between two inert hydrophobic 
surfaces without the presence of 
soluble surfactants show a long-
range interaction force75 

 

 
Cavitation 
Spontaneous nucleation of a vapor 
phase (cavitation), due to a 
decreased water density between 
two hydrophobic surfaces36, 48, 91, 92 
(sometimes suggested to be 
promoted by gas bubbles) 
 

• Variability in the jump-in 
separation and between forces 
observed on approach and on 
retraction72, 75  

• Capillary evaporation can be 
simulated for liquid subcritical 
bulk states93 

• Direct observations in SFA by 
refractive index measurement 
and optical microscope92, 94 

• X-ray studies indicate a gap at 
the hydrophobic surface/water 
interface, not caused by gas  
bubbles80 

• Neutron reflectivity95 shows a 
depletion layer which can 
promote cavitations as the 
surfaces approach each other 

• Large activation energy for 
cavity formation96 

• Interaction forces measured on 
first approach are lower than the 
following, but still higher than 
expected by DLVO theory97 

 

 
The first attempt to explain the origin of the long-range attraction between macroscopic 
surfaces was based on water structural effects. This approach suggests a mechanism similar to 
that established for the hydrophobic interaction between two nonpolar molecules in water. 
However, since this mechanism fails to convincingly explain the long-ranged nature of the 
measured forces, other explanations were presented. One suggested explanation is 
electrostatic fluctuations58, but this mechanism predicts a dependence of salt concentration in 
the solution (interactions should scale with a range of twice the inverse Debye length of the 
electrolyte) and this is, for most measurements, not observed.  
 
The range of the hydrophobic attraction has been observed to increase when soluble 
surfactants are present in the system. This explains some of the results for such 
measurements, but since the interaction force between two inert, hydrophobic surfaces is still 
larger than expected by the van der Waals force, additional mechanisms have to be 
considered.  
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It was early recognized that as the water density decreases between two approaching 
hydrophobic surfaces, a spontaneous nucleation of a vapor phase, or cavitation, can occur92. 
The hypothesis that cavitation is the source of the long-range attraction has become 
widespread in the last decade, but the stability and mechanism of formation for these cavities 
are still frequently debated. Some researchers have observed that the long-range interaction 
between hydrophobic surfaces decreases when the liquid solution is degassed prior to 
measurement61, 65. This observation has lead to the conclusion that dissolved gas in the liquid 
can be of importance for the formation of cavities. When introducing hydrophobic surfaces 
into the solution, some of the dissolved gas may nucleate on the surfaces forming nano-
bubbles. These bubbles have been observed to be especially stable on surfaces with a 
roughness that increases the contact area between the bubble and the surface 98, 99. If bubbles 
on the surface are the source of the cavitation, then this cavity will contain air. However, even 
for degassed systems, a force that is much stronger than the van der Waals force is present 
between hydrophobic surfaces in water. If this force is due to cavitation, it is likely that the 
cavity contains predominantly water vapor and not air.  
 
The reason for the water to vaporize between the surfaces has been suggested to partly be 
hydrodynamic100, 101. As the surfaces approach each other, water molecules are pushed away 
and can pull other water molecules with them, creating a depletion of molecules large enough 
for vaporization to occur. The depletion of the water molecules is believed to be facilitated by 
an air-layer located next to the hydrophobic surfaces, which serves as a low viscosity region 
on which the molecules slip. However, if the movement is the only reason for the cavitation, 
an infinitely slow approach should lead to no cavitation and no long-range attraction. This is 
not the case as has been demonstrated with the SFA technique48. 
 
So far, none of the proposed mechanisms alone explains all of the experimental results, and 
thus the long-range attraction that has been measured is likely due to more than one 
mechanism. For the systems investigated in this thesis work, it has been established that the 
long-range attraction is a capillary attraction due to bridging bubbles/cavities. It is also 
proposed that this mechanism explains the majority of the results reported in the literature. 
 

1.2.11 Capillary forces 
 
It is well known that liquids that wet or have low contact angles on surfaces will 
spontaneously condense from water moisture into cracks and pores as bulk liquid17. As two 
surfaces are in contact, this phenomenon causes capillary condensation which has a profound 
influence on the adhesion strength between surfaces102. The theories describing adhesion due 
to capillary condensation can be applied to other cases where surfaces are separated from each 
other in a non-wetting medium. One example is the case where two hydrophobic surfaces are 
connected by a vapor (or air) cavity in water. 
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   Equilibrium state: D > 2rK cos � 
 

                Equilibrium state: D < 2rK cos � 
 

 
 
 

 
 

 
 

   
                         Approach instability              Separation instability 

 
Fig.  3 Cavitation between two hydrophobic surfaces in water. Equilibrium states with and without cavity 
and non-equilibrium states on approach and separation. At equilibrium, the mean radius of curvature, r, 
of the liquid-vapor interface equals the Kelvin radius, rK.  
 
 The Kelvin radius, rK, is described by the following equation: 
 

rK≡ −2
γsv − γsl

Gvl
= 2

γ lv cosθ
Gvl

      (1.28) 

where  
 


 contact angle between the cavity and the surface 
�lv interfacial energy between liquid and vapor 
Gvl increase in free energy per unit volume due to vapor formation 

 
The net change in free energy due to the formation of a cavity between two planar 
hydrophobic surfaces in water is described by32:  
 

vlslsv DAG)(A2)D(G +−= γγΔ           (1.29) 

where  
 

	G change in free energy due to cavity formation 
D surface separation 
A area of surfaces 
�sv surface free energy of the solid-vapor interface 
 

In equation 1.29, the first term is connected with the decrease in surface free energy when a 
cavity is formed in the gap between the surfaces and the second term describes the increase in 
free energy when vapor is formed from the bulk liquid. By applying the Derjaguin 
approximation on equation 1.29, assuming a sphere-flat geometry, the interaction force is 
obtained: 
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1)(R4)D(F γγπ         (1.30) 

where  
 

F interaction force 
R sphere radius 
rK Kelvin radius 

 
 

Equation 1.30, which predicts a linear variation in capillary force with separation, is valid 
when: 
 

• D < rK 
• Equilibrium is obtained at all separations 

 
In some systems equilibrium is obtained slowly compared to the measurement rate. In this 
case the surfaces may be separated too fast for equilibrium to be obtained and a constant 
cavity volume without any material transport can be assumed. The derivative of the free 
energy at constant cavity volume gives: 
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lv
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1
1cosR4F θγπ              (1.31) 

 
For short separations this equation follows the same force curve as equation 1.30, but it is 
more long-ranged. When D�0, maximum attraction is obtained where17: 
 
 

θγπ cosR4FF lvmax ==           (1.32) 

 
 
The above equation can be used to estimate the contact angle of an air/vapor cavity 
connecting two hydrophobic surfaces by using data from force measurements. In paper V it is 
shown that the observed large variations in adhesion force can be explained by small 
differences in cavity contact angle. 
 
According to equation 1.2, the adhesion force for a non-deformable and ideal sphere-flat 
geometry in vapor is given by:  
 

svsphere R4)D(F γπ=                      (1.33) 

 
 
Including this relation into equation 1.32 gives: 
 

 
( ) slsvlv R4cosR4F γπγθγπ =+=         (1.34) 
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In the discussion above all surfaces have been assumed to be molecularly flat, which is rarely 
the case in non-model systems as the ones employed in this thesis work. When considering 
the roughness the adhesion force in absence of a cavity becomes: 

 
( )slsslR4F γγπ −=    (1.35) 

 
where  
 

�sls excess free energy associated with the contact 

 
Cavities formed on rough and chemically non-homogeneous surfaces might be subjected to 
pinning of the three phase line, in analogue to the contact angle hysteresis observed on the 
macroscopic level. The effect of this can be illustrated by the treatment of capillary 
condensation by Wennerström et al.103: 

 
( ) ( ) μΔγγγγγΔ clvlvl2sv2s2sl1sv1s1s VAAAG ++−+−=   (1.36) 

 
where  
 

As1 area of probe-cavity interface 
As2 area of surface-cavity interface 
Alv area of cavity-water interface 
Vc cavity volume 
Δ� difference in chemical potential between air/vapor in cavity and 

air/vapor in surrounding medium 
 

The sum of the first two terms has to be sufficiently negative for a cavity to form. Thus, if the 
three-phase line is pinned and the cavity is prevented from growing to its optimal size, then 
the free energy gain is reduced. If the cavity is assumed to have a cylindrical shape with As1 = 
As2 = �Rm

2, Alv = 2�RmD and, and Vc =  �Rm
2D, equation 1.36 and 1.3 give the following 

relation: 
 

 μΔγ 2
mlvm RR2F π+π=                       (1.37) 

 
where  
 

Rm cylinder radius 
 
 
This relation, which is valid beyond the cylindrical cavity approximation103, shows that the 
adhesion force also decreases when the cavity is prevented from growing to its optimal size 
due to pinning of the three-phase line. This is suggested to be another reason for the variation 
in adhesion values observed in force measurements employing non-polar surfaces in water. 
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1.3 Fluid transport in porous media 
 

1.3.1 Permeation 
 
Over a century ago, Darcy developed an empirical expression for describing the flow of water 
through porous sand beds by relating the pressure drop to the flow rate through the 
permeability104: 
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    (1.38)  

   
where  
 

Q flow rate 
A cross sectional area 
k permeability of solid 
� viscosity of liquid 

 	P pressure drop across solid 
L thickness of solid 
V(t) volume of liquid passing through the sample in time t 

 

Permeability values for paper are typically in the range of 10-11-10-8, whereas for clay the 
values are 10-16-10-11.105. For regular shaped particles the permeability depends on surface 
area and void fraction, defined as the average fraction of the cross-section that is not occupied 
by the solid. For higher flow rates, the permeability also depends on the fluid velocity. 
 

1.3.2 Imbibition 
 
An immiscible displacement process can be characterized as a process when one fluid 
displaces a second fluid with the special condition that the interfacial tension between the 
fluids is non-zero106. It can be described as either drainage or imbibition. Imbibition into 
porous media occurs when the wetting phase saturation is increasing.  
 
Imbibition can be divided into four classes107: 
 

• Free or spontaneous imbibition 
• Constant influx or constant capillary number forced imbibition 
• Quasi-static imbibition characterized by a decreasing flow rate 
• Dynamic or forced imbibition 

 
In nature only spontaneous imbibition and forced imbibition occur. Spontaneous imbibition 
occurs as a liquid enters a porous material due to the capillary force. This imbibition 
continues until the attractive forces between the pore walls and fluid are overcome by viscous 
forces106. When the capillary force is insufficient to displace the non-wetting fluid an external 
pressure can be applied for the imbibition to occur.  
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The rate of imbibition with respect to t0.5 can be expressed as a Darcy rate, using the 
following equation normalized to porosity: 

 

φ
ξ )t(d

)A/)t(V(d
5.0

=                        (1.39) 

 
where  
 

�  rate of imbibition  
V(t) volume of liquid passing through the sample in time t 
� sample porosity 

 
This expression represents the idealized distance that a straight and even wetting front would 
pass into the sample of given porosity, �, after a given time. In practice, wetting fronts are not 
straight but distinctly uneven due to the preferred pathway dynamics 108.  
  

2 Materials and methods 
 

2.1 Talc 
 
In this work a number of talc samples from Europe, Asia and Australasia have been used 
(Figure 4). Sample 1-6 and 9 are spiky aggregates, whereas 7, 8 and 10 are crystals.  
 

 

1  2   

 

3  

 

4  5  
 

6  

 

7  

 

8  9  10  
 
  

1 Talc from the facility Three Springs in Australia (Western Mining Co.) 

2 Grey chlorite-talc from the facility Rabenwald in Austria (Naintscher Mineralwerke) 
3 Grey talc from China, facility Guangxi Talc Industry Co. region Guangxi, Citic Trading Company Ltd. 
4 Orange talc from China, facility Pingdu Talc Mine from the region Shangdong, Citic Trading Company 

Ltd. 
5 Green talc from China, facility Pingdu Talc Mine from the region Sandong, Citic Trading Company Ltd. 
6 Grey talc from Finland, Mondo Minerals Oy (former part of Omya). 
7 Green talc from St. Gotthard in Switzerland obtained from Swedish Museum of Natural History 
8 Orange talc from Tarrekaise in Sweden obtained from Swedish Museum of Natural History 
9 Pink talc from Quian Shan, China 
10 Green talc from Linnajavri, Hamarøj, Norway obtained from NGU, Geological survey of Norway 

 
Fig.  4. Optical images of talc samples from different facilities over the world.  
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Talc in the shape of crystals is very rare, and therefore the first talc samples employed in the 
thesis work were aggregates. Since the experiments required smooth surfaces, a first attempt 
was to cut and polish the aggregates into sample discs. The prepared surfaces indeed became 
smooth and shiny, but a closer investigation revealed that all surfaces were contaminated by 
particles from the diamond polishing paste, which was used in the last step in the polishing 
procedure. The diamond particles were found half embedded in the surface and were not 
possible to remove. This result made it necessary to find crystal talc samples, which after a 
thorough search were found, firstly in the collections of the Swedish Museum of Natural 
History (two samples, which after some paper work at the museum were cleaved and some 
parts were donated to me, as a Swedish citizen researcher) and secondly in Norway, through 
the help of an ex-colleague of a colleague. The crystal talc samples have a completely 
different structure than the aggregates. When picking on an aggregate with tweezers, it 
transforms into a soapy talc dust, while the crystal can be cleaved into smooth flake, not much 
different from mica (Figure 5). 
 

 
 
Fig.  5 Scanning electron microscope image of a talc sample from Tarrekaise in Sweden (sample 8 
according to numbering in Figure 4).  
 
The above mentioned samples were used in all measurements involving talc except for the 
fluid transport measurements in paper III where a commercial talc powder, P05 from Mondo 
Minerals Oy (former part of Omya) was used. Some of the properties of this product are 
displayed in Table 3. 
 
Table 3 Some properties of commercial talc P05 from Mondo Minerals (former part of Omya). 
 
Chemical properties  Physical properties  Particle size distribution 

(Sedigraph 5100) 
 

Loss on ignition 5.8 % Specific gravity 2750 kg/m3     >10 	m 96 % 
Water solubles 0.1 % Hardness (Mohs) 1     >5 	m 82 % 
pH 9 Specific area 10 m2/g     >2 	m 46 % 
  Refractive index 1.57 Median particle size (d50) 2.2 	m 
 

2.2 Wetting and dispersing agents for talc 
 
Due to the hydrophobic properties and platy structure of talc, it requires a lot of energy to 
disperse and the resulting slurry has very low solids content. In order to produce stable, 
transportable slurries of higher solid contents, talc is normally mixed with some additive 
chemicals before delivery to the customer. The exact recipes for the dispersion of talc are 
trade secrets among the different mineral companies. In general, a wetting agent (for example 
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pluronic PE6400 in Figure 6) is assumed to attach its hydrophobic part to the hydrophobic 
plane of talc and to turn its hydrophilic part towards the surrounding aqueous media, thus at 
least partially hydrophilizing the talc surface. Furthermore, a polyelectrolyte is added in order 
to provide electrosteric stabilization. Polyacrylates (for example polyacrylic acid in Figure 7) 
are often used because of their good compatibility with other dispersed minerals. Larger 
surface areas, i.e. smaller particle sizes, complicate the dispersion procedure. Furthermore, the 
dispersion process should be rapid and produce pumpable, non-foaming slurries with high 
solids content. The chemicals used in the dispersion process should not interfere with the 
desirable properties of talc, or with other compounds present in the process. 
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Fig.  6 Chemical structure of Pluronic PE6400, where, on average, x=13, y=65 and z=13. 
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Fig.  7 Chemical formula of polyacrylic acid and the conversion to sodium polyacrylate, where MW for talc 
dispersion applications typically is around 2000 gmol-1. 
 
Thermodynamically, a spontaneous wetting process is driven by minimization of the free 
surface energy, whereas forced wetting requires an external force and will cause dewetting  
(flocculation) as soon as the force is removed. Therefore, pigment suspensions must be 
stabilized by addition of the additives immediately after grinding. By the use of wetting and 
dispersing agents, stable talc slurries of <2.5 	m particles containing 65-75% solids can be 
produced109.  
 
The above mentioned wetting- and dispersing agents were used in paper IV, whereas for 
paper III a commercial wetting agent consisting of a poly(ethylene oxide)-poly(propylene 
oxide) triblock copolymer with a MW of 2500 g/mol, and a dispersing agent consisting of a 
standard sodium polyacrylate with a MW of 4000 g/mol were used. 

 

2.3 Atomic Force Microscopy 
 
In the 1980s, the scanning tunneling microscope was developed by Gerd Binnig and Heinrich 
Rohrer110. This invention, which led to the Nobel Prize in Physics in 1986, was a precursor to 
the Atomic Force Microscope, which was developed by Binnig, Quate and Gerber in 1986111. 
 
The principle of the AFM is illustrated in Figure 8.  A cantilever with either a sharp tip or a 
colloidal probe is used for “feeling” the surface of a sample which is moved in the x, y and z 
directions by piezo actuators. A laser beam focused at the end of the cantilever is reflected 
into a detector and when the cantilever experiences a force, by a topographical, chemical or 
electrical feature on the sample, the cantilever is deflected leading to a deviation of the laser 
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beam from its original position on the detector. This deviation is measured as a voltage which 
can be translated into a force or a relative height.  
 
The hardware used for the measurements included in this thesis is a Veeco PicoForce 
Scanning Probe Microscope equipped with a Nanoscope Controller. 
 

 
 
Fig.  8 Schematic illustration of some key components in an atomic force microscope (AFM) set-up, 
displaying a cantilever carrying a colloidal probe in contact with a sample surface, the laser path and the 
piezo transducer. 
 

2.3.1 Imaging 
 
By using a cantilever with a sharp tip (Figure 9), atomic resolution can be obtained during 
imaging. The dimension of the tip sets the lower limit for the size of the features that can be 
measured. If the sample has smaller features than the dimension of the tip, the sample will 
image the tip and not the reverse. AFM imaging is normally performed in either of two 
modes; contact mode or tapping mode. In the contact mode, the cantilever is dragged line by 
line over a surface, creating profiles, which together make up an image. This method is not 
suitable for soft samples, since the sharp tip will be partly embedded in the sample during the 
measurement. For such samples the tapping mode is employed. In this mode, the cantilever is 
kept at its resonance frequency and gently tapped on the surface which is moving in the z-
direction to reach contact and then in the x-y directions when the tip is lifted away from 
contact. Since no scraping is performed the method is relatively non-destructive and two 
feedback signals are obtained; the deflection, which reflects the topography, and the “phase” 
which reflects the damping of the oscillation as the tip and the surface are in contact. The 
“phase” image can be seen as a material property map reflecting the elasticity of the sample. 
Figure 10 displays a tapping mode image of a talc (sample 3 accoring to Figure 4) surface.  
 

 
 
Fig.  9 Scanning electron microscope image of a cantilever with a sharp tip. 
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Fig.  10 AFM Tapping mode 1x1 �m2 image of common flaky talc (not used for force measurements). 
Topography (left) and phase (right). 
 

2.3.2 Force measurements 
 
In order to measure interaction forces using the Atomic Force Microscope, for most cases, a 
colloidal probe is used instead of the sharp tip (Figure 11). The probe has normally a 
spherical shape in order to facilitate the normalization of the measured forces and enable 
sphere-flat interaction equations to be used when interpreting the data. The size of the probe 
can vary between approximately 1 and 20 	m and is limited by the mounting procedure and 
cantilever dimension, which is accomplished by the use of a micromanipulator under an 
optical microscope. The micromanipulator translates movements of a joystick to smaller 
movements of sharp, etched fibers, which are used to lift and position the probes onto the end 
of the cantilevers. For the attachment of the probes glue is used, which can be a thermosetting 
glue (for force measurements performed at room temperature and in gentle liquids) or an 
epoxy (for measurements performed at elevated temperatures or in aggressive liquids). The 
advantage with the thermosetting resin is that it enables the probe to be removed after 
measurement and the cantilever can be re-used together with another probe. 
 

 
 
Fig.  11 Scanning electron microscope image of a cantilever with a colloidal probe. Cantilever dimensions 
used in this thesis are typically length=100 �m and width=30 �m. 
 
For classical force measurements with the AFM colloidal probe technique, one interaction 
spot is chosen and the surface moves into contact with the cantilever repeatedly until a 
number of representative force curves has been obtained. The measurement can be performed 
either in air or in a liquid using a liquid cell (Figure 12), which is normally made of glass and 
can hold a few milliliters of liquid confined by a silicone o-ring. Parameters that must be set 
before a measurement is executed are, for example, the ramp size that decides from how long 
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distance the approach of the surface to the probe will start, and the scan rate that decides how 
fast the approach is. The trigger threshold decides how hard the surface is allowed to push on 
the probe and it also defines the contact position between the surfaces. When the trigger 
threshold is active, the contact position is calibrated prior to measurement by moving the 
sample surface in and out of contact with the probe a few times. Each time the set threshold is 
reached, thus the first contact between the surfaces is not monitored. If the trigger threshold 
function is turned off, the surface has to be approached to the probe manually by using a 
stepping motor, and after each inward step a force curve is recorded. By the appearance of the 
force curve, the measurement displaying the first contact can be distinguished.  
 
For measurements in liquid one needs to make sure that the scan rate is not too high in order 
to avoid hydrodynamic effects. In case the sample surface is heterogeneous, a force map can 
be made of the surface, which displays the interaction force as a function of the location on 
the sample surface. Since the size of the probe (compared to a tip) gives a fairly large 
interaction spot, the resolution of a force map is limited. The most important parameter for the 
measurement of interaction forces might be the interaction area between the surfaces. In 
order to obtain force values that can be directly compared between different experiments and 
with theoretical predictions, the interaction force is normalized by the probe radius. If the 
surface displays surface roughness, the contact area might be varying between different 
measurement spots on the surface. For force measurements performed with the tip (in order to 
get higher resolution in x and y directions), the variation might be very large, since the 
interaction area can be increased several hundreds of percent in a groove, compared to on a 
peak. For this reason, comparative force measurements with a tip should only be performed 
on molecularly smooth surfaces or on the same spot on the surface. 
 

  

 
Fig.  12 AFM liquid cell. Optical image (left) and schematic drawing (right). 
 
The raw data from the measurement are obtained in three channels. Normally these are set as 
deflection (in V), z-sensor (in volts and nm) and friction (in V). In order to transform the raw 
data into a normalized force (mN/m) plotted against separation (nm), firstly two data regions 
must be located. One region is the constant compliance region. In this region the surface is in 
contact with the probe attached to the cantilever, but the surface is still moving since the 
cantilever is being deflected. This is continued until the trigger threshold is reached. The slope 
of this part of the curve in V/nm is estimated as the compliance gradient and by dividing the 
raw data with this value the z-sensor value is transformed into the absolute separation 
between the surface and the probe, where zero separation is defined as the contact position. 
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Since the measured voltage is not zero during the measurement, another region called the zero 
deflection region has to be located. Zero force is defined as the voltage experienced when the 
surfaces are far away from each other and the measured voltage does not change when the 
surface separation is varied. Furthermore, by knowing the spring constant of the cantilever 
(can be measured by the Cleveland112 or the Sader113 method) and the radius of the colloidal 
probe (measured when the probe is mounted), the force is obtained and normalized by the 
particle radius. 
 

2.3.3 Friction measurements 
 
The atomic force microscope can also be used for friction measurements. The friction is 
measured as the torsional deflection of the cantilever. For all force measurements performed 
in this work, the torsional deflection was monitored in order to verify that the probe was 
positioned in the center of the cantilever and that an expected smooth surface did not display 
slopes or grooves. A low torsional deflection together with a high normal deflection indicate a 
“real” force, not caused by, for example, increased contact area due to roughness of the 
sample surface. However, apart from this verification possibility, the torsional signal for 
measurements of normal forces is normally too noisy to contain any quantitative data.  
 
Another way to use the torsional deflection is for the measurement of friction coefficients (not 
measured in the included papers). By increasing the load stepwise a friction force against 
applied load curve can be obtained, which enables the friction coefficient between the two 
surfaces to be determined as the slope of this curve. This procedure can be performed in liquid 
or gas and the interacting surfaces can be, for example, a colloidal probe and a flat surface or 
two fibers. For the latter case, one fiber is glued onto a flat surface and another fiber is glued 
on the cantilever. The friction is measured as the fibers are sheared against each other in 
crossed cylinder geometry. 
 

2.3.4 Colloidal probes 
 
Silica spheres were purchased from Bangs Laboratories and used as delivered. Gold spheres 
were made by an electrical discharge induced by bringing together two pieces of gold thread 
connected to a high voltage generator. For probes prepared from pitch, two methods have 
been developed. In the first method (the “melt-method”), a piece of the pitch material is 
placed on the cantilever and heated to its softening temperature where the material 
spontaneously forms a hemisphere due to surface tension forces. It is attached to the 
cantilever by molecular forces only. In the second method (the “precipitation-method”) the 
pitch substance is dissolved in acetone, where after the solution is precipitated in water. Next, 
drops of the liquid containing dispersed pitch particles are placed on a clean microscope slide 
and allowed to dry. 
 

2.4 Hydrophobization  
 
There are several methods for preparing model hydrophobic surfaces. Some of the most 
common methods are: 
 

• Silanation of inorganic surfaces (for example silica) 
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• Langmuir-Blodgett deposition 
• Plasma polymerization 
• Thiolation of gold surfaces 

 
In this thesis work silanation of silica and thiolation of gold is utilized. Silanation utilizes 
silane coupling agents to attach an organic moiety to an inorganic material. Figure 13 displays 
the chemical structure of a silane used in this thesis. In this case the organic chain is 
hydrophobic, and it becomes coupled to silica via the reactive trichlorosilane group, thus 
creating a hydrophobic layer on the silica surface. The silica coupling agents are very reactive 
and create chemical bonds that are insensitive to heat and solvents. The mechanism of the 
silanation reaction is displayed in Figure 14. 
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Fig.  13 Chemical structure of tridecafluoro-1,1,2,2 tetra hydro-octyl trichlorosilane. 
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Fig.  14 Chemical mechanism of silanation of an inorganic surface. Silane molecules react with water to 
form Si-OH groups, which can condense to form silane oligomers.  Silane monomers and oligomers can 
also react with OH-groups at the surface. During this reaction water molecules are released. The reaction 
can also be performed in a dry gas phase. In such a case silane monomers reacts with surface OH-groups 
releasing HCl. 
 
As a comparison, Langmuir-Blodgett (LB) application of a surfactant or polymerized layer is 
performed as illustrated in Figure 15. A surface active agent with both a hydrophobic and a 
hydrophilic part will assemble at the air liquid interface turning the hydrophobic parts against 
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the air, away from the water. When pulling a solid substrate up from the water while keeping 
the surface pressure constant, a hydrophobic monolayer will be deposited on its surface. The 
LB technique enables precise control of the monolayer thickness, homogeneous deposition of 
the monolayer over large areas and the possibility to make multilayer structures. Almost any 
solid substrate can be used for the deposition. A disadvantage with the method is that the 
layers are only physisorbed and not chemically bonded to the solid surface, thus they can 
fairly easily be removed from the surface. 
 

 
 
Fig.  15 Schematic illustration of the Langmuir-Blodgett deposition method. 
 
A plasma polymerized layer (not used in this work) is created as gaseous monomers, activated 
through a plasma, are condensed on a surface. The process requires chain-producing atoms, 
such as carbon, silicium or sulfur, in the working gas. Since the plasma energizes the 
monomers into reactive scattered fragments, a plasma polymerized layer displays a cross-
linked, disordered structure. Reaction parameters such as pressure, gas-flow and electrical 
output control the rate and the degree of cross-linking. 
 
Thiolation is the process when a thiol (R-S-H) is chemisorbed on a surface forming a self-
assembled monolayer (SAM). The reaction can either be performed in liquid or in vapor 
phase. The thiol-metal bonds are stable over a wide range of temperatures, in many solvents 
and under large applied potentials. Figure 16 displays the thiolation of a gold surface with 
hexadecane thiol, which is a molecule used within this thesis work. 
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Fig.  16 Chemical structure of hexadecane thiol and the self-assembly on a gold surface. 
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2.5 Contact angles  

The contact angles were in this thesis work measured using a dynamic contact angle and 
absorption tester (FibroDAT 1100, FibroSystems AB, Sweden), in which a drop of a specified 
volume is applied to a surface using an automated micro-pipette. The drop shape is captured 
with a high-speed camera as a function of time. The contact angle is calculated by the 
apparatus software as the average of the right and the left projected angles. For the 
determination of advancing and receding contact angles, a tilt-table can be used, such that the 
surface with the applied liquid drop is tilted from 0° to 90° while the projected left and right 
contact angles are measured separately.    
  

2.6 Spin-coating  
 
Spin-coating of a solid surface is performed by applying a liquid containing the coating 
substance onto the surface to be coated, and letting the surface rotate until it is dry. Some 
parameters that are important for the final result are the solution viscosity, the solids content, 
the angular speed and the spinning time. In this thesis a photo-resist spin-coater (PWM32, 
Headway Research, Inc. USA) was used for coating silica surface with nanoparticles. 
 

2.7 Calcination  
 
In this thesis work calcination is used as a way to permanently attach nanoparticles onto a 
silica surface. Tetra-ethyl-ortho silicate, TEOS (Figure 17), is hydrolyzed (Figure 18), where 
after nanoparticles mixed with the TEOS solution are spin-coated onto the silica surface. High 
temperature causes a reaction similar to the reaction described in Figure 14 to occur. This 
means that the particles become chemisorbed to the surface and to each other, which creates a 
nanoparticle-covered surface that is able to resist wear and liquid exposure. 
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Fig.  17 Chemical structure of tetra-ethyl-ortho-silicate (TEOS). 
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Fig.  18 Chemical mechanism of acid catalyzed hydrolysis of silicate. 
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2.8 Instruments for fluid transport measurement 
 

2.8.1 Formation of tablets for liquid penetration studies 
 
In order to measure imbibition and permeation in mineral powders, a solid tablet is formed 
from the powder. In this thesis, tablets have been produced by two different methods; wet 
pressing and dry pressing (Figure 19). In the former case, the powder is dispersed in water 
and the dispersion is filled into an aluminum chamber under 25 bars pressure, in which the 
water leaves the tablet at the bottom of the chamber. The result is a semi-dry tablet, which is 
further dried in an oven over night at 60°C. In the dry-pressing method, the dry powder is 
filled into a sealed stainless steel chamber under 23.5 MPa pressure applied by a piston. In 
case the powder mix requires additives, the powder is first dispersed in water mixed with the 
additive and then it is dried in an oven and ground in a mill prior to the dry pressing. A part of 
each tablet is at this stage studied by mercury porosimetry to determine the porosity of the 
sample. The remaining tablet is cut and polished to form cubic blocks of approximately 1 cm3 
using a rotary disc grinder. These blocks are then used for the liquid interaction experiments. 
For the permeation measurements, the blocks are first embedded in a resin. The embedding is 
performed by placing the consolidated talc block with known dimensions in a PTFE mould 
(Prüfmaschinen AG, Switzerland) with an inner diameter of 3 cm and applying resin 
(Technovit 4000, Hereaus Kulzer, Germany) around it. When the resin is hardened, the edges 
of the sample are smoothed using a rotary disc grinder. 
 
A 

 

B 

 
 
Fig.  19 Presses for the production of tablets from mineral powders. (A) Wet press where a dispersion of 
the mineral powder is pressure filtered to form a tablet and (B) dry press where the dry mineral powder is 
placed in a mold and pressed into a tablet with a piston. 
 

2.8.2 Absorption and permeation units 
 
For both permeation and absorption measurements, a microbalance has been used in the work 
presented in this thesis (Figure 20). In the permeation unit a permeating liquid under pressure 
is passed through a mineral tablet with defined dimensions, whereas the rate and amount of 
liquid leaving the unit is recorded by the microbalance. In the absorption unit, a mineral tablet 
is clamped in a holder and slowly lowered into a petri dish filled with the absorbing liquid 
until the liquid rises and starts to absorb into the tablet. The rate and amount of absorbed 
liquid is recorded as the weight loss by the microbalance. 
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Fig.  20 (A) Permeation unit where a mineral tablet is confined in a closed chamber filled with the 
permeating liquid under pressure and (B) absorption unit where a mineral block with known dimensions 
is lowered towards the absorbing liquid until contact. 
 

2.8.3 Mercury porosimetry 
 
The porosity of a sample can be characterized by mercury porosimetry. In this method 
different levels of pressure are applied to a sample immersed in mercury and the pressures 
required to intrude mercury into the sample’s pores are measured as inversely proportional to 
the pore diameters, naturally including pore shielding, and pore volumes. In this thesis work a 
Micromeritics Autopore IV porosimeter has been used and the measured pressures have been 
corrected for pressure chamber expansion, thermal expansion of mercury, compression of 
mercury and the compression of the sample skeletal material using a method described 
elsewhere114 and adopted in the software Pore-Comp©. The maximum applied pressure of 
mercury was 414 MPa. 
 

2.9 Ellipsometry  
 
Ellipsometry was in this thesis work used for the investigation of optical properties of talc by 
analysis of the change of polarization of light reflected from the sample. Ellipsometry can also 
be used for investigating adsorption layers in terms of layer thickness and optical properties. 
 
The ellipsometer used in this thesis was a spectroscopic variable angle of incidence 
spectroscopic ellipsometer with dual rotating compensators (J. A. Woollam Co., Inc.). The 
ellipsometer (Fig. 21) consists of a light source (xenon lamp) from which the light is directed 
through an optical fiber into a polarizer where it becomes linearly polarized. It then passes 
through a rotating compensator where after it is reflected on the sample. The reflected light 
passes through a second rotating compensator and finally a polarizer. After the polarizer a 
spectrometer separates the wavelengths and with a diode-array detector, the intensity at each 
wavelength is converted to an electric signal, which is further processed to yield the 
polarization change due to reflection. By using focusing optics, measurements on spots with 
size 50x100 μm2 were performed on some samples. 
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Fig.  21 A schematic illustration of the spectroscopic ellipsometer set-up 
 
The results from the ellipsometric measurements are given as the angles psi,  and delta, 	. 
These angles are related to the reflection coefficients Rp and Rs (light polarized parallel and 
perpendicular to the plane of incidence)115: 
 

ΔΨρ i
sp e)tan(R/R ==      (2.1) 

 
The Ψ and Δ spectra obtained from ellipsometric measurements at multiple angles of 
incidence are treated in a computer according to an optical model for the sample. In the 
present investigation a simple two-phase (ambient-substrate) model is used whereby the 
variables n (refractive index) and k (extinction coefficient) for each wavelength are obtained 
by regression analysis. 
 

3 Results and discussion 
 

3.1 Characterization and methodology 
 

3.1.1 Talc samples 
 
All talc samples used in this thesis were characterized as pure talc by x-ray diffraction (XRD) 
by comparing measured sample spectra with reference spectra. The standard data in the PD 
file (X’pert Graphics & Identity reference database) is generated from analytically pure 
crystalline materials. Major reference peaks for talc at a wavelength of 1.54056 Å are 
displayed in Table 4.  
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Table 4 Reference x-ray diffraction peaks at 1.54056 Å for talc obtained from the PD file (X’pert Graphics 
& Identity reference database) No. 29-1493. 
 
d-spacing (Å) Relative Intensity (%) Angle (°2Theta) 
9.31 100 9.49 
4.67 20 18.98 
4.55 60 19.49 
3.12 90 28.59 
2.59 20 34.58 
2.48 30 36.18 
1.52 30 60.72 
1.31 10 71.46 
 
As mentioned earlier, for measurements with the AFM colloidal probe method, the 
smoothness of the surface is very important. All talc samples with the structure of spiky 
aggregates show an individual, but uneven fracture profile as imaged in Figure 22. Sample 1 
(numbering according to Figure 4) fractures in a smooth, wavy structure, sample 2 in a very 
layered structure, sample 3 displays talc platelets approximately 0.5 	m, whereas sample 4 
seems to contain lumps of rock. 
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Fig.  22 AFM tapping mode 1x1 �m2 3d surface plots and corresponding surface profiles of some talc 
samples. (A) Sample 1, z(image) = 50 nm, z(profile) = 60 nm (B) Sample 2, z(image) = 20 nm, z(profile) = 
20 nm (C) Sample 3, z(image) = 20 nm, z(profile) = 10 nm (D) Sample 4, z(image) = 50 nm, z(profile) = 60 
nm. Sample numbers according to Figure 4. 
 
In order to use this kind of samples in force measurements they need to be polished. The 
polishing is accomplished by firstly cutting the samples into 1.5 x 1.5 cm2 discs by using a 
diamond saw. For most samples there is a clear grain direction and the samples can either be 
cut along this direction or perpendicular to this direction. After cutting, the samples are 
individually polished using finer and finer polishing paper, finishing with a diamond 
polishing paste. The resulting samples appear smooth and shiny for the bare eye. In Figure 23 
an interesting feature in sample 2 is displayed. The image shows a very layered structure, 
where the white talc is disrupted by black streaks, visible in the perpendicular image. For the 
discs cut along the grind direction the color of the sample can be either pure white or pure 
black depending on polishing depth.  
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Fig.  23 Optical images of talc sample 2 (sample number according to Figure 4). (A) Cut perpendicular 
and (B) cut along the grain direction.  
 
Even though the polished samples looked shiny and smooth for the bare eye, the AFM images 
revealed that they where not smooth enough for force measurements and in addition 
contaminated with diamond particles from the polishing process (Figure 24 A). For this 
reason they were unsuitable for use in AFM force measurements. Talc ores with mica-like 
structure are rare, but they were found after extensive search and could be cleaved by peeling 
off layers with tweezers. The surface of the cleaved layer was smooth and no extra polishing 
was needed (Figure 24 B). 
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Fig.  24 AFM tapping mode images. (A) 1x1 �m2 3D image of sample 1 polished, z = 20 nm and (B) 20 x 20 
�m2 top-view of sample 8 crystal, z = 30 nm, including a corresponding surface profile, z = 5 nm. Sample 
numbers according to Figure 4. 
 

3.1.2 Pitch samples 
 
The pitch samples studied in Paper II were chemically analyzed by employing gas 
chromatography with flame ionization detection (GC-FID) using a method described by Örså 
and Holmbom116. The results of the analysis are displayed in Table 5.  
 
Table 5 Chemical composition in wt% of the pitch samples used in this thesis work 
 
Pitch type Fatty acids Resin acids Alkanoles Steryl esters Triglycerides 
Colloidal resin fraction 
prepared from thermo 
mechanical pulp116  

0.83 9.8 29 27 34 

Collophonium 1 98  1  
Pitch deposit from paper mill 60 40    
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The measured chemical compositions of the pitch are consistent with the observation that 
resin and fatty acids are primarily found in deposits,117, 118 even though extractives from 
softwood contain a significant amount of neutral fatty substances. There is, however, some 
contradiction in the literature, and Hassler119 finds the same components in the deposit as in 
the pulp extractive. Moreover, in the review paper by Hubbe et al.120 it is noted that 
triglycerides can indeed be a major factor in sticky deposits. In colloidal wood resin 
dispersions formed in a mechanical wood pulp, pitch particles show remarkable colloidal 
stability121. 
 
Flat surfaces of collophonium and abietic acid were prepared by first dissolving the 
substances in acetone, and then letting the solution dry on a clean microscope glass slide 
where a film was formed. The contact angles of the films before and after heating are shown 
in Figure 25. It can be noted that all contact angles initially are around 90°, and that they 
decrease with time. The heated samples have larger contact angles and display less decrease 
with time than the non-heated samples. This indicates that the heating causes non-polar 
groups to turn towards the surrounding air, and that the surface formed during heating is more 
compact and thus less inclined to rearrange as the surrounding medium changes. 
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Fig.  25 Contact angles of water on collophonium and abietic acid films before and after heating. 
 
In order to exclude the possibility of dissolution of the film into the water, the surface tension 
of water containing pieces of abietic acid or collophonium was measured over time using a 
Du Noüy ring tensiometer. Figure 26 displays the results from such measurements together 
with the corresponding measurement for pure water. It is clear that the surface tension for all 
systems is stable over time, suggesting that neither the abietic acid, nor the collophonium, 
dissolves into the liquid phase during the time it takes to record the contact angle. 
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Fig.  26 Surface tension as a function of time for water, and for water in contact with abietic acid and with 
collophonium, respectively. 
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3.1.3 AFM colloidal probes 
 
The radius of all probes used for AFM measurements were individually measured using an 
optical microscope. Gold spheres prepared by electrical discharge show large variations in 
size. Representatives of the silica and gold spheres were also imaged in AFM (Figure 27). The 
AFM images show that silica spheres have very smooth and evenly rounded surfaces, whereas 
the gold spheres display a more uneven curvature as well as some small features on the 
surface, which are probably gold “splashes” resulting from the discharge used for forming the 
spheres. 
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Fig.  27 AFM images from tapping mode AFM. (A) 12 x 12 �m2 3D image of a colloidal gold probe made 
by electrical discharge, z = 2 �m and the corresponding surface profile, z = 2.5 �m .  (B) 15 x15 �m2 top 
view image of colloidal silica probes from Bangs Laboratories and the corresponding surface profile, z = 
1.5 �m. 
 
The colloidal probes prepared from pitch were individually imaged in ESEM in order to 
investigate if they showed an even enough curvature and smoothness for force measurements. 
It was found that the precipitation method works only for abietic acid, whereas the other 
materials give too soft or irregular probes for later use in AFM studies. Some of these ESEM 
images are displayed in Figure 28. 
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Fig.  28 ESEM images.  (A) Abietic acid probe prepared by the precipitation-method displaying a smooth 
surface and a regular curvature. (B) Collophonium probe prepared by the melt-method (110°C) 
displaying a smooth surface and a regular curvature (C) Collophonium probe prepared by the 
precipitation-method displaying an irregular curvature and a rough surface. The probes shown in panels 
A and B are suitable for force measurements, but not the one in panel C. 
 

3.1.4 Surfaces with controlled nanoroughness 
 
The surfaces with nanoscale roughness studied in Paper V were prepared by two methods. In 
the first method, silica surfaces were spin-coated with 9 nm or 40 nm silica particles, where 
after the nanoparticles were immobilized by calcination. In the second method, silica surfaces 
were polished during 2 s, 10 s or 40 s. Both roughening procedures were followed by 
hydrophobization by silanation. 
 
The surfaces were imaged by 1) AFM tapping mode using a sharp tip and 2) AFM contact 
mode using the same colloidal probe and the same area on the surface as used for force 
measurements. The first method generates high-resolution images where individual 
nanoparticles are visible whereas the second method only displays larger features as crevices 
or waviness. The tapping mode images were further analyzed by a “rolling ball” simulation, 
where a computer simulated ball of the same dimensions as the colloidal probe is rolled over 
the image, creating a low-resolution image from the contact areas122. 
 
Figure 29 shows that the spin-coated surfaces can be characterized as nanostructured, due to 
the high density of nanoparticles that on a short length scale provides a regular pattern of 
crevices and hills. On these surfaces a larger waviness is also distinguished. In contrast, the 
polished surfaces display sharp nanoscopic peaks and hardly any crevices, and they are in this 
respect similar to talc surfaces. 
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Fig.  29 High resolution 5 x 5 �m2 AFM tapping mode images. (A) 9 nm particles, z=50 nm (B) 40 nm 
particles, z=150 nm (C) 2 s polished, z=100 nm (D) 10 s polished, z=100 nm (E) 40 s polished, z=20 nm. z is 
the maximum value of the height scale used in the images. 
 
In Figure 30, an example of a low-resolution image obtained by contact mode AFM with the 
probe, and a rolling ball image over the same type of surface are displayed. The images show 
a similar large-scale waviness, whereas no smaller features are visible. The similarity between 
the two images suggests that the scraping involved in imaging in contact mode AFM with the 
probe does not cause particle movement that influences the image. Neither does the chemical 
interaction between the two hydrophobic surfaces disturb the image. 
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Fig.  30 Low resolution 5 x 5 �m2 images of 40 nm particles. (A) contact mode AFM using a probe with 
radius 2.5 μm, z=40 nm, (B) rolling ball computer simulation with ball radius 2.5 μm. 
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3.1.5 Pressed talc tablets 
 
Tablets prepared by the dry pressing method were stable enough to allow polishing for all 
mineral powders with and without wetting- and dispersing agents (Figure 31 A), whereas 
tablets prepared by the wet pressing method were stable only for tablets containing wetting- 
and dispersing agents. The brittleness of the wet-pressed tablets made from pure talc powder 
might be due to entrapped air in between the talc layers preventing close contact and thus 
causing a structural breakdown as a mechanical force is applied (Figure 31 B). Water 
imbibition measurements with tablets containing wetting- and dispersing agents were 
complicated by the fact that the samples slowly disintegrated in water. The disintegration 
caused the samples to become delaminated as illustrated in Figure 31 C. Despite the 
disintegration, water imbibition could be measured. The samples containing wetting- and 
dispersing agents were also, by the same reason, impossible to use for water permeation 
measurements since the disintegration caused holes in the structures, preventing the pressure 
to be maintained (Figure 31 D and E). As a comparison, Figure 31 F illustrates a non-
disintegrated sample embedded in resin used for permeation measurements. 
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Fig. 31 Optical images of pressed talc tablets. (A) Stable tablet prepared by the wet-pressing method and 
successfully polished. (B) Brittle tablet prepared from talc powder without wetting and dispersing agents 
by the dry pressing method, disintegrated during polishing. (C) Delaminated tablet prepared from talc 
powder without wetting and dispersing agents, disintegrated during water uptake. (D) Delaminated 
tablets in resin prepared by wet-pressing of talc powder without wetting and dispersing agents, 
disintegrated during permeation. (E) Delaminated tablets in resin prepared by dry pressing of talc powder 
without wetting and dispersing agents, disintegrated during permeation. (F) Stable tablet in resin used for 
permeation measurement. 
 

3.1.6 Hamaker constant from ellipsometry 
 
For the ellipsometry measurements two talc samples were used; sample 1, which was cut and 
polished in two directions (named 1.1 and 1.2) as described in Chapter 3.1.1 and sample 10 
(sample numbers according to Figure 4). XRD measurement on the samples confirms that 
they consist of pure talc and that sample 10 is microcrystalline whereas samples 1.1 and 1.2 
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are nanocrystalline. Comparing XRD spectra of sample 1.1 and 1.2 shows that sample 1.1 
lacks several peaks. In particular, sample 1.2 has a significant peak in the 006 position 
corresponding to a diffraction angle, 2
, of 28.610, whereas this peak is greatly reduced for 
sample 1.1. This result shows that sample 1.2 was cut preferentially along the crystal planes 
and sample 1.1 preferentially perpendicular to this direction. 
 
The spectral parameters n (refractive index) and k (extinction coefficient) of the samples were 
obtained from a Variable Angle Spectral Ellipsometer (VASE), according to the procedure 
described in Chapter 2.9. From these values the parameters CUV and �UV  described in Chapter 
1.2.4 were calculated from Equation 1.15 (Figure 32). 
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Fig.  32 Cauchy plots and linear regressions. For samples (from top to bottom) 10, 1.1 and 1.2 (sample 
numbers according to Figure 4). Wavelength interval was 250-1000 nm.   
 
Since the infrared and microwave contribution to the �(i�m) function usually is of minor 
importance,  CIR was calculated using a simplified infrared representation according to: 
 

1C)0(C UVIR −−= ε                        (3.1) 

 
using literature data for the dielectric constant of talc, �(0)=3.8 For the estimation of �IR a 
reference IR spectrum for talc123 displaying the highest peaks at 2720 and 9924 nm was used.  
 
From the obtained parameters, the nonretarded Hamaker constants (A) for talc interacting with 
talc across vacuum and water were calculated using the full Lifshitz expression according to 
Equation 1.16. The results are displayed in Table 6. 
 
Table 6 Nonretarded Hamaker constants (A) for different talc mineral samples in vacuum and in water. 
Spectral parameters for water from Roth and Lenhoff124. 
 
Sample A in vacuum (10-20 J) A in water (10-20 J) 
1.1 11 1.7 
1.2 11 1.9 
10 16 4.2 
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Table 6 displays a very small difference in Hamaker constant between sample 1.1 and 1.2, 
whereas the value for sample 10 amounts to more than twice of their values. The ellipsometry 
measurements also gave refractive indices in the visual regime of the materials, n0, of 1.52 for 
sample 1.1, 1.54 for sample 1.2 and 1.67 for sample 10. The values for sample 1 corresponds 
well to the literature value of 1.57,10 whereas the value for sample 10 is significantly higher. 
The lack of any reported value corresponding to the refractive index for sample 10 may be 
due to the fact that only common nanoscrystalline talc samples such as sample 1 has been 
used for refractive index measurements. The reason for the large difference in Hamaker 
constant between sample 1 and 10 is the difference in the refractive index of these samples. 
  

3.2 Fluid transport 
 
The cubes polished from the pressed talc tablets were first investigated by XRD in order to 
determine platelet orientation125. The result shows that the tablets prepared by the dry-
pressing method have a preferred platelet orientation, i.e. the tablets are layered similar to talc 
crystals. The wet pressed samples are also layered, but to a lesser extent. This is probably due 
to disturbances occurring as the liquid leaves the structure during application of pressure. 
Furthermore, the lower pressure employed in this method can contribute to the less ordered 
platelet stacking. The porosity of the samples as measured by mercury porosimetry was found 
to be 50 % for the wet pressed dispersed talc tablets, 22 % for the dry pressed undispersed talc 
tablets and 19 % for the dry pressed dispersed talc tablets. The lower porosity of the wet 
pressed samples is as expected due to their lower platelet orientation. The lower porosity for 
the dispersed samples can be explained by wetting and dispersing agents blocking the pore 
structure. 
 
Imbibition measurements made with water or hexadecane as imbibing liquids show a 
significant dependence on platelet orientation. Surfaces with platelets being oriented 
perpendicular to the liquid flow (trans) generally have a lower imbibition rate than surfaces 
where the platelets are parallel to the liquid flow (planar). This is likely a result of both the 
more accessible pore structure for the trans surfaces, but also due to the surface chemistry, 
where the hydrophilic talc edges are more accessible in the planar orientation. In all cases 
hexadecane imbibes faster into the talc structure than water, which is suggested to be due to 
the oleophilic character of hexadecane and thus its higher affinity to the non-polar talc basal 
plane. It may also be due to remaining air pockets within the talc after water uptake. If air has 
a higher affinity for talc than the imbibing liquid, then the liquid might fail to replace the air. 
This would result in incomplete wetting. Incomplete wetting of talc with water is also 
supported by a darker color of talc after hexadecane uptake compared to after water uptake. 
 

3.3 Force measurements 
 
The Hamaker constant for two surfaces interacting through a medium can be calculated by 
equation 1.9, given that their static dielectric constants and refractive indexes are known. 
Table 7 displays some dielectric data and calculated Hamaker constants for materials used in 
this thesis work. 
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Table 7 Dielectric properties17 for materials used in this thesis work and corresponding Hamaker 
constants calculated with the approximate and non-retarded Lifshitz formula. 
 
material n �  Interaction 

system 
surface 1 medium 2 surface 3 A (10-20 

J) 
talc 1.5710 38  1 talc water hydrocarbon 0.76 
hydrocarbon 1.41 2.01  2 talc air hydrocarbon 6.7 
water 1.33 80  3 talc water fatty acid 1.6 
abietic acid 1.55   4 talc air fatty acid 8.5 
fatty acid  2.75  5 talc water SiO2 0.97 
SiO2 1.45 3.82  6 talc air SiO2 7.2 
fluorocarbon 1.42 2.1  7 talc water talc 1.7 
air 1.00 1  8 talc air talc 8.8 
    9 talc water fluorocarbon 0.81 
    10 talc air fluorocarbon 6.8 
 
From the Hamaker constant and equation 1.10, a theoretical van der Waals force curve can be 
calculated. Figure 33 displays theoretical van der Waals force curves for the systems 
described in Table 7. It is clear from the figure that the largest van der Waals force is obtained 
for talc interacting with talc in air, and the smallest for talc interacting with hydrocarbon in 
water. In all cases the van der Waals force for a given surface combination is less attractive in 
water than in air. 
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Fig.  33 Calculated van der Waals forces for the different systems described in Table 6. 
 
In this thesis “long-range” interaction forces are defined as longer ranged than described by 
the van der Waals forces displayed in Figure 33. As displayed in Figures 34, AFM colloidal 
probe measurements performed during the thesis work show that talc participates in long-
range interactions with hydrophobic (contact angle >90°) and moderately hydrophobic 
(contact angle 80°-90°) surfaces. The range and magnitude of the measured forces vary, as 
well as the shape of the force curves. In some cases a pre-repulsion prior to jump-in is visible 
in force curves measured on approach. This is suggested to be due to an initial deformation of 
a surface bound bubble, a description consistent with others71-74. The bubble then bursts, and a 
capillary condensate of air/vapor is formed between the surfaces, giving rise to a strong 
attraction. Figure 35 displays an example of a measurement of the first five contacts between 
an abietic acid probe and a talc surface. In this figure, no long-range attraction is visible on 
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the first contact, but gradually as the probe repeatedly touches the surface, an interaction 
larger than the theoretical van der Waals force for the particular system arises. If the measured 
force is due to electrostatic interactions, hydrodynamic fluctuations or water molecule 
organization, the measured force should not increase with measurement number, or vary at 
all. Since the interacting surfaces in Figure 35 both have macroscopic contact angles below 
90°, and spontaneous cavitation is favorable only for surfaces with contact angles above 
90°126-128, this result needs some further discussion. One possibility is that chemical 
heterogeneity129, 130 and nanoscale roughness of the surfaces cause a higher local contact angle 
than measured macroscopically. Since it has been established that surface roughness and 
chemical heterogeneity promote contact angle hysteresis, and pinning of water droplets on 
surfaces in air,131, 132 then air bubbles should similarly be pinned on heterogeneous and rough 
surfaces immersed in water. Further, some reports have previously noticed that the surface 
roughness and heterogeneity is of great importance for the long-range attraction between non-
polar surfaces in water 36, 133, 134.  
 
One plausible reason for the increase in the jump-in distance with the number of force 
measurements as illustrated in Figure 35 is that the cavitation is not spontaneous, but induced 
by nanobubbles on one or both of the surfaces36. Each time the surfaces come into contact, 
more air accumulates in the contact region and the nanobubbles grow in size. As mentioned 
earlier, the stability of such bubbles has been questioned due to the high pressure inside them, 
which should result in very fast dissolution of the air into the bulk water67, 79, 135. Nevertheless, 
a range of reports supports the notion that sub-microscopic air bubbles bridging between two 
surfaces in many cases is the reason for the long-range and strong attraction observed between 
non-polar surfaces in aqueous media40, 42, 43, 78, 135-139. This has recently been rationalized by 
the finding that the contact angle of the nanobubbles, as measured through the denser phase, is 
significantly larger than that of the corresponding macroscopic bubbles135. This results in a 
lower Laplace pressure and thus a slower dissolution. 
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Fig.  34 Examples of AFM force curves measured on approach between a talc surface and silanized 
colloidal silica probes across 1 mM aqueous NaCl (upper curve) or 10 mM aqueous NaCl (lower curve).  
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Fig.  35 An abietic acid probe approaching a talc surface in 10 mM aqueous NaCl solution. The first five 
force measurements are shown. 
 
For the force curves measured on separation a large adhesion is seen, and in most cases a long 
jump-in distance corresponds to a strong adhesion force. Figure 36 displays some examples of 
separation force curves. One of the force curves in Figure 36 shows that the force does not go 
to zero as the surfaces detach from each other, but remains attractive. This is due to the 
presence of a cavity between the surfaces, and as the surface separation is increased the cavity 
becomes stretched between the probe and the surface until it ruptures. The presence of a 
cavity cannot be observed in cases when the adhesion is very high. In such a case the surfaces 
jump far apart when they detach and no stable cavity can be maintained after surface 
detachment. Furthermore, in Figure 36 it can be noted that for systems with the largest 
adhesion a flat region appears in the force curve. This is an experimental artifact due to 
saturation of the AFM detector as the deflection signal moves to only one side of the split 
photodiode. The value at saturation is decided by the stiffness of the cantilever. We note that 
the force curve can still be used for extracting accurate information since the adhesion value 
(Fadh/R) can be calculated as the jump-out distance multiplied by the spring constant divided 
by the probe radius. 
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Fig.  36 Examples of AFM force curves measured on separation between a talc surface and colloidal 
probes across aqueous solutions (from top left to bottom left): Thiolized gold in 1 mM NaCl, silanized 
silica in 1 mM NaCl, and abietic acid in 10mM NaCl. 
 
In order to test if the separation curves displaying steps, similar to the one shown in Figure 36, 
indeed are due to a bridging cavity, a theoretical fit can be made. Equation 1.29 and 1.31 
described in earlier chapter connects the interaction force between two surfaces connected by 
a vapor cavity with the cavity dimension and the separation distance. Since the measured 
force curves on separation are long-ranged and non-linear, a fit using Equation 1.31 is made. 
The first step in the fitting procedure is to evaluate the contact angle, 
, between the cavity 
and the surface. This is made by using Equation 1.32, where the measured adhesion force is 
inserted into the equation. The next step is to determine a realistic value of the Kelvin radius, 
rk, which is made by choosing a point (in the middle) of the measured forces curve and 
making the fitted curve cross this point. When both rK and 
 are set, the fitted curve can be 
plotted by letting the separation distance vary from the measured zero interaction force at 
large separations to the adhesion value at zero distance. An example of a force curve 
measured on separation between a silanized silica probe and a rough surface covered with 40 
nm silanized silica particles together with a fitted curve, calculated as described above, is 
displayed in Figure 37. A step at a separation of about 80 nm is noted, signifying rupture of 
the cavity. Also, the fit does not correspond to the points shown below 40 nm. This is as it 
should be since these points are recorded as the surfaces jump apart, and do not correspond to 
real force data (the straight line formed by these points is equal to the spring constant divided 
by the radius of the probe). In order to illustrate how a curve fitted by Equation 1.31 varies 
with the used fitting parameters, Figure 38 displays some different cases. 
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Fig.  37 An example of a force curve measured on separation between a probe particle and a surface 
covered with 40 nm silanized silica particles. The solid line represents a force curve due to capillary forces 
as calculated using Equation 1.31. 
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Fig.  38 Force curves due to capillary forces as calculated using Equation 1.31 
 
One result from paper V is that the low-resolution surface roughness (large-scale waviness) 
does not significantly affect the jump-in distance or the adhesion. However, the nanoscale 
roughness may do so. In order to illustrate the size of the probe as compared with the nano-
rough surfaces, Figure 39 displays probe and surfaces drawn to scale. From this image it is 
clear that at this scale the surfaces appear almost smooth, whereas a magnification of parts of 
the surfaces (mostly in the z-direction) also shown in Figure 39, reveals that the roughness of 
talc is similar to that of surfaces covered with 9 nm silica particles. 
 
In paper V it is argued that the nanoscale roughness indeed is important for the adhesion 
force, and that this is related to that such surface features give rise to variations in the local 
contact angle between the cavity and the surface, and that it causes pinning of the three-phase 
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line. According to Equation 1.32, a large variation in adhesion force can readily be assigned 
to small differences in vapor contact angle. For example, the large variation in adhesion 
forces illustrated in Figure 36 for 19, 126 and 213 mN/m correspond to vapor contact angles 
of 89°, 82° and 76° respectively. 
 

 
 
Fig.  39 Surface profiles 5 �m from tapping mode AFM images of rough surfaces. Left from top to 
bottom: 40 nm particles z=40 nm, 9 nm particles z=6 nm and 2 s polished z=20 nm. Right from top to 
bottom:  10 s polished z=7 nm, 40 s polished z=1.5 nm and Tarrekaise talc (sample 8 in Figure 4)  z= 8 nm. 
Middle image shows probe drawn to scale with surfaces (from top to bottom): 40 nm particles, 9 nm 
particles, 2 s polished, 10 s polished, 40 s polished and Tarrekaise talc (displaying steps).  
 

3.4 Bridging bubbles vs. spontaneous cavitation 
 
There is no doubt that the presence of a vapor/gas capillary condensate between non-polar 
surfaces in many cases is the reason for the long-range attraction observed between such 
surfaces. Thus, in cases where this mechanism is identified, as for the data presented in this 
thesis, the term “hydrophobic interaction” should be avoided in favor of the term “capillary 
force”. For smooth and chemically well-defined surfaces it has been shown, as expected, that 
capillary forces are present only when the liquid contact angle is above 90°.128 The capillary 
force decreases in magnitude and range if the aqueous solution is deaerated78, demonstrating 
that air, and not only water vapor, is present in the capillary. This is completely consistent 
with theoretical predictions140. The remaining debate concerns whether the capillary is formed 
by a spontaneous cavitation process at small surface separation or due to bridging by a 
nanoscopic bubble that is present on one of the surfaces from the very beginning. In both 
cases one would expect a stochastic variation in the onset of the attraction, in this thesis 
discussed in terms of the jump-in distance. If the mechanism is spontaneous cavitation, then 
the system has to pass a free energy barrier to form the capillary condensate (or perhaps 
capillary evaporate would be a more proper term), and this is a stochastic process with a 
probability that increases with decreasing surface separation96. In this case no repulsive forces 
related to the formation of the capillary condensate are expected prior to the onset of 
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attraction. In contrast, in the scenario with a bridging bubble, repulsion due to a double-layer 
force and bubble deformation is expected to occur prior to the onset of the attractive force. 
The literature contains examples of capillary attraction without any long-range repulsion128 
and capillary attraction that is observed only after a certain repulsion has been overcome37, 74. 
The results in this thesis have shown that repeated measurements on one and the same spot 
often leads to a transition from a capillary attraction without any long-range repulsion to a 
situation where a repulsion due to bubble deformation precedes the onset of the capillary 
attraction141. Thus, it is clear that the force measurements themselves lead to accumulation of 
air in the contact region that can lead to nanobubble formation on the surfaces. It is also clear 
that there is no fundamental difference in the mechanism behind the capillary attraction 
depending on whether it is due to spontaneous cavitation or due to bridging of preformed 
bubbles. However, the initial air content of the capillary condensate will differ, which 
influences the stability of the cavity during separation.  
 

4 Future outlook 
 
As future research in the talc area, it would be interesting to make mapping studies of talc 
surface topography against interaction force. Since roughness effects are hard to measure by 
using a probe, and a sharp tip should be used only for force interaction mapping on 
molecularly smooth surfaces, a new method for this should be developed. One way of 
accomplishing this could be to decouple deflection and shear forces in the AFM, thus at least 
partly removing the topography effect on the measured interaction force. Another way could 
be by measuring the high resolution topography on a talc surface by using a sharp tip and 
afterwards use the tip to “mark” the surface in order to be able to locate the exact same spot 
when returning for colloidal probe force measurements. By this method the nano roughness 
which is suspected to be of importance for the hydrophobic interaction force could be directly 
linked to the normalized forces measured in the defined location. 
 
For the production of surfaces covered with nanoparticles, the influence of particle size as 
well as level of hydrophobicity on measured interaction forces could be investigated. If the 
surface roughness can be precisely controlled by hexagonal close-packing of the 
nanoparticles, only one interaction spot is needed for the measurement, which removes some 
sources of errors. If this investigation is successful, further attempts to produce surfaces with 
hexagonally close-packed particles shaped as pyramids, spikes, spikes on spheres etc. could 
be made and the interaction forces of such surfaces measured in AFM. Parameters to be 
varied could be measurement liquid, temperature, presence of gas, hydrophobicity of surface 
and interaction speed. With a precise experimental background of all these parameters it could 
be possible to develop an interaction formula predicting the range and distance of interaction 
force between hydrophobic surfaces with nanoscale roughness. 
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Abstract

The interaction between cleaved talc surfaces and hydrophobic probe particles, silanized silica and thiolized gold, has been investigated employing
the atomic force microscopy (AFM) colloidal probe technique. These model systems have hydrophobicities similar to some of the talc-pitch
combinations present during pulp and paper manufacture. The talc surfaces used in this study, in the [0 0 1] plane, show a micro-roughness with
sharp peaks of up to 3 nm in height. The force profiles obtained demonstrate the predominance of a long-range attractive force. However, the range
and magnitude of the attractive force show large variability. The variability of the attractive force, and the frequent observations of clear steps in
the force curve demonstrate that it is caused by gas/vapor cavities bridging the surfaces once the surfaces are brought sufficiently close together.
The results suggest that the same mechanism is of importance in applications where talc is used as a collector for pitch.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Talc; Surface forces; Hydrophobic interaction; Capillaries; Microbubbles

1. Introduction

Talc is described by the chemical formula Mg3Si4O10(OH)2.
It consists of a magnesium hydroxide layer (MgO·H2O) sand-
wiched between two silicate layers (SiO2), forming a three-layer
structure (Fig. 1). Adjacent layers are connected by weak van
der Waals forces, giving pure talc a platy structure. The low
energy silicate layers on talc planes, [0 0 1] crystal domains, have
hydrophobic properties, while the edges displaying the hydroxyl
groups are more hydrophilic. The talc particles break preferen-
tially between the crystal layers that are held together by van der
Waals forces, exposing more planes than edges and thus talc par-
ticles are, statistically, relatively hydrophobic. In various studies,
the water contact angle has been found to be 66–90◦ (e.g. [1,2]).
The large spread in reported contact angles can be due to several
factors: a larger than expected number of edges displayed at the
surface; some accessibility to the hydroxyl groups in the second

∗ Corresponding author. Tel.: +46 8 50106091; fax: +46 8 208998.
E-mail address: viveca.wallqvist@surfchem.kth.se (V. Wallqvist).

layer of the crystal structure; or impurities adsorbed from the air
[2]. Talc has a density of 2.75 g/cm3, a brightness of 86–90% and
a refractive index of 1.57. It is the softest of all minerals; Mohs
relative hardness scale starts with talc at 1 and ends with dia-
mond at 10. However, due to impurities, the apparent hardness
of talc minerals is normally closer to 2.

One important industrial use of talc is in pulp and paper man-
ufacture. A major part of all printing papers contain some kind
of mineral filler. The original reason for mixing minerals into
the paper pulp was economic; the fibre material is more expen-
sive than the finely pulverised minerals [3]. However, it was soon
noticed that the mineral fillers also improved the paper properties
in several respects. Printing properties are improved by increas-
ing the paper surface smoothness, opacity and brightness. Due to
its good lightness, softness, particle shape, inert properties and
low price, talc is considered as suitable filler for many applica-
tions, and it has been used as paper filler for about a century. In
the 1960s talc’s range of use in the paper industry was broadened
by its introduction into pitch control applications. Furthermore,
in 1982, its use as a coating pigment was reported, mainly for
lightweight coated (LWC) gravure paper [4].

0927-7757/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2005.11.101
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Fig. 1. Talc structure.

The above-mentioned use as a collector for detrimental
lipophilic compounds, collectively termed “pitch and stickies”,
has opened up an interesting application for talc. The term
“pitch” describes colloidal wood resin components present in
pulp, and which may agglomerate and deposit in and on the
paper machine. Chemically, pitch covers a wide range of sub-
stances such as fats and fatty acids, steryl esters and sterols, and
terpenoids, including terpenes. Compounds from adhesives con-
tained in recycled paper, such as polyisoprenes and waxes [5],
as also residues of defoamers, are called stickies, while particles
containing residual latex, arising from recycled coated paper or
broke, are termed “white pitch”. The pitch adsorbing properties
of talc have been investigated by a number of authors [6–11].
When pitch is adsorbed onto talc, subsequent agglomeration of
the pitch particles is prevented, thus keeping the water and pulp
system of the paper machine cleaner. The softness and good
retention of talc gives economical advantages by increasing the
lifetime of the wire used in forming the paper. Talc is believed
to act in pitch control mainly as a detackifier [8], but the detailed
mechanisms involved in pitch adsorption are not clear.

Little discussion is found in the literature about what
forces contribute to the attraction of talc to pitch. Beyond the
omnipresent Lifshitz–van der Waals forces, donor–acceptor- and
Coulombic interactions, some authors, dealing recently with
other pigments, reflect about hydrophobic interactions [12] with-
out going into details.

The interaction between hydrophobic surfaces across water
has been a controversial issue since the first studies of
Israelachvili and Pashley that suggested the presence of a long-
range hydrophobic interaction between such macroscopic sur-
faces [13]. Subsequent studies confirmed the presence of a long-
range attractive force, significantly larger than the van der Waals
force, for a range of hydrophobic surfaces. However, the mea-
surements showed a large degree of discrepancy in the absolute
range and magnitude of this force [14,15]. It was early realised
that cavitation occurred when two hydrophobic surfaces were
brought in contact [16], but it took several years before it was
suggested that cavitation or bridging bubbles could explain the
long-range nature of the attractive force observed on bringing

the surfaces together [17–19]. This mechanism seems to explain
many, but not all, of the results reported in the literature [20],
and the topic is still frequently discussed [21,22]. Some stud-
ies show that the interactions between two model hydrophobic
surfaces that have been exposed to air give rise to a stronger
adhesion force and a longer range of attraction [23], which is
explained as being due to the fact that dissolved air promotes
cavitation and bubble formation. The complexity of the subject
is emphasized by the observation that surface roughness and het-
erogeneity sometimes have a more significant influence on the
ultimate range of the long-range attractive force than the actual
hydrophobicity [24].

Chi et al. investigated the interaction between talc and
a hydrophobic toner particle using atomic force microscopy
(AFM), and evaluated the interaction data using the DLVO the-
ory [25]. The long-range interaction was found to be due to a
repulsive double layer force. However, an attractive force pulled
the surfaces together from a separation slightly larger than would
have been expected considering the van der Waals force alone,
which was taken as an indication of the presence of a hydropho-
bic interaction.

In the present study, the interaction forces between cleaved
talc surfaces and silanized silica probes, or thiolized gold probes,
are investigated with AFM. In terms of hydrophobicity, this sys-
tem mimics the most hydrophobic components present during
pulp and paper manufacture. The presence of long-range attrac-
tive interactions will be demonstrated and the origin of this
interaction will be discussed. In future studies, colloidal pitch
particles will be used as probes for the AFM measurement.

2. Experimental

2.1. Materials

The first challenge of investigating interactions using one talc
surface was to find suitable samples that were clean and easily
cleaved, and thus allowed preparation of smooth and planar lay-
ers without debris. Fig. 2 displays a collection of talc samples
from different parts of the world.

Even though all these talc samples, except sample 6, are very
pure according to X-ray diffraction analysis, they are different
in structure, colour and hardness. Samples 1–6 show rock-like
structures and cannot easily be delaminated, while samples 7
and 8 have a more layered structure. Since force measurements
employing atomic force microscopy require smooth substrates,
samples 1–6 were cut to form 1 cm × 1 cm × 0.2 cm pieces with
a diamond saw and polished with a silica-containing polishing
agent. Shiny surfaces were obtained, but they exhibited a too
high micro-roughness for accurate force measurements. Sam-
ples 7 and 8 were found to have a more lamellar structure than
the other talc samples and could be cleaved by gently pulling
away sheets with tweezers (Fig. 3). Since sample 8 was present
in a greater amount than sample 7, it was used for the extensive
series of force measurements.

Colloidal silica with a radius, R, of 2.5 �m (Bangs Laborato-
ries Inc., USA) and gold particles with a radius, R, of 4–12 �m
(preparation described in Section 2.2) were used as probes for
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Fig. 2. Talc samples. Top row from left: Sample 1: green talc from the facility
Three Springs in Australia (Western Mining Co.); Sample 2: grey chlorite-talc
from the facility Rabenwald in Austria (Naintscher Mineralwerke); Sample 3:
grey talc from China, facility Guangxi Talc Industry Co., region Guangxi, Citic
Trading Company Ltd. Middle row from left: Sample 4: orange talc from China,
facility Pingdu Talc Mine from the region Shangdong, Citic Trading Company
Ltd.; Sample 5: green talc from China, facility Pingdu Talc Mine from the region
Sandong, Citic Trading Company Ltd.; Sample 6. Talc from Omya production
in Finland, Mondo Minerals Oy. Bottom row from left: Sample 7: Talc sample
from St. Gotthard in Switzerland obtained from Swedish museum of natural his-
tory; Sample 8: Talc sample from Tarrekeise in Sweden obtained from Swedish
Museum of Natural History.

the force measurements. The gold particles were also used in
the determination of the cantilever spring constant.

2.2. Methods

The talc substrates were prepared according to the following
procedure; a circular magnetic stub with a diameter of 1 cm was
covered with double adhesive tape on which a mica sheet was
placed. A very small amount of solvent resistant epoxy glue
(Araldit® rapid from Casco, Sweden, containing 2,2-bis(p-2,3-
epoxypropoxy)phenyl)-propane) was placed in the middle of the

Fig. 3. Scanning electron microscope image of a talc platy structure.

mica surface. A sheet of talc, with the approximate dimensions of
5 mm × 5 mm × 0.2 mm, was pulled away from the talc ore and
placed with its center on the glue spot, covering it completely.
After some drying (at least 30 min), the substrate was introduced
into the atomic force microscope. No evidence that the glue was
contaminating the surfaces was found by tapping mode AFM
or contact angle measurements. A light microscope was used to
locate a smooth and even area on the talc surface, where the force
measurements were conducted. A tapping mode AFM image of
a talc surface prepared in this way is displayed in Fig. 4. The
surface shows a micro-roughness with sharp peaks of up to 3 nm
in height, and also a large scale wave-like pattern.

Contact angles were measured using a dynamic contact angle
and absorption tester (FibroDAT 1100, FibroSystems AB, Swe-
den), in which a drop of a specified volume is applied to a surface
using an automated micro-pipette. The drop shape is captured
with a high speed camera from the deposition time and the con-
tact angle is calculated by the apparatus software as an average
of the right and the left projected angle. For the determination
of advancing and receding contact angles, a tilt-table is used,
such that the surface with the applied liquid drop is tilted from
0 to 90◦ while the projected left and right contact angles are
measured separately.

The forces between a colloidal probe and a talc surface were
measured using an AFM (Nanoscope III, Digital Instruments,
USA) equipped with a liquid cell. The cantilevers (MikroMasch,

Fig. 4. AFM tapping mode image of a cleaved Tarrekeise talc surface (left) with height profile (right).
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Fig. 5. Example of a cantilever calibration.

Estonia) were calibrated using a method proposed by Cleveland
[26]. The cantilever resonant frequency, v, is measured before
and after attaching small weights to the end of the cantilever.
The added mass is plotted against (2πv)−2, giving the spring
constant k as the slope. The masses added to the cantilever for the
determination of the spring constant consisted of colloidal gold
particles. They were made by an electrical discharge induced
by bringing together two pieces of gold thread connected to a
high voltage generator. The radii of the used gold particles were
between 4 and 12 �m, as determined by optical microscope. The
gold particles used as probes for the force measurements were
prepared in the same manner.

The colloid probe tips were prepared as follows. The particles
were picked up and positioned onto the cantilever with a clean,
electrochemically etched tungsten fibre attached to a microma-
nipulator (Eppendorf AG, Germany), i.e. a three-axis translation
stage. For the spring constant determination, the probes were
attached to the cantilever with a small amount of a sticky cream
applied to the end of the cantilever using a clean tungsten fibre.
The mass of the sticky cream was sufficiently small not to affect
the estimation of the spring constant, as evidenced by the obser-
vation that the point of the zero load resonance frequency (no
added cream) did not diverge from the line obtained when added
mass is plotted against (2πv)−2 (Fig. 5). After the spring con-
stant determination, the cantilever was cleaned by washing with
ethanol and plasma treatment, after which a small amount of
Araldit® Rapid glue was applied onto the end of the cantilever
to permanently fix the gold (preparation described above) or
silica probe.

Hydrophobizing the gold probes was achieved by adsorbing a
self-assembled monolayer of hexadecane thiol (Fluka, Switzer-
land) onto the probe surface, whereby the cantilevers with the
glued gold probes were placed overnight in a 1 mM solution of
hexadecane thiol in ethanol. This method has been found in ear-
lier studies [27,28] to result in formation of a dense and regular
self-assembled layer on gold, with an advancing contact angle
of 110◦ and a receding contact angle of 97◦. Hydrophobizing
of the silica particles was performed by putting the cantilevers
with the glued silica probes in a dessicator together with beakers
containing a few drops of tridecafluoro-1,1,2,2 tetra hydro-octyl
trichlorosilane (ABCR, Germany) for 20 h. A reference glass
slide silanized in the same desiccator was found to have a contact

angle of 103◦. After extensive rinsing with ethanol the can-
tilevers were dried before being used for the force measurements.

Figs. 6 and 7 show AFM tapping mode images of the
probe surfaces. The gold probe was imaged as positioned on
the cantilever, causing some picture disturbances due to the
oscillation of the probe cantilever. The Rq

1 value for a square
of 1 �m × 1 �m on the highest part of the particle was mea-
sured to be 9.9 nm (Ra

2 = 8.3 nm) for the thiolized gold par-
ticle and 1.3 nm (Ra = 1.4 nm) for the silanized silica particle.
Thus, the silica particles have a smoother surface than the gold
particles.

2.3. Force measurements

After a seemingly even and regular spot had been located in
the middle of the talc surface, the cantilever with the hydropho-
bic probe was put in contact with the surface and a force curve
was obtained. Force curves obtained in air were often noisy, but
they could be used to find a suitable spot for force measurements
in the liquid. The selection criteria were that an attractive van
der Waals force should be observed and give rise to a strong
attraction, and that no long-range repulsion (caused by debris
on the surface) should be present. When a satisfactory force
curve had been obtained in air, the liquid was introduced. The
liquids used were either pure water, prepared by a MilliQ unit,
or aqueous NaCl solutions of concentrations 1 mM or 10 mM.
All water was degassed by vacuum pumping for 30 min before
use. After vacuum pumping the liquid was transferred to a plas-
tic syringe from which it was introduced into the AFM liquid
cell. When the liquid was introduced, the laser was refocused
due to the change in refractive index and the system was left to
rest for approximately 10 min before any measurements were
conducted. Sometimes when the liquid was introduced a bubble
pattern could be seen on the surface, which disappeared after
a few minutes. Every measurement was repeated for about 100
times before changing any of the force measuring parameters
(speed of approach, maximum compressive force, waiting time
between measurements, and starting distance between the probe
and the surface).

1

Rq =

√√√√√
N∑

i=1

(Zi − Zave)2

N

Zave = average Z-value within the given area; Zi = local Z-value; N = Number of
points within the given area.

2

Ra =

N∑
i=1

∣∣Zi − Zcp
∣∣

N

Zcp = Z-value at the center plane; Zi = local Z-value; N = number of points within
the given area.
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Fig. 6. AFM tapping mode image of a hydrophobized gold probe with topography (left) and surface profile (right). Obtained while the probe was glued to the
cantilever.

Fig. 7. AFM tapping mode image of hydrophobized silica probes with topography (left) and surface profile (right). The seemingly larger than reported particle size
is due to tip broadening, which results in large errors for high objects.

3. Results and discussion

The water contact angles of eight freshly cleaved talc sur-
faces were found to be in the range of 75.2–85.7◦ (σ = 3.1◦).
The advancing contact angles were in the range of 78.0–86.6◦
(σ = 3.6◦) and the receding contact angles were in the range of
63.9–77.2◦ (σ = 4.3◦). The contact angle variation is likely due
to differences in surface roughness, such as the presence of steps
and some talc particles on the surface. Since the measured con-
tact angle is below 90◦ we note that surface roughness decreases
the measured angle. Hence, the higher values are suggested to
represent the clean and debris-free [0 0 1] plane.

A typical approach force curve between a hydrophobic par-
ticle and a talc surface, measured in 1 mM NaCl solution, is
shown in Fig. 8. In this case there are no repulsive forces prior
to the sudden appearance of a strong attraction at a distance of
30 nm. This attraction is too large to measure accurately, and
it appears as the slope of the force, dF/dD, exceeds the spring
constant, which suggests that the probe jumps into contact with
the talc surface. The attraction experienced at this large sepa-
ration is significantly larger than the respective van der Waals
force alone. The expected non-retarded van der Waals force is
shown in Fig. 8 for comparison. Since the surfaces are pulled
together already from a separation of 30 nm, the existence of

a double-layer force at a closer distance cannot be excluded
even though it clearly is overshadowed by the strong attractive
force.

Statistics of the adhesive force and attraction distance over a
measurement series, where the hydrophobic probe is forced into
contact with the talc surface and then pulled away repeatedly,
are displayed in Fig. 9. It should be noted that the measure-
ments were performed at one and the same spot and, despite

Fig. 8. Approaching force curve for the interaction between a hydrophobized
gold probe and a talc surface in 1 mM aqueous NaCl solution and the van der
Waals fit using A = 5.4 × 10−20 J. (Calculation of Hamaker constant based on
the approximate Lifshitz theory, using ntalc = 1.57, εtalc = 3, nhydrocarbon = 1.411,
εhydrocarbon = 2.01, nwater = 1.333, εwater = 80.)
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Fig. 9. Statistics of adhesive forces and attraction distance between a silanized silica probe (R = 2.79 �m, k = 1.24 N/m and a talc surface (top) in 1 mM aqueous NaCl
solution. The open symbols indicate the insert of force curves for measurement number 7 (bottom left) and 37 (bottom right).

the roughness of the probe particle and the talc surface, show
a satisfactory repeatability. This demonstrates that the act of
measuring the forces does not result in damage to the soft talc
surface or to the particle probe surface. However, in the partic-
ular series displayed in Fig. 9, a sudden decrease in attraction
is observed after 17 measurements that may indicate a slight
change in geometry (e.g. breaking of an asperity). The slight
drop in adhesion correlates with a slight decrease in the range of
the attractive force experienced on approach. The force curves
displayed in the same figure illustrate the distance dependence
of the interaction experienced on approach and retraction in the
beginning and the end of the measurement series. These force
curves on retraction clearly show the presence of a vapor cav-
ity, with the characteristic features being that the surfaces move
apart prior to the final jump out that occurs from a distance
of about 150 nm. Clearly, up to this point a vapor cavity keeps
the surfaces connected. It has previously been shown [16] that
such a cavity gradually thins under extension as the distance is
increased until it finally disappears at a critical distance. The
mechanism causing the attraction on approach is more difficult
to determine. However, two observations make us suggest that
the attraction observed on approach is due to a sudden forma-
tion of a bridging air cavity when the aqueous film between the
two surfaces becomes thin enough to result in a low activation
energy for cavity formation [29]. The first one is that the slope
of the attractive force is very large, most likely exceeding the
spring constant (the jump in line that is difficult to asses clearly
is close to parallel to the jump out line as seen in Fig. 9, left hand
data set). The second one is the appearance of, in some cases,
a small repulsion prior to the jump in. This is just noticeable in

the data set in Fig. 10, right hand data, and more clearly seen in
Fig. 11. In these cases the repulsion is caused by deformation of
surface attached air-bubbles, as demonstrated by Carambassis et
al. [18]. The similar range of the attractive force in the two cases
(with and without a clear evidence of a surface attached bubble)
is a very strong indication that the mechanism is the same, i.e.
formation of a bridging air cavity.

The adhesion value and the range of the attractive force vary
significantly between different probes. For example, while the
adhesive forces displayed in Fig. 9 for a silanized silica probe
are all above 110 mN/m, the adhesive forces displayed in Fig. 10
for a thiolized gold probe are all around 18 mN/m. These dif-
ferences are attributed to the greater surface roughness of the
gold probes. The variations between probes of approximately
the same hydrophobicity and similar surfaces are consistent with
the finding of Fröberg et al. [22], i.e. the attractive interactions
between hydrophobic surfaces in aqueous solutions depend not
only on the hydrophobicity as judged by contact angle mea-
surements but also strongly on the structure of the hydrophobic
surface. Hence, when dealing with non-ideal substrates, as in
this investigation, and in many real life systems, it is clear that
one should expect a large variation in the range and magnitude
of the attractive force for non-polar surfaces. This stems from
the molecular origin of this attraction, which in the present case
is due to cavitation. Cavities form easier the thinner the liquid
film separating the particles, which is well understood theoreti-
cally [29]. It is also clear that surface heterogeneity affects the
cavitation process. For instance, a large cavity is expected to
form when the surface hydrophobicity is homogeneous (and, of
course, hydrophobic enough to provide a free energy gain upon
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Fig. 10. Statistics of adhesive forces and attraction distance between a a thiolized gold probe (R = 9.03 �m, k = 1.41 N/m) and a talc surface (top) in 1 mM aqueous
NaCl solution. The open symbols indicate the insert of force curves for measurement number 7 (bottom left) and 37 (bottom right).

de-wetting), whereas several small cavities can form between
heterogeneous surfaces [16]. The lower adhesion observed when
using thiolized gold as compared to hydrophobized silica is thus
suggested to be due to two effects: A reduced direct contact area
and formation of several small cavities around the contact points
between asperities rather than one large cavity, which reduces
the total dewetted area. This suggestion is supported by the data
obtained on retraction, see Figs. 9 and 10. For silica a large vapor
cavity bridge the surface that results in an attraction extending to
about 600 nm. This is most clearly seen by the data in the right
hand figure where a slowly decaying attraction persists after the
jump out. The smaller cavities formed for the rougher gold sur-
faces are only able to connect the surfaces to a separation of
about 25–100 nm. From about 25 nm the surfaces jump apart,

Fig. 11. Approach curve for the interaction between silanized silica probe
(R = 2.79, k = 1.41 N/m) and talc surface, measurement number 37.

sometimes with no evidence of a connecting cavity after the
jump out (Fig. 10), whereas in some cases the cavity connects
the surfaces out to a separation of 150 nm (Fig. 12).

Surface roughness is also expected to affect the cavitation
process. First, the actual area de-wetted locally around the
contacting asperities will increase when the surface roughness
increases, which will favor formation of cavities when the con-
tact angle is above 90◦. Secondly, one can conceive that small air
bubbles can be trapped in hydrophobic crevices present on real
surfaces [30], and these bubbles are expected to act as efficient
nucleation sites for the formation of bridging cavities. In fact, in
at least one previous case [18] it has been demonstrated that pre-

Fig. 12. Approaching and retracting force curves for the interaction between
a hydrophibized gold probe (R = 6.4 �m, k = 0.99 N/m) and a talc surface in
10 mM NaCl solution. The insert shows different tentative steps describing the
formation of cavities.
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existing bubbles located on the surface mediate the interaction.
In a few cases (one example is shown in Fig. 11), the presence
of bubbles on the surface during approach was also observed.
In this study, the repulsion observed at distances of 50 to 35 nm
is due to compression of the bubble, which, when it attaches
to the second surface, generates an attraction and subsequently
the short range repulsion, commencing at 20 nm, as shown in
the curve in Fig. 10. This is due to the fact that the spreading
of the bubble along the surface is slow compared to the time
scale of bringing the surfaces together. It takes 0.015 s, in the
particular example illustrated in Fig. 11, to drive the surfaces
into contact from an initial 40 nm separation. At this speed the
hydrodynamic force at 40 nm separation is 0.0008 mN/m, esti-
mated according to ref [31], which is negligible compared to the
4 mN/m repulsive force observed.

In Fig. 12, a step-wise model for the capillary formation and
break up is displayed together with a force curve showing the
gradually decreasing force in the retraction curve, as mentioned
above. In step 1, the probe is too far away from the surface for any
interaction to occur. In steps 2 and 3, the probe is in proximity to
the surface and a cavity forms, creating a long-range attraction.
In step 4, the probe is in contact with the surface and the can-
tilever is deflected away from the surface. In step 5, the probe is
pulled away from the surface and a capillary is extended between
the probe and the surface, giving rise to the gradually decreasing
force seen in the retraction curve. In step 6, the probe is again too
far away from the surface for any interaction to occur. On micro-
rough surfaces, the gas distribution on the sample surface and on
the probe surface may thus change, creating new conditions for
each following force measurement. For very smooth surfaces,
bubble attachment is expected to reduce and become insignifi-
cant in the case of an ideally smooth surface on the molecular
scale. However also in this case cavitation occurs when two
hydrophobic surfaces (� > 90◦) are in close proximity.

4. Concluding remarks

The forces acting between talc and hydrophobic probe parti-
cles have been investigated and been shown to be dominated by
long-range attractive forces. This feature is consistent in all mea-
surements, but both the range and the magnitude of the attractive
force showed a considerable variability. This is a consequence
of the use of non-ideal substrates and probe particles, and is
suggested to reflect the situation encountered in real systems,
such as talc-pitch interactions during papermaking. The origin
of the attractive force is identified as being due to a sudden
cavitation occurring as the liquid film thickness has decreased
sufficiently to allow the activation energy for cavity formation
to be overcome. This activation energy, and the resulting cav-
ity size and spreading on the surface are influenced not only by
the hydrophobicity of the surfaces and the gas content in the
liquid, but also by the surface heterogeneity and roughness. In
particular, on rough surfaces nano-sized air bubbles may readily

become trapped, and these bubbles are expected to be able to act
as efficient nucleation sites for the cavity formation.
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Colloidal wood resin components present in pulp are collectively called “pitch”. The presence of pitch may cause
severe problems due to deposits in and on the paper machine. There is thus a need for controlling pitch aggregation
and adsorption. To be able to develop more efficient pitch control systems, one needs to develop the understanding
of pitch-pitch interactions and of the interactions between pitch and other materials. With this general goal in mind,
we present methods for preparing geometrically well-defined pitch particles attached to atomic force microscopy tips.
This has enabled us to investigate the interactions between pitch and talc, an additive commonly used for pitch control.
We have used model pitch particles consisting of one component only (abietic acid), a mixture of components
(collophonium), and particles prepared from real pitch deposits. We show that the forces acting between pitch and
talc are attractive and, once the initial approach is made, exert this attraction out to large distances of separation. We
present evidence that the formation of bridging air bubbles or cavities is responsible for this interaction.

1. Introduction

Talc is a naturally occurring mineral with the chemical formula
Mg3Si4O10(OH)2. The pure talc mineral has hydrophobic proper-
ties due to its preferred cleavage along the planar layers that are
connected by weak van der Waals forces (Figure 1), which exposes
the nonpolar and inert basal plane. However, because the
transplanar edges contain exposed OH groups, the measured
hydrophobicity of pure talc is normally varying depending on
particle size, comminution method, and exposure time to air
after cleavage. Talc is also known to contain impurities of other
minerals, giving it a wide range of colors in addition to the white
color of pure talc. Water contact angles of 66-90° (e.g., see refs
1 and 2) have been mentioned in the literature, the wide span
being due to the above-mentioned differences between talc
samples.

Talc is used in the paper industry mainly as a filler but also
as a coating pigment. Because of its hydrophobic properties, it
has also been shown to be efficient as a pitch adsorber.3 The term
“pitch” describes colloidal resin components present in pulp,
which may agglomerate and deposit in and on the paper machine
(Figure 2). These deposits may sometimes cause plugged washer
screens or breaks, holes, and spots on the paper. Chemically,
pitch covers a wide range of substances: fats and fatty acids,
steryl esters and sterols, terpenoids, including terpenes, as well
as compounds from adhesives contained in recycled paper, such
as polyisoprenes and waxes.4 Process problems during pulp and
paper manufacturing due to pitch vary a lot depending on the wood species used, the type of pulping process, and the conditions

during papermaking. The solvent extractable resins from softwood
species can typically contain 50% fatty acids, 40% resin acids,
and 10% neutral components (glycerides, terpenoids, sterols,
etc.) whereas hardwood species have a higher amount of neutral
components and no resin acids.5 In chemical kraft pulping, at
high temperature and pH, acid components will be saponified
to form liquid crystalline sodium soaps or calcium soaps at lower

* To whom correspondence should be addressed. Tel: +46 8 50106091.
Fax: +46 8 208998. E-mail: viveca.wallqvist@surfchem.kth.se.

† Ytkemiska Institutet AB/Institute for Surface Chemistry.
‡ Royal Institute of Technology.
§ Omya Development AG.
| Helsinki University of Technology.
(1) Yildirim, I. Ph.D. Thesis, Virginia Polytechnic Institute and State University,

Virginia, 2001.
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Figure 1. Talc structure.

Figure 2. Pitch deposit from a paper machine. Scale in millimeters.
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temperatures.5 Soaps formed during pulping can be more or less
sticky depending on, for example, pH, electrolyte concentration,
and temperature, and detackifiers such as talc find use in chemical
pulp mills. During thermomechanical pulping (TMP), a me-
chanical action is used and the resinous components are not
saponified but may instead be dispersed in the aqueous phase
and receive a high colloidal stability due to steric stabilization
from wood carbohydrates or lignin compounds. In closed process
streams, the dissolved and colloidal substances will build up,
tend to aggregate, and form pitch problems.6 The pitch-adsorbing
properties of talc have been investigated by a number of
authors.3,7-11 Talc is believed to act in pitch control mainly as
a detackifier;9 that is, it reduces the stickiness of pitch, but the
detailed mechanisms involved in pitch control by talc are not
known.

In an earlier study, we have shown that the attraction between
talc and hydrophobic model surfaces is stronger than that expected
from the van der Waals force alone at large separations.12 The
mechanism was suggested to be due to gas/vapor cavities bridging
the surfaces once the surfaces are brought sufficiently close
together. This mechanism has earlier been suggested as a cause
for the “hydrophobic” long-range attraction between nonpolar
macroscopic surfaces immersed in aqueous solutions,13-16 but
this topic is still frequently debated.17-21 In the present study,
the interaction forces between cleaved talc surfaces and colloidal
pitch particles produced from pulp, abietic acid, collophonium,
or pitch deposits from paper machines are investigated with atomic
force microscopy (AFM). The presence of long-range attractive
interactions will be demonstrated, and the origin of this interaction
will be discussed. The paper starts with a description of the
preparation of the colloidal probe particles made from pitch and
their characterization. Thereafter, the measured forces are reported
and discussed.

2. Experimental Section
2.1. Materials. A cleavable talc sample giving smooth talc surfaces

was obtained from the Swedish Museum of Natural History (Figure
3). The sample originated from Tarrekaise in Lapland, Sweden, and
consisted of pure natural talc (verified by X-ray diffraction). Colloidal
probes were prepared by water extraction from a softwood
thermomechanical (TMP) pulp taken closely after the mechanical
refiner but before the pulp was in contact with process water from
the paper machine (SCA, Sweden) and by using abietic acid (Fluka,
Switzerland), collophonium (Omya, Switzerland), or pitch deposits
from a newsprint paper mill using softwood mechanical pulp (Stora
Enso, Sweden). The chemical composition of the different pitch
samples will be reported in the Results.

The water used in all experiments and sample preparations was
prepared by means of a Milli-Q Plus Unit (Millipore, Bedford, MA)
including ion exchange, active carbon adsorption, and reverse osmosis
prior to the final 0.22 μm filtration step. The water resistivity after
this treatment was 18.2 MΩ cm. The water used for the AFM
measurements was degassed prior to use using a jet water pump and
a magnetic stirrer. NaCl was obtained from Merck (Germany) and
used as received. Ethanol (99.7 vol % pure) and acetone were obtained
from Solveco (Sweden).

2.2. Methods. The forces between a colloidal pitch probe and a
talc surface were measured using an AFM (Nanoscope III, Digital
Instruments, United States) equipped with a liquid cell. The
cantilevers (CSC12/tipless/No Al, MikroMasch, Estonia) were
calibrated using the method proposed by Sader et al.22 Before starting
the measurement, the laser was left on for at least 30 min in order
to reach a steady temperature and beam intensity. The measurements
in liquid were performed in aqueous 6 mM NaCl solutions. After
injection of the liquid, the system was allowed to stabilize for at
least 20 min; thereafter, the force curves were measured. For the
measurements with first contact, the trigger mode was set to “off”,
the “false engage” command was performed, and the step motor was
used to measure each force curve until the first contact occurred.
For the measurements without first contact, the trigger mode was
set to “relative” and the trigger threshold was 60 nm. Relative trigger
mode means that all force curves have the same preset maximum
cantilever deflection relative to the cantilever’s deflection at the
beginning of the curve (zero deflection). Note that in this mode the
forces on the very first approach are not recorded. A driving velocity
of 400 nm/s was used for all measurements. As shown in our previous
paper,12 this does not give rise to any significant hydrodynamic
forces.

Contact angles were measured using a FTÅ pendent drop
tensiometer (First Ten Ångströms, Portsmouth, VA), in which a
drop is applied to a surface using a syringe with a stainless steel
needle. The drop shape was captured with a high-speed camera from
the time of deposition, and the contact angle was calculated by the
apparatus software as an average of the right and the left projected
angles, which were found to be similar on our samples. The surfaces
of abietic acid and collophonium used for contact angle measurements
were prepared by dissolving the material in acetone and letting the
solution dry on a clean glass microscope slide, creating a smooth
film of the material.

2.3. Sample Preparation. The pitch-containing water extracted
from pulp was prepared by dispersing the pulp in water to 1 wt %
concentration, applying agitation with a flat blade propeller at 150
min-1 for 3 h, and centrifuging at 1 500 min-1 for 30 min at 20-22
°C.6 The pitch remaining in the overphase was deposited onto a
colloidal silica probe with a radius, R, of 2.5 μm (Bangs Laboratories,
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Figure 3. Surface of a cleavable Tarrekaise talc surface (sample
size, 2 cm × 2 cm).
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Inc., United States) glued to a cantilever using a very small amount
of a solvent-resistant epoxy glue [Araldite Rapid from Casco, Sweden,
containing 2,2-bis(p-2,3-epoxypropoxy)phenyl)propane]. The
deposition was performed by pouring one droplet of the overphase
onto the silica probe attached to the cantilever. The liquid was
allowed to evaporate, and as a result, a pitch film formed on the
silica probe. Colloidal probes from abietic acid (Fluka), collo-
phonium (Omya), or pitch deposits (Stora Enso) were prepared
using two methods. In each case, the manipulation of the pitch
aggregates was performed using a clean, electrochemically etched
tungsten fiber attached to a micromanipulator (Eppendorf AG,
Germany).

The first method used for preparing pitch colloidal probes was
started by placing a piece of the material on the cantilever, heating
it to its softening temperature, and letting the material spontaneously
form a hemisphere due to surface tension forces. It was attached to
the cantilever by molecular forces only. This method, which worked
for all pitch samples, is hereafter called the melt method.

The second method started by dissolving the pitch substance in
acetone, followed by precipitation in water. Next, drops of the liquid
containing dispersed pitch particles were placed on a clean object
glass and allowed to dry. These pitch particles were attached to the
cantilevers by the Araldite glue. This method will be referred to as
the precipitation method. The precipitation method worked only for
abietic acid, whereas the other materials gave too soft or irregular
probes for later use in AFM studies.

After the attachment of the probes to the cantilevers, each of them
was imaged from the side using ESEM (environmental scanning
electron microscopy, Philips XL30). The curvature of the probe was
measured, and the corresponding radius was used when normalizing
the measured force, i.e., to obtain F/R (force/radius) values. ESEM
images of some of the probes used for obtaining the force curves
presented in this article are shown in Figure 4.

The talc substrates were prepared according to the following
procedure: A circular magnetic stub with a diameter of 1 cm was
covered with double-sided adhesive tape on which a mica sheet
was placed. A very small amount of a thermosetting resin (Epikote
1004, Resolution Europe B.V., The Netherlands) was placed
in the middle of the mica surface and heated to 100 °C. A sheet
(platelet) of talc, with the approximate dimensions of 5 mm ×
5 mm × 0.2 mm, was pulled away from the talc ore and placed
with its center on the resin spot, covering it completely. After
some cooling at 20-22 °C (at least 30 min), the substrate was
introduced into the AFM. A light microscope was used to locate a
smooth and even area on the talc surface, where the force
measurements were conducted. A tapping mode AFM image (taken
in air) of a talc surface prepared in this way is displayed in Figure
5. The roughness characteristics over the line scan, shown in Figure
5, are defined by Rq ) 0.477 nm and Ra ) 0.337 nm (see Appendix),
which is typical for the talc samples prepared this way. We note that
each measurement series was performed on a freshly prepared talc
sample.

Flat macroscopic surfaces coated with collophonium used in the
collophonium-collophonium force measurements were prepared
by melting a layer of collophonium onto a mica surface. A tapping
mode AFM image (taken in air) of a collophonium surface prepared
in this way is displayed in Figure 6. The roughness characteristics
over the line scan shown in Figure 6 are Rq ) 0.331 nm and Ra )
0.224 nm.

2.4. Theoretical Considerations. The measured forces were
compared with theoretically calculated van der Waals and electrostatic
double-layer forces. To calculate the expected van der Waals force,
the dielectric properties of the interacting surfaces and the intervening
medium must be known. Thus, the dielectric properties for the
different materials used in this investigation are summarized in
Table 1.23

The Hamaker constants, A, for the different systems were calculated
using the approximate and nonretarded Lifshitz formula for a material
1 interacting with a material 2 across a medium 3.26

where εi ) the static dielectric constant for medium i, νe ) the main
electronic absorption frequency in the UV region assumed to be the
same for all three media, ni ) the refractive index of medium i in
the visible region, k ) the Boltzmann constant, and h ) Planck’s
constant.

In these calculations, the dielectric properties of the materials,
as given in Table 1, were used together with an absorption
frequency of 3 × 1015 s-1. The results (where the second term in
the formula was found to be dominating) are summarized in
Table 2.

The theoretical van der Waals force curves were calculated using
these values and the formula valid for a flat surface interacting with
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Boca Raton, FL, 2004.
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DT Paper Science: Grankulla, Finland, 1991.
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Press Inc: London, 1992.

Figure 4. Probes used for AFM measurements. Top: Abietic acid
prepared by the precipitation method. Bottom: Collophonium
prepared by the melt method (110 °C).
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a sphere, where the sphere radius, R, is much larger than the surface
separation, D26:

quoted in units of N m-1.

3. Results and Discussion

3.1. Pitch Composition. The chemical composition of pitch
can vary widely, and it is thus of interest to carry out chemical
analysis of the samples. This was done by employing gas
chromatography with flame ionization detection (GC-FID) using
a method described by Örså and Holmbom.27 The sample
extracted from pulp has a chemical composition of 0.8% fatty
acids, 9.8% resin acids, 29% alkanoles, 27% sterylesters, and
34% triglycerides. For the collophonium sample, the composition
was found to be 1% fatty acids, 98% resin acids, and 1% steryl
esters. For the pitch deposits, the composition was 60% fatty
acids, 40% resin acids, and a negligible amount of neutral
substances. This is consistent with the observation that resin and
fatty acids are primarily found in deposits,4,28 even though
extractives from softwood contain a significant amount of neutral
fatty substances. There is, however, some contradiction in the
literature, and Hassler11 finds the same components in the deposit
as in the pulp extractive. Moreover, in the review paper by Hubbe

et al.,29 it is noted that triglycerides can indeed be a major factor
in sticky deposits. In colloidal wood resin dispersions formed in
a mechanical wood pulp, pitch particles show remarkable colloidal
stability.30 This finding was attributed to steric stabilization by
water-soluble or precipitated wood carbohydrates or lignins and
is a factor that can influence the formation of sticky deposits.
When a large amount of the pulp is chemical pulp from hardwood
species, it can be even more complicated due to the high amount

(27) Örså, F.; Holmbom, B. J. Pulp Pap. Sci. 1996, 20, J361-J366.
(28) McLean, D. S.; Stack, K. R.; Richardson, D. E. Appita J. 2005, 58, 52-

55, 76.

(29) Hubbe, M. A.; Rojas, O. J.; Venditti, R. A. Nord. Pulp Pap. Res. J. 2006,
21, 154-171.

(30) Swerin, A.; Ödberg, L.; Wågberg, L. Nord. Pulp Pap. Res. J. 1993, 3,
298-301.

Figure 5. AFM tapping mode image (flattened third order) of a
cleaved Tarrekaise talc surface (top) with height profile (bottom) in
air.

F/R ) - A

6D2
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Figure 6. AFM tapping mode image (flattened third order) of a
melted collophonium surface (top) with height profile (bottom) in
air.

Table 1. Dielectric Propertiesa

material
refractive
index, n

dielectric
constant, εr

talc 1.5724 325

hydrocarbon 1.411 2.01
abietic acid 1.546 2.75a

water 1.333 80
air 1 1

a No value was found for abietic acid; the value given is for a fatty
acid.

Table 2. Hamaker Constants for the Different Systems

material 1 medium material 2 Hamaker constant, A (J)

hydrocarbon water talc 7.58 × 10-21

hydrocarbon air talc 6.67 × 10-20

abietic acid water talc 1.56 × 10-20

abietic acid air talc 8.53 × 10-20
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of neutral substances that cannot be solubilized. However, the
present study is focused to develop an experimental technique
using model pitch but with examples both from dispersed colloidal
resin from a softwood TMP pulp and from a pitch deposit.

The chemically simplest probe that we have used is thus abietic
acid, which is a typical resin acid. Collophonium contains mainly
a mixture of resin acids with a small amount of fatty acids and
neutral fatty compounds. In comparison, the pitch deposits contain
significantly more fatty acids, and the deposit is highly enriched
in fatty acids and depleted in neutral fatty substances (triglycerides,
sterylesters, and alkanols) as compared with the pitch extracted
from pulp.

3.2. Water Contact Angles. The static contact angle of water,
i.e., the contact angle obtained for a given drop volume, on
freshly cleaved talc surfaces from the Tarrekaise source was
found earlier to be in the range of 75-86°.12 Surfaces made from
abietic acid and collophonium were prepared by dissolving the
material in acetone and letting the solution dry on a clean object
glass forming a film. For both abietic acid and collophonium,
we obtain initial water contact angles (pH 5.5-5.7) of around
90°. Figure 7 illustrates how the contact angles for abietic acid
and collophonium change over time. We note in Du Noüy ring
tensiometer measurements on pure water and water containing
pieces of abietic acid or collophonium that the surface tension
of the water in contact with the surfaces did not change markedly
with time, which indicates that the decrease in water contact
angle with time is primarily due to rearrangements in the surface
layer leading to exposure of a larger number of polar groups
toward the solution.

3.3. Force Measurements. 3.3.1. First Contact. The forces
acting between an abietic acid particle prepared by the precipita-
tion method and a talc surface across an aqueous 6 mM NaCl
solution are displayed in Figure 8, which shows the results for
the first five measurements. It should be noted that the approach
force curve measured when the surfaces are brought together for
the very first time is purely repulsive. The repulsion reaches a
measurable strength at a separation of 10 nm. The distance
dependence of the force is not consistent with that of an electrical
double-layer force suggesting a steric origin due to compression
of some asperities. On separation, a relatively strong attractive
force amounting to 45 mN m-1 was observed. The attraction
measured on separation did not change significantly during the
five measurements reported in Figure 8, all falling within the
range 44-49 mN m-1. Except for the very first time, the forces
acting on approach were attractive. The jump-in distance increases
with the number of approaches until it becomes saturated after
about five measurements. We note that already at the second
approach the measured attraction is larger than the theoretical
van der Waals force.

The force curves measured on approach between a talc surface
and a glass surface carrying a layer of pitch extracted from pulp
were found to change with the number of measurements in the
same manner as described above. Thus, for both model pitch and
for the real pitch a long-range attraction develops as the pitch
probe is brought into contact with the talc surface repeatedly.

A spontaneous cavitation (or dewetting) is expected to occur
when two smooth and chemically homogeneous surfaces having

Figure 7. Contact angle for collophonium and abietic acid as a
function of time.

Figure 8. Force curves in 6 mM NaCl measured on approach
between a talc surface and an abietic acid probe prepared by the
precipitation method. First measurement, O; second measurement,
0; third measurement, b; fourth measurement, 3; and fifth
measurement,9. The solid bold line is the theoretical van der Waals
force.

Figure 9. Force curves between an abietic acid probe prepared
using the melt method and a talc surface across 6 mM NaCl
measured on approach. Top: measurement 1 (not first contact).
Bottom: measurement 499; the inset shows the repulsive force on
a logarithmic scale. The decay length illustrated in the solid line is
10.7 nm.
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water contact angles larger than 90° are brought together to
sufficiently small separations,31 and this has been confirmed by
experiments.32 Such a mechanism is, however, not operative
when the contact angle is below 90°,31,33 which is the case for
our systems. The larger than expected attractive force between
hydrophobic surfaces has earlier also been suggested to be due
to bridging of submicroscopic bubbles already existing on the
surfaces before they approach each other.13 The stability of such
bubbles on molecularly smooth hydrophobic surfaces has been
questioned due to the high pressure inside such bubbles, which
should result in very fast dissolution of the air into bulk water.34-36

Nevertheless, a range of reports supports the notion that
submicroscopic air bubbles bridging between two surfaces in
many cases are the reason for the long-range and strong attraction
observed between nonpolar surfaces in aqueous media.19-21,34,37-41

This has recently been rationalized by the finding that the contact
angle of the nanobubbles, as measured through the denser phase,
is significantly larger than that of the corresponding macroscopic
bubbles.34 This results in a lower Laplace pressure and thus a
slower evaporation.

In our case, we deal with real surfaces having a certain
roughness (Figures 5 and 6) and talc samples displaying a chemical

heterogeneity,42,43 and this is, of course, also true for pitch
particles. It is established that surface roughness and chemical
heterogeneity promote contact angle hysteresis and the pinning
of water droplets on surfaces in air.44,45 Similarly, air bubbles
should be pinned on heterogeneous and rough surfaces immersed
in water. Furthermore, some reports have previously noticed
that the surface roughness and heterogeneity are of great
importance for the long-range attraction between nonpolar
surfaces in water.13,46,47

Thus, despite the fact that the macroscopic water contact angle
is below 90°, we suggest that existence/creation of nanobubbles
is the cause for the longer range (longer than van der Waals)
attraction observed between pitch and talc. We suggest that each
time the probe particle is separated from the talc surface an air
cavity is created, as also has been observed in other systems.21,48

On further separation, the cavity collapses and some of the air
attaches as nanobubbles on the surface. As the process is repeated,
the amount of air attached to the surfaces in the contact region
increases, which facilitates formation of more and larger
nanobubbles, which serve to increase the range and magnitude
of the measured attractive force.
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Figure 10. Statistics for the adhesion (top) and jump-in distance
(bottom) for the force measurement between an abietic acid probe
prepared with the melt method and a talc surface across 6 mM NaCl.

Figure 11. Force curves between a collophonium particle prepared
by the melt method and a talc surface measured on approach across
6 mM NaCl. Top: measurement 1 (not first contact). Bottom:
measurement 251. The solid line represents the expected van der
Waals force.
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3.3.2. Difference between Probe Forming Methods for Abietic
Acid. Forces measured while approaching an abietic acid probe
prepared by the melt method toward a talc surface are reported
in Figure 9. One force curve represents the interaction at the
beginning of the measurement series, but not the very first contact,
whereas the second force curve reflects the situation after
contacting the probe and the surface repeatedly (about 500 times).
It can be noted that, just as in the previous case, the attraction
increases with the number of measurements, see Figure 10, and
it is significantly larger than the predicted van der Waals force
displayed in Figure 9. After repeated measurements, a repulsive
force is observed at distances larger than the onset of the strong
attraction. This repulsion decays exponentially with a decay length
of about 10 nm, a value that is larger than the Debye length of
3.9 nm expected for a double-layer force between nondeformable
surfaces at the given ionic strength (6 mM). The forces measured
at this stage are very similar to those observed by Carambassis
et al.14 using silanated (tridecafluoro-1,1,2,2-tetrahydrooctyl-
methyldichlorosilane) silica surfaces, and our interpretation of
the results is the same as theirs; that is, both the repulsion and
the attraction are due to the presence of nanobubbles on the
surface, where the repulsion is a combination of an electrostatic
double-layer force and a force due to deformation of the air
bubble. The repulsion turns into an attraction once the bubble
bridges between the two surfaces.

Air bubbles have earlier been reported to have a negative
charge in NaCl solution,49 and also, abietic acid can bear a negative
charge30,50 due to dissociation of surface-bound carboxylic acid
groups. Thus, even though the force-measuring technique does
not provide the sign of the charge, it seems clear that the surface
potentials are negative. The jump-in distance and the adhesion

force as a function of measurement number, all on the same spot
on the surface, are shown in Figure 10. We note that the adhesion
force, measured on separation, increases from 240 to 270 mN
m-1 during the repeated measurements. At the same time, the
jump-in distance, which reflects the range of the attraction,
increases. The increase is large in the beginning and levels out
by the same time as the repulsive force begins to show up in the
approach force curve (around measurement 300). A comparison
between Figures 8 and 9 shows that the attractive force is more
long-range in the case where the probe is prepared using the
melt method, Figure 9, as compared to when the precipitation
method is used, Figure 8. Furthermore, we note that a
significantly larger adhesion force is observed when a melted
probe particle is used as compared to when the probe was prepared
by the precipitation method. This suggests that the probe
preparation method influences the hydrophobicity of the
surface. Probes prepared in air, as in the melt method, expose
mainly hydrophobic groups to the surface whereas probes
prepared in water, as in the precipitation method, present a
somewhat larger number of hydrophilic groups as the particles
strive to minimize the interfacial energy toward the
surrounding bulk phase. We note that, as shown by the time
dependence of the contact angle, a reorientation of surface groups,
leading to exposure of a larger number of hydrophilic groups,
occurs when the surrounding medium is changed from air to
water. However, once nanobubbles are formed on the surface,
the regions covered by these bubbles will not become more
hydrophilic with time.

3.3.3. Force Measurements with Collophonium. The forces
measured on approach between a collophonium probe prepared
by the melt method and a talc surface are shown in Figure 11,
together with the theoretical van der Waals force. It can be noted
that, in agreement with the results obtained for abietic acid, the
range and strength of the attraction are significantly larger than
those predicted by the van der Waals force alone. Thus, also in
this case, we suggest bridging submicroscopic bubbles to be the
origin of the attraction. The adhesion force and jump-in distance
as a function of the number of approaches are displayed in Figure
12. We note that in this case both of these values remain relatively
constant, indicating that no further air accumulation in the contact
region is induced by the measurements. This may be due to the
somewhat lower contact angle on collophonium as compared to
on abietic acid, see Figure 7, or to a difference in surface
roughness. A small change in contact angle can indeed have a
large impact on the bubble nucleation process as clearly
demonstrated by Ederth and Liedberg.33

(49) Li, C.; Somasundaran, P. J. Colloid Interface Sci. 1991, 146, 215-218.
(50) Zakrajsek, N.; Zule, J.; Moze, A.; Golob, J. Acta Chim. SloV. 2005, 52,

67-72.

Figure 12. Statistics for the adhesion (top) and jump-in distance
(bottom) for the force measurement between a collophonium particle
prepared by the melt method and a talc surface in 6 mM NaCl.

Figure 13. Approach and separation force curves for the interaction
between a collophonium particle prepared by the melt method and
a collophonium surface across 6 mM NaCl.
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The interaction forces between a collophonium probe prepared
by the melt method and a collophonium surface were also
determined. The data reported in Figure 13 illustrate a typical
force curve. In particular, we note that no long-range attraction
is observed on approach. Thus, these surfaces are not sufficiently
hydrophobic to allow the air bubble bridging mechanism to
operate. On separation, an attractive force component is present,
but the magnitude of this force is significantly less than for the
previous systems, again indicating the absence of any bridging
bubble between two collophonium surfaces.

These results also allow an additional important conclusion
to be drawn concerning the force measurements between talc
and pitch. Even though we cannot disregard the possibility that
some pitch material is transferred to the talc surface during
measurements, it is clear that such a possible material
transfer is not responsible for the long-range attraction between
talc and pitch. Conversely, our data suggest that such a material
transfer is expected to lower the range and magnitude of the
attraction.

3.3.4. Force Measurements with Pitch. A representative force
curve for the interaction between a pitch particle prepared by the
melt method and a talc surface across 6 mM NaCl is reported
in Figure 14. The force curve has the signature of the presence
of a submicroscopic bubble in the contact region. At large
separations, a repulsive force with a decay length of 4.6 nm, as
compared to the expected Debye length of 3.9 nm, dominates
the interaction. Again, this force is suggested to be due to the
combination of a repulsive double-layer force and a force due
to deformation of the surface-bound bubble. The smaller decay
length reported in Figure 14, as compared to in Figure 9, is
suggested to be a consequence of the smaller extension of the
bubble in the former case.

At a separation of about 15 nm, the repulsive force is overcome
by a stronger than van der Waals predicted attraction. The adhesion
between the pitch particle and the talc surface increases moderately
with the number of contacts; see Figure 15. The magnitude of
the adhesion observed for the different probes follows the trend
abietic acid prepared by the melt method> abietic acid prepared
by the precipitation method > collophonium prepared by the
melt method > pitch prepared by the melt method. Because the
adhesion force in water decreases with an increasing number of
polar groups presented on the surface (i.e., with decreasing surface
water interfacial tension), we draw the conclusion that the number

of polar groups follows the same trend, and it is thus clear that
collophonium is a significantly better model of pitch than abietic
acid.

4. Conclusions

The forces between talc and pitch have been investigated
using the AFM colloidal probe technique. Two methods for
preparing suitable colloidal probes of pitch components and of
the complex pitch deposits have been developed. The forces
acting between talc and simplified pitch models differ
considerably. When abietic acid is used as a pitch model, the
surface of the particle is sufficiently hydrophobic to allow
entrapment of submicroscopic bubbles on the surface, which
results in long-range attractive forces exceeding the van der
Waals force by orders of magnitude. The bubbles are not
present, or too small, to give rise to this attraction during the very
first approach. However, the act of repeatedly measuring the
force induces bubbles on the surface that on subsequent
approaches result in long-range attractive forces. When collo-
phonium is used as a pitch model, bridging bubbles are again
found to be present between the talc and the pitch model
surface. However, in this case, the less hydrophobic nature of
the pitch model particle prevents the bubbles from growing as
a result of repeated measurements. The results for pitch probes
interacting with talc are similar to those obtained for the
collophonium-talc system. Thus, collophonium is a significantly
better model for pitch than abietic acid. The large amount of
neutral components in pitch from softwood mechanical pulp
(TMP) or fatty acids from pitch deposits on a paper machine
does not seem to have any large bearing on the forces acting
between pitch and talc. Our results suggest that stirring and the
presence of air in the aqueous phase are important for the use
of talc in pitch control. The stirring facilitates the first attachment
process of pitch to talc, and an increased air content in the aqueous
phase facilitates bubble nucleation around the contact zone
between pitch and talc.

No long-range attraction between two collophonium surfaces
is observed, demonstrating that this substrate alone is not
sufficiently hydrophobic to facilitate the bridging bubble mech-
anism. Thus, our results show that the surface nature of the pitch
present is crucial for the nature of the interaction between talc
and pitch. We further suggest that the topological roughness of
the surfaces and their chemical heterogeneity facilitate pinning
of air bubbles and this in turn facilitates attachment of pitch to
talc. Thus, an efficient pitch control additive, such as talc, should
be hydrophobic and present a controlled rough and heterogeneous
surface layer.

Figure 14. Force curve for the interaction between a pitch particle
prepared by the melt method and a talc surface across 6 mM NaCl,
together with the expected Van der Waals force. The inset shows
the repulsive force on a logarithmic scale. The decay length illustrated
in the solid line is 4.6 nm.

Figure 15. Statistics for the adhesion for the force measurement
between a pitch particle prepared by the melt method and a talc
surface across 6 mM NaCl.
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Appendix

where Zave ) average Z value within the given area, Zi ) local
Z value, and N ) number of points within the given area.

where Zave ) Z value at the center plane, Zi ) local Z plane, and
N ) number of points within the given area.
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Fluid Transport in Compacted Porous Talc Blocks

Viveca Wallqvist1, Per M. Claesson2, Agne Swerin1, Patrick A. C. Gane3 ,4

Cathy Ridgway3 and Joachim Schoelkopf3

Abstract: It has been shown that talc powder
can be compacted into tablets with a preferred ori-
entation of the platelets. The tablets can be ob-
tained with different controlled porosity depend-
ing on pressing methods and applied pressure.
The tablets can be obtained with or without ad-
ditives, which may, in turn, be adsorbed. The ori-
entation of the high aspect ratio platy talc, the sur-
face chemistry imparted by the additives and the
transported fluid influence the imbibition and per-
meation rates. Non-polar hexadecane displays a
higher imbibition and permeability than water for
all particulate orientations during short timescale
absorption, likely due to the oleophilic nature of
talc, and thus a more complete filling of the pores
for non-polar liquids is to be expected. At longer
timescales water is imbibed either at a similar rate
to hexadecane or faster depending on the surface
chemistry generated by additives leading to hy-
drophilicity. The swelling of the added polymers
used to create wettability leads to break-up of the
structure and exposure of hydrophilic surfaces for
more rapid imbibition. It is not possible, there-
fore, to measure reliably the water uptake param-
eters when talc is fully dispersed with surfactants.
Furthermore, dispersing agents tend to contribute
to the blocking of pores and throats in the swollen
state, and so a limitation in total imbibed volume
occurs. The permeability under pressure is also
inhibited by additives, which supports the sugges-
tion of partial blockage of the pores and throats.
When the individual talc crystal c axes, defining

1 YKI, Ytkemiska Institutet AB/Institute for Surface Chem-
istry, Stockholm, Sweden
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the perpendicular to the [001] planes, are oriented
90◦ to the primary average liquid flow direction,
i.e. are oriented in a planar configuration to the
flow, imbibition and permeation of wetting liquid
are increased. This is assumed to be due to de-
creased tortuosity, provided the liquid is wetting
in respect to the oriented edge surface. However,
non-wetting liquids in respect to all, or geometri-
cally dependent, orientations are subject also to
the surface chemistry presented by the orienta-
tion, i.e. whether the talc is primarily display-
ing OH-groups or not, or adsorbed species aiding
wetting by the liquid. Measurements where ad-
ditives are not strongly adsorbed are complicated
by the solubility of some wetting and dispersing
agents.

Keyword: talc, porous media, imbibition, sur-
face chemistry, absorption, permeability.

1 Introduction

Talc is a naturally occurring mineral with the
chemical formula Mg3Si4O10(OH)2. Pure talc
mineral has hydrophobic properties due to its pre-
ferred breaking along laminar planes [Fig. 1],
which exposes the non-polar and essentially in-
ert basal plane. However, since the transplanar
edges contain exposed OH groups, the measured
hydrophobicity of pure talc is normally vary-
ing depending on particle size, grinding/breaking
method and exposure time to air after cleavage.
Talc is also known to contain impurities of other
minerals, giving it a wide range of colours in addi-
tion to the white colour of pure talc. Water contact
angles of 66-90◦ (for example see Michot, Vil-
liéras, Franéois, Yvon, Le Dred and Cases (1994),
Yildirim (2001)) have been mentioned in the liter-
ature, the wide span quoted being due to the above
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mentioned differences between talc samples. Talc
is used widely in the cosmetic, plastics and paper
industries, in the latter mainly as filler and for the
control of pitch and stickies, but also as a coating
pigment.

Figure 1: Talc structure

The platy structure of talc originates from the pla-
nar arrangement of the crystal habit, the planes
being held together by weak van der Waals forces.
As a result, ground talc consists of anisometric
platelets [Fig. 2]. The platyness and hydrophobic-
ity of talc combine to affect the properties exhib-
ited when liquids contact the surface during im-
bibition throughout the porous structure created
when talc platelets are packed together. Knowl-
edge of these effects is relevant for paper proper-
ties, such as ink penetration and paper sizing, but
also for other talc applications, such as in tablets
and cosmetics.

Figure 2: Scanning electron microscope image of
a talc platy structure

In this study the imbibition, permeation and
porosity of compacted talc tablets have been mea-
sured. Such methods mimic on a measurable scale
the structures encountered in paper coatings, fol-
lowing the work of Schoelkopf, Gane, Ridgway
and Matthews (2002), in which calcium carbon-
ate was the previous focus of analysis. Influ-
ences of tablet pressing method, added dispersing
chemicals, interacting fluid polarity and its pla-
nar/transplanar interaction with oriented talc sam-
ples have been considered.

2 Experimental

2.1 Materials

Commercial talc P05 from Mondo Minerals
(Omya AG) was used in all tests. XRD analy-
sis using a Bruker AXS D8 Advanced XRD sys-
tem showed it to contain the minerals talc, chlo-
rite and magnesite, which was confirmed also by
FTIR (using a Perkin Elmer Spectrum One Spec-
trometer) analysis. XRF (using a ARL 9400 Se-
quential XRF) gave a talc content of ∼ 94 %.

Generic wetting and dispersing agents were ob-
tained from Omya AG. The wetting agent con-
sisted of a poly(ethylene oxide)-poly(propylene
oxide) triblock copolymer with a MW of 2500
g/mol. The dispersing agent consisted of a stan-
dard sodium polyacrylate with a MW of 4000
g/mol.
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Figure 3: Wet press for tablet making of mineral
powders

2.2 Methods

2.2.1 Compacted block preparation

Talc was used in two forms, either as provided,
i.e. alone without additional chemical treatment
(defined as “undispersed”), or with added wetting
(1.1 wt%) and dispersing agents (0.2 wt%) (de-
fined here as “dispersed”). Two tablet consolida-
tion methods have been used; wet pressing and
dry pressing. In the wet pressing method, sus-
pensions of talc were pressure filtered in an alu-
minium cell (Fig. 3) using an over pressure of 25
bar. The resulting block was dried overnight in an
oven at 60◦C. The wet pressed tablets had a diam-
eter of 4 cm and a height of approximately 3 cm
The tablets made by the dry pressing method were
prepared by applying a force of 500 kN, equiv-
alent to a pressure of 23.5 MPa, to the powder
contained in a stainless steel cell (Fig 4). For the
dry pressed tablets made from untreated P05 the
powder was sprayed with a very small amount of
water before the consolidation to aid compaction
and integrity of the final tablet. Prior to the for-
mation of dry pressed tablets made from P05 with
dispersing and wetting agents, a slurry of the pre-
mixed components was dried overnight in an oven
at 60◦C, thereafter it was ground to a powder. This
powder was then consolidated in the dry press as
previously described. The dry pressed tablets had
a diameter of 4.5 cm and a height of approxi-
amtely 3 cm.

A part of each sample was studied by mercury

Figure 4: Dry press for tablet making of mineral
powders

porosimetry, the remainder being cut and ground
to form blocks of approximately 1 cm3 using a
rotary disc grinder, which were then used for the
liquid interaction experiments.

2.2.2 XRD and platelet orientation

In order to investigate the orientation properties
of the samples in respect to liquid imbibition
and permeation, the particulate orientation in the
ground blocks was analysed by X-ray diffraction
(XRD) from two orthogonal directions using a
Bruker AXS D8 Advanced XRD system. This
method was used to confirm the expected orien-
tation of the platelets, i.e. with their planes par-
allel to the wet filter plane and orthogonal to the
pressing direction, respectively.

2.2.3 Porosimetry

Laplace-defined pore diameters, naturally includ-
ing pore shielding, and pore volumes of the
consolidated talc blocks were determined using
mercury porosimetry (Micromeritics Autopore IV
porosimeter) and corrected for pressure chamber
expansion, thermal expansion of mercury, com-
pression of mercury and the compression of the
talc skeletal material using the method described
by Gane, Kettle, Matthews and Ridgway (1996),
and adopted in the software Pore-Comp c©. The
maximum applied pressure of mercury was 414
MPa.

2.2.4 Contact angles

In order to obtain a rough estimation of the sur-
face chemistry properties of the samples, contact
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angles for the chosen liquids applied to the tablets
were measured using a dynamic contact angle and
absorption tester (FibroDAT 1100, FibroSystems
AB, Sweden). Once again, orientation of the
platelets exposed to the liquid was noted.

2.2.5 Imbibition

Imbibition was measured following the method of
wicking as described by Schoelkopf, Gane, Ridg-
way and Matthews (2002). In order to reduce arte-
facts caused by external wetting of the outer sur-
faces of the formed tablets during imbibition, a
thin barrier of silicone (Dow Corning 1-2577 low
VOC conformal coating c©) was applied around
the base of the vertical edges of the cubic block.
The remaining edges were not covered in order to
allow the escape of air during liquid uptake and to
minimise the interaction between the silicone wax
and the liquid.

The imbibed weight of liquid was measured with
an automated microbalance (Mettler Toledo AT
460) capable of 10 measurements per second (Fig.
5). The cubic sample with known dimensions was
clamped in a special sample holder and slowly
brought into contact with the liquid (water or hex-
adecane in this study), held in a reservoir act-
ing as a supersource placed on the balance, i.e.
the absorbed volume was measured as the mass
loss, corrected for density, from the balance over
time. For water, evaporation from the reservoir
was taken into account by first measuring the wa-
ter loss without any sample present and fitting the
obtained values to a curve accounting for humid-
ity build-up etc. This curve was then subtracted
from the resulting absorption curves. No correc-
tion was necessary for hexadecane due to its low
vapour pressure.

2.2.6 Permeability

For the permeation measurements, the cubic
blocks were first embedded in a resin. The em-
bedding was performed by placing the consol-
idated talc block with known dimensions in a
PTFE mould (Prüfmaschinen AG, Switzerland)
with an inner diameter of 3 cm and applying
resin (Technovit 4000, Hereaus Kulzer, Germany)
around it. When the resin was hardened, the edges

Figure 5: Absorption unit

of the sample were smoothed using a rotary disc
grinder. The sample was allowed to saturate to
the point of no further liquid imbibition using the
chosen permeation liquid (hexadecane or water)
before permeability was measured.

The permeation apparatus consisted of an alu-
minium cell filled with the permeating liquid on
top of the sample (Fig. 6). The cell was placed
over the same automated microbalance, described
above, used in the imbibition experiment. An
overpressure of 7 bar was applied to the cell, and
the permeation was measured as the mass increase
on the balance over time. For the water perme-
ation measurements there was already water in
the bowl on the balance at the start of the mea-
surement and evaporation was further taken into
account as described above.

3 Results and discussion

3.1 Compacted block preparation

The dry press consolidation produced well-
formed stable tablets for both dry P05 (undis-
persed) and P05 with wetting and dispersing
agents (dispersed). The wet press consolida-
tion gave similarly stable tablets for dispersed
P05, but for pure undispersed P05 the tablets re-
tained a brittle nature, and could not be effec-
tively ground into the desired shape. Accord-
ing to the work of Wallqvist, Claesson, Swerin,
Schoelkopf and Gane (2006), in which atomic
force microscopy was used to determine the spa-
tial extent of the hydrophobic force when expe-
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Figure 6: Permeation unit. Cross-section of the
aluminium cell identifying the different parts as 1)
lid with pressure inlet, 2) sealing O-rings, 3) liq-
uid cell with outer diameter 4 cm, 4) talc sample
embedded in resin disc of diameter 3 cm, 5) fix-
ing ring compressing the O-ring which seals the
resin disc, 6) security shroud and drop collector,
7) drop captor (teflon tube)

rienced by an oleophilic surface approaching and
retreating from that of talc in water, it can be as-
sumed that the formation of water-air menisci can
be proposed. This finding provides some initial
evidence for the action of adsorbed air within the
confines of surrounding water, as might well be
found in a suspension of undispersed talc. This
effect is related to the surface tension character-
istics of the water-air interface upon approach of
the talc platelets to each other in the wet compres-
sion environment, such that the air layers may co-
alesce to form elastic entrapped volume between
the talc platelets, which in turn act to expel wa-
ter from the interface and so prevent an intimate
contact zone. The resulting lack of platelet con-
tact results in an inability to withstand mechani-
cal forces and so the loss of integrity of the tablet
during machining/grinding.

3.2 Orientation

It has been earlier demonstrated that pigment ori-
entation can be investigated by X-ray diffraction,
see Gane, Hooper and Grunwald (1995). The ori-

entation of the talc flakes within the tablets could
be defined as the ratio of the intensity of the peaks
[001] and [020]. When this ratio was compared
across two different directions of the tablet, the
orientation effects could be seen, despite the fact
that the [020] peak was disturbed by the [110] and
[-110] peaks. Tab. 1 displays the obtained values.
It can be seen that there is a clear difference in the
diffraction peak ratio depending on tablet orienta-
tion.

Table 1: Peak height ratio [001]/[020] for X-ray
diffraction spectra taken from two directions of
pressed talc blocks

Top Side
Undispersed, dry pressed 8.40 1.08
Dispersed, dry pressed 33.25 0.15
Dispersed, wet pressed 1.96 0.67

The peak ratios indicate that the platy structure
of talc resulted in blocks having a layered struc-
ture with the plates oriented with the [001] planes
facing the pressure direction. This allowed com-
parisons between imbibition and permeation stud-
ies of samples where the [001] plane was facing
the liquid front (transplanar) or by using samples
oriented 90◦ to this direction (planar). The wet
pressed samples, although showing some order-
ing were seen to be somewhat more disoriented
than the dry pressed samples. This is probably
related to the reduced wet pressure and the neces-
sary flow of liquid out of the sample during prepa-
ration, thus creating a favoured path of reduced
resistance.

The orientation presentation to liquid flow was
therefore defined as trans when the c crystal axis,
perpendicular to the platelet planes, was parallel
to the flow, and planar when the c axis was or-
thogonal to the liquid flow, as shown schemati-
cally in Fig. 7.

3.3 Porosimetry

The porosity, φ , fully corrected for compressibil-
ity was found to be 50 % for the wet pressed dis-
persed talc tablets, 22 % for the dry pressed undis-
persed talc tablets and 19 % for the dry pressed
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Figure 7: Orientation of talc platelets in the trans
and planar configurations, respectively, showing
the hydrophilic edges and oleophilic platelet faces

dispersed talc tablets. The difference between the
dry and wet pressing methods is primarily due to
the lower consolidation pressure employed in the
wet press, i.e. that applied by the permeating wa-
ter expressed by the gas overpressure. The differ-
ence between the undispersed and the dispersed
talc tablets is assumed to be due to two main fac-
tors, firstly, and predominantly, the tighter pack-
ing derived from well-dispersed particles in water,
as was the case in the pre-dispersing in water of
the dispersed talc prior to drying, and, secondly,
the potential for the additives to block some pores,
each effect leading to a lower porosity. The pore
blocking effect is expected to become more dom-
inant when water is later used as the interacting
liquid due to water layer adsorption and swelling
of the wetting and dispersing agents.

In Fig. 8, the pore volume as a function of
Laplace-derived pore diameter is displayed for
the different samples. It can be seen that the
pore sizes of the dry pressed undispersed talc and
the dry pressed dispersed talc are approximately
the same, but that the volume of the pores is
marginally less in presence of additives. It can
be concluded, therefore, that the pore distribu-
tion with and without additives is similar when
intruded by mercury. Effects of breakthrough of
the mercury into pores, otherwise blocked at their
entry points by the polymers, cannot, however,
be determined. For the dry pressed samples the

mean pore size is about 0.05 μm, but a range of
pore sizes between 0.1 and 2 μm is also present.
This suggests the presence of regions where the
platelets are perhaps stacked irregularly, result-
ing in crack-like voids in addition to the finer
pore structure. The wet pressed dispersed sam-
ple contains significantly larger pores, the peak
in the distribution is at the pore size of 0.45 μm,
and a greater associated pore volume than the dry
pressed ones, as illustrated in Fig. 8. The details
are summarised in Tab. 2.
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Figure 8: Pore volumes of dry pressed undis-
persed talc, dry pressed dispersed talc and wet
pressed dispersed talc

Table 2: Pore structure summary of tablets

Dry pressed Wet pressed
Porosity / % 20 50
Average pore di-
ameter / μm

0.05 0.45

3.4 Contact angles

Contact angles were measured by placing 4 μ l
droplets on the pressed tablets. The high-speed
camera on the contact angle and absorption tester
was able to take one image every 0.001 s. Af-
ter having evaluated the images, the image 0.028
s after droplet-surface contact was chosen for the
reported contact angle. At this time the oscilla-
tions of the droplet due to the droplet-surface im-
pact had stopped and, in the case of water only,
the imbibition into the structure had not yet had
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a great effect on the droplet shape. In Tab. 3,
the water contact angles for the various samples
are reported. For hexadecane, no values could be
reliably obtained since the imbibition began too
soon and fast for a spherical droplet to form on
the surface after impact.

Table 3: Water contact angles for pressed talc
samples

Sample Water contact angle ◦

Undispersed, dry
pressed

75

(transplanar orienta-
tion at top face)

46

Dispersed, dry pressed 66

Surface wetting of powder samples is notoriously
difficult to define due to factors such as inhomo-
geneous surface chemistry, surface microrough-
ness, pore structure etc., though in the case of
coarse pigments, especially when displaying ori-
entated platelets, and hence greater surface conti-
nuity, the approximations used do carry some va-
lidity. It is noted, therefore, that the contact an-
gle values give only a rough estimation of the sur-
face chemistry properties of the samples, since the
deviations from perfect surfaces are significant,
for example they were increasingly inhomoge-
neous when rotated (edge face), and microrough
– clearly indicated by the non-spherical nature
of the droplets. For similar reasons the droplet
method was abandoned for determining imbibi-
tion.

3.5 Permeation

The water permeation could not be measured for
the dispersed talc samples containing wetting and
dispersing agents. The reason for this was that the
tablet slowly disintegrated in water, creating large
holes in the tablet which prevented the pressure to
be maintained.

The permeability, k, of a sample can be expressed
using the following equation according to Darcy
normalised for porosity, see Darcy (1856):

k =
d(V (t)/A)

dt
ηl

ΔP
=

qηl
ΔP

(1)

where
k = permeability/m2

V(t) = volume of liquid passing through the
sample in time t/m3

η = viscosity of liquid/Pa s
A = sample cross-sectional area/m2

l = length of sample/m
ΔP = applied pressure difference/Pa
q = flux per unit area/ms−1

The material can also be described by an equiva-
lent tubular radius, rm2, through which the same
flux would flow under Poiseuille conditions as
would flow perpendicularly through one square
metre of the sample, given by:

rm2 =
(

8Qm2ηl
πΔP

)0.25

(2)

where
Qm2 = normalised flux (across unit area)/m3s−1

rm2 = equivalent tubular radius/m

3.5.1 Effect of Liquid on Permeability

In Fig. 9 and Fig. 10 it can be seen that for
the undispersed samples, hexadecane flows some-
what faster under pressure than water, and the
equivalent flow radius is also greater for hexade-
cane. Since the sample is saturated with the liq-
uid before the experiment, i.e. the liquid has
entered all those pores that it can wet, the per-
meability is primarily affected by the pore struc-
ture that is filled with liquid, i.e. its pore size
distribution and connectivity associated with liq-
uid, since the viscosities of the two liquids are
similar. It is likely, therefore, that the satura-
tion step by pre-absorbing water is microscopi-
cally incomplete. This may be due to the exis-
tence of air pockets within the structure caused by
the higher contact angle for water, leading to un-
filled large pores that are entered only by small
throats (imbibition terminating geometries), see
.....Kent and Lyne (1989), and the potential of
air coalescence under the action of the hydropho-
bic force when surrounded by the water-air in-
terface menisci, see Wallqvist, Claesson, Swerin,
Schoelkopf and Gane (2006). The difference is
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maintained also for the samples oriented with the
platelets parallel to the flow (i.e. in planar orien-
tation).
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Figure 9: Permeability, k, for pressed talc sam-
ples. Abbreviations: ud= undispersed and dry
pressed, dd = dry pressed and dispersed, wd = wet
pressed and dispersed, hd = hexadecane
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Figure 10: Equivalent Poiseuille permeability ra-
dius, r, for pressed talc samples. Abbreviations:
ud= undispersed and dry pressed, dd = dry pressed
and dispersed, wd = wet pressed and dispersed, hd
= hexadecane

Direct observation of the samples after exposure
to liquid “saturation” readily supports the hypoth-
esis of incomplete filling of the tablets by water.
The photographs shown in Fig. 11 illustrate the
lighter appearance of the water-imbibed sample,
indicating clearly the presence of entrapped air at
the mineral boundary leading to higher light scat-
tering. The dark nature of the hexadecane-filled

sample shows the complete filling of all available
pores.

Figure 11: Photographs of the imbibition-filled
samples showing on the left the lack of complete
filling for the water exposed sample (lighter), re-
lated to the light scattering of entrapped air, versus
on the right the more complete filling for hexade-
cane (darker)

3.5.2 Orientation of the talc in respect to liquid
flow

Fig. 9 and Fig. 10 also display a higher perme-
ability, and larger equivalent radius, for the sam-
ples in planar orientation than for samples having
the [001] planes oriented perpendicular to the liq-
uid flow direction (trans). One reason for this is
that the parallel alignment of the platelets with the
direction of flow reduces the tortuosity of the flow
channels, where tortuosity is defined as the micro-
scopic internal path length divided by the macro
external dimension of the sample. This is further
supported by the highly porous sample made from
the wet pressing of dispersed talc, with its less or-
dered structure, in which the effect of sample ori-
entation is greatly reduced. Since the sample is
pre-saturated to the point allowed by wetting, the
surface chemistry of the talc cannot play a role
other than due to adsorbed layer formation, which
would act to slow down permeation and not speed
it up.

3.5.3 Wetting and dispersing agents

In Fig. 9 it can be seen that the wet pressed dis-
persed sample, containing wetting and dispersing
agents, displays the highest permeability. Since,
in Fig. 10, the equivalent radius follows the same
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Figure 12: Imbibition into pressed talc samples for water and hexadecane. Abbreviations: ud= undispersed
and dry pressed, dd = dry pressed and dispersed, wd = wet pressed and dispersed, hd = hexadecane, H2O
= water, trans = transplanar imbibition, planar = turned 90◦ for imbibition. The y axis is arbitrarily set to a
starting point of 1, units are absolute and represent amount from this starting point absorbing into the sample

trend, it can be concluded that surface chemistry
is not affecting permeability, as would be ex-
pected since the structure is pre-saturated and no
wetting fronts are supposed to exist. The only ac-
cepted effect of the polymers’ presence would be
a swelling in the presence of adsorbed water, and
since permeability could not be measured due to
this very effect, it cannot be quantified. Further-
more, as we saw, the porosity of the wet pressed
sample is significantly greater than for the dry
pressed samples, and so it is to be expected that
permeability for similar structures will be greater.

3.6 Imbibition

Imbibition curves were plotted, after defining
time, t, as the time after initial contact, as liquid
volume/sample area exposed towards the liquid
front against t0.5. The imbibition curves consisted
of two regions; the initial short-time absorption
(approximately 0.7 - 1.8 s after contact) and the
long-time uptake, which in this study was mea-
sured after 1 min. Examples of imbibition curves
for all combinations of sample and liquid are dis-
played in Fig. 12. The imbibition speed, ξ , with
respect to t0.5, can be additionally expressed as a

Darcy rate, reflected by the following expression:

ξ =

d(V (t)/A)
d(

√
t)

φ
(3)

where
ξ = imbibition speed/m*s−0.5

V(t) = volume of liquid passing through the
sample in time t/m3

A = sample cross-sectional area/m2

Φ = sample porosity (as determined by mercury
porosimetry)

This expression, represents the idealised distance
that a straight, even wetting front would pass into
the sample of given porosity φ after t0.5. In prac-
tice, wetting fronts are not straight but distinctly
uneven due to the preferred pathway dynamics,
described amongst others by Schoelkopf, Gane
and Ridgway (2004).

The water imbibition into the dispersed talc
tablets containing wetting and dispersing agents
was complicated by the fact that they slowly dis-
integrated in water, an effect similar to that seen
above during the permeability tests, i.e. they self-
dispersed in the water. Despite this disintegra-
tion, absorbed volume could be recorded, but the
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path length in the sample was proportionally re-
duced due to the dispersing action as a function of
time, and this, together with the expansion of the
sample pores during disintegration, is assumed
responsible for the deviation from the expected
straight line relation with the square root of time
for these samples shown in Fig. 12. The disinte-
gration and delamination of the samples is illus-
trated in Fig. 13. Furthermore, in Fig. 12, it is
also seen that undispersed samples in the planar
configuration deviate somewhat from the straight
line behaviour. This could be explained by the
fact that edge pathways for water (the only hy-
drophilic pathway) can lead to two phenomena:
(i) air entrapment which can then dissolve in wa-
ter and so increase "apparent permeability with
time" by permitting more complete filling of the
pores and (ii) edge forces may well lead to rear-
rangement in the structure if the local compres-
sion force used to make the oriented tablets re-
tained some clumping effect of particles due to
the fact that the particles were not originally well
dispersed.

trans             planar 

Figure 13: Photographs of the disintegration ef-
fect of water on dispersed talc samples showing
the delamination and expansion of pore size

3.6.1 Short-time imbibition

Fig. 14 describes the short-time imbibition rates
for the various talc samples. Fig. 15 describes
the volume per unit area V/A/φ as a function
of time (flux) during the short-time imbibition,
i.e. the Darcy distance rate into the structure that
the liquid travels during the short-time imbibition,
ξ . Among factors that can be identified as influ-
encing the short-time imbibition are; pore size,
relative pore shape, presented surface chemistry,

liquid properties and chemical additives proper-
ties. The short timescale imbibition assumes that
Poiseuille flow is not fully established and so per-
meability plays only a secondary role.

short time absorption rate [d(V /A )/dt 0.5] / ms-0.5
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Figure 14: Short-time imbibition for pressed talc
samples. Abbreviations: ud= undispersed and dry
pressed, dd = dry pressed and dispersed, wd =
wet pressed and dispersed, hd = hexadecane, H2O
= water, trans = transplanar imbibition, planar =
turned 90◦ for imbibition.

3.6.1.1 Liquid effect at short times It can be
seen clearly that hexadecane has a faster short-
time imbibition rate into the talc structures than
water, even when wetting agents are present,
though the planar absorption for water into dis-
persed talc when the porosity is high (wet pressed
dispersed talc) is almost as fast. Clearly the sur-
face chemistry plays a role in determining the
wettability by the liquids. As mentioned earlier,
this trend for lower contact angle for water on dis-
persed talc was also seen in the droplet contact
angle.

It has earlier been noted in the literature that ma-
terials poorly wetted by water exhibit a water
absorption rate of about four orders of magni-
tude slower than for lower surface tension liq-
uids, see Clarke, Blake, Carruthers and Wood-
ward (2002). One theory is that the transfer of
liquid from smaller to larger pores is partly in-
hibited in the case of low wettability (imbibition
terminating structures), resulting in an only par-
tially filled pore structure. This is corroborated
in the present study. It has also been shown that
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when non-adsorbing liquids are used, the imbibi-
tion rate is independent of the liquid, see Labajos-
Broncano, Antequera-Barroso, González-Martk.n
and Bruque (2006). This indicates that the faster
imbibition of hexadecane is partly due to the
higher affinity of hexadecane for the talc surface
and that adsorption can be proposed. Similar re-
sults were obtained in a comparison of hexade-
cane and water imbibition on the short timescale
for calcium carbonate structures, see Ridgway
and Gane (2003), where it was assumed that the
finer pores governing the short timescale imbibi-
tion rate were effectively less polar in their ex-
pression of surface chemistry.

3.6.1.2 Orientation – surface chemistry and ad-
sorbed polymers In Fig. 14 and Fig. 15 it
is seen that in most cases the samples oriented
in the planar direction are the faster imbibing on
the short timescale, and clearly absorb the largest
amount of liquid. This is also likely to be sur-
face chemistry related as once again the energy
loss terms described by permeability, i.e. tortuos-
ity, have not yet been established under sufficient
flow into the structure. It can be assumed that the
more hydrophilic edges create a greater imbibi-
tion delay for both hexadecane, due to lack of wet-
ting, and for water, due to the time constant of ad-
sorption. Interestingly, the dry pressed dispersed
sample shows the greater decreasing rate of water
imbibition in comparison with that of hexadecane
when the platelets are parallel to the flow direc-
tion. This may also be due to the likely swelling
of the adsorbed polymers on the talc faces in the
presence of water, this being particularly the case
for the polyacrylate portion of the dispersing sys-
tem, and since the packing in this sample is tight,
the space for flow is restricted. This view is sup-
ported by the faster uptake of water into the more
porous, more permeable, wet pressed dispersed
sample.

Initial imbibition has been known to oc-
cur into interstices in the solid (Labajos-
Broncano, Antequera-Barroso, González-Martk.n
and Bruque (2006)) and since the layered mate-
rial contains such interstices, or cracks, between
the platelets, the orientation of these interstices to-
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Figure 15: Rate of change of fluid front position
in pressed talc samples during short-time imbi-
bition. Abbreviations: ud= undispersed and dry
pressed, dd = dry pressed and dispersed, wd =
wet pressed and dispersed, hd = hexadecane, H2O
= water, trans = transplanar imbibition, planar =
turned 90◦ for imbibition

ward the liquid flow may also play an enhancing
role.

One should also note that the planar structures
where the [001] planes are placed parallel to the
liquid flow are more likely to have a larger num-
ber of pore and throat entries in contact with the
liquid.

3.6.1.4 Porosity It has been reported elsewhere
that the short-time imbibition is related to the pre-
ferred filling of fine structures (Ridgway, Gane
and Schoelkopf (2002)). In the porosimetry re-
sults it is observed that the dry pressed samples
contain finer pores than the wet pressed samples.
It is further noticed that the pore volume is lower
for dry pressed samples. In Fig. 14 it can be seen
that the wet pressed sample with the larger pores
generally imbibes slower in the short timescale
than the samples with smaller pores, thus con-
firming the important role of the finer pores in
the short timescale imbibition rate. Furthermore,
comparing Fig. 14 and Fig. 15 shows that when
the platelets are oriented perpendicular to the liq-
uid flow (trans), the wet pressed sample has a sim-
ilar dynamic as the dry pressed sample with re-
spect to hexadecane volume uptake, this despite
the increased pore volume of the wet pressed ma-
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terial. This leads to the conclusion that within the
short-time imbibition a larger percentage of the
dry pressed tablets are filled with liquid than the
larger pore size wet pressed tablets. The implica-
tions for permeability are now reinforced, in that
retained air pockets are likely to occur, especially
in the case of water, even though the material has
been allowed to reach “saturation” for the given
liquid.

3.6.2 Long-time imbibition

Fig. 16 displays the long-time imbibition rate
measured 1 min after liquid contact. The data
for the longer timescale now include the role of
permeability, as it can be assumed that Poiseuille
flow is more likely to have been established.
Structural effects are now acting as the limiting
energy loss factor opposing the fine scale wetting
force within the material.
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Figure 16: Long-time imbibition rate after 1 min
for pressed talc samples. Abbreviations: ud=
undispersed and dry pressed, dd = dry pressed and
dispersed, wd = wet pressed and dispersed, hd =
hexadecane, H2O = water, trans = transplanar im-
bibition, planar = turned 90◦ for imbibition

3.6.2.1 Effect of liquid It can be seen that the
long-time imbibition rate for water is now faster
than for hexadecane. Thus, the difference be-
tween short-time and long-time imbibition rate
for water is greater than for hexadecane. How-
ever, the implications are more far reaching if it
could be shown that the surface chemistry is ef-
fectively different for the fine versus the larger

pores, although the impact of swelling of polymer
is likely to be one important factor. Nonetheless,
for the undispersed material the same argument
can be applied, i.e. the finer pores, most likely
structurally to be related to the nodes where the
particle edges come into contact, and thus the ex-
posed OH groups have an important impact on
the comparative hydrophilicity of the edges ver-
sus the faces. The progress of water imbibition is
then more likely to follow preferred edge contours
compared with the hexadecane, which would fol-
low the more general structure, and, consider-
ing the greater capillarity of the smaller edge and
nodal features providing the wetting force, the
progress of water might be related to the higher
wetting forces experienced, despite there being
less of the overall structure being filled. Finally,
we must consider the partial disintegration and
opening of the structure of the dispersed samples
in the presence of water. It is proposed that the
delamination of the structure may be related to
the swelling of adsorbed polymer layers as they
adsorb water. This leads to a structural disinte-
gration of the tablet, increasing permeability and
so increasing the volume uptake of water over the
longer timescale.

3.6.2.2 Orientation The long-time imbibition
rate is higher for the planar samples than for those
having the [001] planes oriented perpendicular to
the liquid (trans). Even though the structure might
be close to saturated, slow redistribution of liq-
uid drives the imbibition further. Since more “en-
trances” to the structure are available for the pla-
nar samples, this redistribution is facilitated for
these samples.

These results fit with the assumption that the
longer term imbibition is predominantly perme-
ability controlled, and, as we saw in the case
of permeation, the tortuosity developed by the
platelets being perpendicular to the flow signif-
icantly increases the flow resistance towards the
wetting front, and vice versa for the planar sam-
ple.

3.6.2.3 Wetting and dispersing agents The
samples containing wetting and dispersing agents
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are also orientation dependent in their absorption
properties, in that the dry pressed sample with
strong orientation displays a greater long-time im-
bibition for the case where the platelets are par-
allel to the flow compared with the case where
the platelets are perpendicular to the flow for both
liquids, although the effect is stronger for water
(Fig. 16). Since water also acts to disintegrate the
compacted tablets containing dispersing and wet-
ting agents, this dissolution might after some time
create more voids and thus faster long-time im-
bibition rate particularly in the planar orientation.
Furthermore, the disintegration itself means that
the permeability greatly increases as a function
of time and so the resistance to flow diminishes.
The additives are also facilitating the redistribu-
tion into pores hard to reach since they increase
the adsorption and thus the wettability by water.

Interestingly, due to the increased permeability
of the less oriented wet pressed sample, the long
term imbibition difference between the two orien-
tations is markedly less than for the more highly
oriented samples. This confirms the primary role
of tortuosity, and the fact that the less oriented
sample has a less marked tortuosity difference.
Once again it can be concluded that the long term
imbibition is permeability controlled.

4 Concluding remarks

It has been shown that talc powder can be com-
pacted into tablets with a preferred orientation of
the platelets. The degree of orientation depends
on the pressing method, with dry pressing giving
greater orientation than simple pressure filtration
of dispersed talc. The tablets can be obtained with
different porosity depending on pressing methods
and pressure. The tablets can be obtained with or
without additives, assumed adsorbed on the sur-
face, such as wetting and dispersing agents.

Imbibition and permeation of chosen liquids can
be performed using the tablet structures. The ori-
entation of the talc platelets, the presence or oth-
erwise of additives and the nature of the trans-
ported fluid influence the imbibition and perme-
ation rates, the latter mostly via the lack of sat-
uration of the complete structure when polar liq-
uid is used. When the [001] planes are oriented

90◦ (perpendicular) to the liquid, imbibition and
permeation are decreased. Conversely, the great-
est flow rates are obtained when the platelets are
parallel to the flow both in the short timescale
response and during longer timescale imbibition.
This shows that the structural resistance to flow
is dominant at long timescales, whereas the lo-
cal surface chemistry and its orientation to the liq-
uid are dominant at short timescales, including the
finer pore structure and its prevalence. This is vi-
sualised by the OH groups associated with edge
sites, or the adsorbed wetting agent and dispers-
ing species, together with the nodal effect of fine
pores created by the arrangement of edges acting
as the decisive pore surface chemistry differenti-
ating character.

Non-polar hexadecane displays generally a faster
imbibition and permeability than water on the
short timescale, likely due to the increased affin-
ity/wetting of hexadecane for the oleophilic talc
surface, and thus a more complete filling of the
pores for this liquid. Wetting and dispersing
agents though increasing the imbibition of water
by increasing the wettability also contributes to
an assumed swelling and blocking of pores and
throats by adsorption of water. This swelling is
assumed responsible for the disintegration pro-
cess observed for dispersed talc contacting water.

Permeability under pressure is inhibited by tortu-
osity, and so is strongly related to platelet orienta-
tion. Permeability is seen as the major controlling
factor, acting as a resistance term, in the long term
imbibition properties.
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The interactions between a natural talc surface and a model hydrophobic particle have been investigated in aqueous
solutions by employing the atomic force microscopy (AFM) colloidal probe technique. The results demonstrate the
presence of long-range attractive forces due to bridging via preadsorbed or induced bubbles/cavities. Due to the natural
heterogeneity of talc, and the stochastic nature of the bubble bridging process, the variability in the range andmagnitude
of the attraction is larger than that for cases when other interactions predominate or than that when only model surfaces
are used. Addition of poly(acrylic acid), a common dispersing agent, did not affect the measured forces. Thus, we
conclude that poly(acrylic acid) does not adsorb to the basal plane of talc. In sharp contrast, addition of Pluronic
PE6400, a nonionic triblock polymer used as wetting agent, resulted in complete removal of the bubble-induced
attractive force. Instead, a short-range steric repulsion is the dominating feature. Clearly, Pluronic PE6400 is able to
displace air bubbles from the surface and prevent their formation when the particles come into contact. These are
suggested to be important features of efficient wetting agents.

1. Introduction

Talc, with the chemical formulaMg3Si4O10(OH)2, is the softest
mineral on earth. The reason for its softness stems from its
chemical structure (Figure 1), which consists of a magnesium

based octahedral layer sandwiched between silica rings through
shared oxygen atoms. Because both sides of this structure expose
an oxide surface, individual talc platelets are held together only

by weak van der Waals forces. Compared to other silicates,
talc is relatively hydrophobic due to the oxide surfaces. The
oxide surfaces hydrate to a limited extent on exposure to

ambient moisture, and some silanol groups are formed,1

which improves the compatibility of talc with aqueous media
somewhat. The magnesia edges become hydrolyzed in water
and are not hydrophobic but exhibit some hydrophilicity

accounting for the mineral’s alkaline pH. In nature, what is
called “talc” is often a blend containing predominately (>90%)
talc mineral mixed with other minerals such as tremolite

(CaMg3(SiO3)4), serpentine (3MgO 3 2SiO2 3 2H2O), and antho-
phyllite (Mg7 3 (OH)2 3 (Si4O11)2.).

The properties of talc (platyness, softness, hydrophobicity,

organophilicity, inertness, and mineralogical composition) pro-
vide specific functions in many applications. In the paper indus-
try, talc is used as a filler and for coating purposes.2 It improves

printability,2 reduces surface friction,2 and is active in pitch
control.3 In the agriculture and foods industry, talc is used as
an inert carrier, as an antistick agent (e.g., in chewing gums), or as

an anticaking agent.4 In the ceramics and coating industries, talc

is also widely used, for example, as filler in primers and top-coats,
powder coatings, joint cements, and crack fillers.4 Furthermore,
talc is used as a structural stabilizer in plastics, as a viscosity
reducer in rubber, and as a bacteria ballast to increase sedimenta-

tion in wastewater treatment.4

Talc powder can be manufactured into a suspension without
any additives, but it requires a lot of energy and results in low

solids content. In 1956, Lamar proposed a method for dispersing
talc using nonionic surfactants.5 He found that wetting agents
with the hydrophilic portion consisting of ethylene oxide, for

example, “Pluronics” in which a poly(propylene glycol) base has
various proportions of ethylene oxide condensed on it, are
effective for use together with talc. He produced nonviscous
slurries of <6 μm particles containing up to 58% solids by using

Pluronic F68 and Pluronic L64. In 1979, Golightly and Minogue
proposedan improvedmethod formaking dispersions of talcwith
particle sizes of <2.5 μm containing 65-75% solids.6 These

workers used a nonionic or anionic wetting agent in combination
with a polyelectrolyte dispersant such as poly(acrylic acid) to
provide electrosteric stabilization.

The work reported in this publication is stimulated by the
application of talc in the paper industry which today is mainly
divided into two areas:

• As a coating pigment to achieve either a smooth paper
surface with organophilic properties favorable to
solvent containing inks, or a barrier layer promoted
by the high tortuosity of layers formed by high aspect

ratio particles.
• As a pitch and stickies control agent in order to remove

detrimental organic compounds originating from
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wood resin or from recycled paper by adsorption and
subsequent detackification.7,8

In the latter area of use, many questions have been addressed
recently. In previous work, the authors have investigated adsorp-

tion of pitch onto different talc grades9 and the attraction
mechanisms between talc and hydrophobic species,10 in particular
between talc and pitch particles,11 by using colloidal probe force
measurements. Interactions have beenmeasured which cannot be

explained by the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory but confirm the presence of a capillary attraction
which is due to the existence or cavitation of microbubbles

forming vapor capillaries which exert long-range attraction forces
as discussed elsewhere.10,12-15 In another recent study,16 insight
was gathered on the effect of talc particles’ planar and edge

surfaces on air displacement and flow behavior through com-
pacted blocks, using liquids of differing polarity as probes. In the
industry, talc is known to act as a pitch control agent only in

the undispersed state, that is, without adsorbed polymers. There-
fore, based on the earlier work, our goal in this study is to examine
how the long-range attraction is affected by the influence of
wetting and dispersion agents. To this end, we employ atomic

force microscopy (AFM) liquid cell force measurements to probe
the interaction between adsorbed layers on talc and model
nonpolar surfaces.

2. Experimental Section

2.1. Materials. Talc samples that could be cleaved to expose
smooth planar surfaces were obtained from the following

sources: (1) Swedish Museum of Natural History [the sample
originates from Tarrekaise in Lapland, Sweden and consists of
pure natural talc (as determined byXRD)]. (2)NGU,Geological
Survey of Norway [the sample originates from Linnajavri,
Hamaroej, Nordland, Norway and also consists of pure natural
talc (as determined by XRD)].

The polymers used in this study were poly(acrylic acid),
sodium salt ([CH2CH]nCOO-Na+), Mw 2100 g/mol from
Polysciences, Inc. (Warrington, PA) and Pluronic PE6400
(PEO13-PPO65-PEO13), Mw 2900 g/mol from BASF AG
(Ludwigshafen, Germany). PEO represents an ethylene oxide,
-CH2CH2O- unit, while PPO represents a propylene oxide,
-CH2CH(CH3)O- unit. The subscript numbers indicate the
degree of polymerization. The literature critical micelle concen-
tration, CMC, value for Pluronic PE6400 is 5200-8800 μM
(at 30 �C).17,18 Pluronic PE6400 is the European brand name for
the polymer sold in North America as Pluronic L64. The poly
(acrylic acid), sodium salt is referred to in this report as PAA,
and the Pluronic PE6400 sample is called PE6400.

The water used in all experiments and sample preparations
was prepared by means of a Milli-Q Plus unit (Millipore, Bed-
ford, MA) including ion exchange, active carbon adsorption,
and reverse osmosis prior to the final 0.22 μm filtration step.
The water resistivity after this treatment was 18.2 MΩ 3 cm.
The water used for the AFM measurements was degassed prior
to use bymeans of a water jet pump and amagnetic stirrer. NaCl
pro analysis grade was obtained from Merck (Germany) and
used as received. The silane used for the hydrophobizing of
the silica particles was tridecafluoro-1,1,2,2-tetrahydro-octyl
trichlorosilane (ABCR,Germany). Colloidal silica particleswith
a radius, R, of 2.5 μm (Bangs Laboratories, Inc.) were used as
probes for the force measurements. A thermosetting resin
(Epikote 1004, Resolution Europe B.V., The Netherlands) was
employed to glue the colloidal probe to the cantilever and for
attaching the talc sheet to a larger solid support for the AFM
measurements.

2.2. Methods. The forces between a hydrophobic probe and
a talc surface were measured using an atomic force microscope
(Nanoscope III, Digital Instruments) equippedwith a liquid cell.
The cantilevers (CSC12/tipless/No Al, MikroMasch, Estonia)
were calibrated using the method proposed by Sader et al.19

Before starting themeasurement, the laser, used to determine the
cantilever deflection, was left on for at least 30 min in order to
reach a steady temperature and beam intensity. All measure-
ments in a given series were conducted using the same interaction
spot between the probe and the surface. Interaction forces were
measured in aqueous 10 mM NaCl, either polymer-free or
containing various concentrations of PAA or PE6400. This salt
concentration was chosen to suppress any eventual long-range
double-layer force that could prevent accurate determination of
long-range attractive forces. After each solution injection the
system was allowed to stabilize for at least 10 min, and there-
after, the force curves (20 for each solution) were recorded on
approach and retraction. Each new solution was gently flushed
through the AFM liquid cell, completely replacing the former
solution in the cell.

During the AFM measurements, the trigger mode was set to
“relative” using a trigger threshold of 100 nm. Relative trigger
modemeans that all force curves have the same preset maximum
cantilever deflection relative to the cantilever’s deflection at
large surface separations where the force measurements are
started. This defines the zero deflection that characterizes the
cantilever position when no surface forces act between
the probe and the surface. Note that in this mode the forces on
the very first approach are not recorded. A driving velocity of

Figure 1. Ideal talc structure.
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400 nm/s was used for all measurements. As shown in our
previous reports,10,11 this is sufficiently slow to disregard hydro-
dynamic forces.

Contact angles for liquids on the surface of the test mineral
were measured using a dynamic contact angle and absorption
tester (FibroDAT 1100, FibroSystems AB, Sweden), in which
a drop of a specified volume (5 μL) is applied to a surface using
an automated micropipet. The drop shape is captured with
a high-speed camera as a function of time. The contact angle is
calculated by the apparatus software as the average of the right
and the left projected angles.

2.3. Sample Preparation. Silica spheres were attached to
calibrated cantilevers by using a small amount of Epikote 1004.
The cantilevers with attached probes were next placed in
a desiccator together with beakers containing a few drops of
tridecafluoro-1,1,2,2-tetrahydro-octyl trichlorosilane (ABCR,
Germany) for 20 h. After extensive rinsing with ethanol,
the cantilevers were dried before being used for the force
measurements.

In order to elucidate if exposure of talc to PAA or PEO6400
affected the wettability of talc surfaces after removal of the
sample from solution and subsequent drying, the following test
was made. Surfaces of talc were immersed in aqueous solutions
of PAA or PEO6400 for several hours. The surfaces were then
removed from the solution and allowed to dry in a desic-
cator overnight, after which contact angle measurements were
performed.

The talc substrates were prepared according to the following
procedure. A circular magnetic stub with a diameter of 1 cm
was covered with double-sided adhesive tape onto which a mica
sheet was placed. A very small amount of Epikote 1004 was
placed in the middle of the mica surface and heated to 100 �C.
A sheet (platelet) of talc, with the approximate dimensions of
4 mm � 4 mm � 0.2 mm, was peeled off from the talc ore and
placed with its center on the resin spot, covering it completely.
After cooling at 20-22 �C for at least 30 min the substrate
was introduced into the atomic force microscope. A light
microscope was used to locate a smooth area on the talc surface,
where the force measurements were conducted. A tapping mode
AFM image (taken in air) of a talc surface prepared in this way
is displayed in Figure 2. The roughness characteristics over the
line scan, shown in Figure 2, are defined by Rq = 0.477 nm,
Ra=0.337 nm,which is typical for the talc samples prepared this
way. Each measurement series was performed using a freshly
prepared talc sample.

2.4. Theoretical Considerations. The measured attractive
forces were compared with theoretically calculated van der
Waals forces. In order to calculate the expected van der Waals
force, the Hamaker constants, A, for the different systems must
be known. These can be calculated from the dielectric properties
of the interacting surfaces and the intervening medium using the

approximate and nonretarded Lifshitz formula for material
1 interacting with material 2 across medium 3.20

A ¼ 3
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where εi is the static dielectric constant for medium i, νe is the
main electronic absorption frequency in the UV region assumed
to be the same for all three media, ni is the refractive index of
medium i in the visible region, k is the Boltzmann constant, h is
Planck’s constant, and T is temperature. Dielectric properties
found in the literature (ntalc=1.57,21 εtalc=3,22 nsilica=1.448,23

εsilica = 3.82,23 nwater = 1.333,20 εwater = 8020) together with an

absorption frequency of 3 � 1015 s-1 give a Hamaker constant
for talc interacting with silica across water of 9.7 � 10-21 J.
The corresponding value for talc interacting with talc across air
is 8.8 � 10-20 J and for talc interacting with talc across water is
1.7 � 10-20 J.

The nonretarded van derWaals force,F, between two surfaces
1 and 10 with adsorbed layers 2 and 20 acrossmedium3 is given by
the approximate expression:20

FðDÞ ¼
1
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whereD is the distance between the adsorbed layers and T is the
thickness of the adsorbed layers. At separations larger than
the thickness of the adsorbed layers, the properties of the
substrate materials are dominating the van der Waals interac-
tion, whereas at smaller separations the van der Waals interac-
tion is dominated by the properties of the adsorbed layers.24 This
means that the long-range van der Waals attraction between
talc and silanized silica is essentially equal to that between talc
and silica.

Figure 2. AFM tapping mode image (flattened to 3rd order) of a cleaved Tarrekaise talc surface (left) and height profile (right) in air.
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The theoretical van der Waals force curves can be calculated
from the Hamaker constant, and the formula valid for a flat
surface interacting with a sphere, where the sphere radius, R, is
much larger than the surface separation, D:

F=R ¼ -
A

6D2
ð3Þ

According to the van Oss approximation, the surface
energy, γ, of a solid can be divided into two parts: an apolar
term, γS

LW, that takes into account the Lifshitz-van der Waals
interaction and a polar term, γS

AB, that includes the Lewis
acid-base interactions based on electron donor and acceptor
capabilities.

γS ¼ γLWS þ γAB
S ð4Þ

The apolar part of the surface energy can be calculated from
the surface-air-surface Hamaker constant using the relation:

γLWS ¼ A

24πl0
2

ð5Þ

where l0 is the minimum surface separation and has been
suggested to have a value of 0.165 nm.20 γS

LW can also be
determined from the contact angle, θ, of a droplet of an apolar
liquid on the solid surface using the Young-Dupr�e formula:

WLW
A ¼ γLWLV 1 þ cos θð Þ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γLWS γLWLV

q
ð6Þ

where WA
LW is the apolar component of the work of adhesion

and γLV
LW is the apolar component of the surface tension of

the liquid. The apolar liquid used in this investigation was
CH2I2, which has γLV = γLV

LW= 50.8 mN/m,20 where γLV is
the total surface tension of the liquid. For comparison, forwater,
γLV = 72.8 mN/m and γLV

LW= 21.8 mN/m.25 For polar liquids,
eq 6 is modified to read26

WA ¼ γLV 1 þ cos θð Þ ¼ WLW
A þWAB

A ð7Þ

where WA is the total work of adhesion and WA
AB is the polar

contribution to the work of adhesion of the liquid to the solid.

3. Results and Discussion

3.1. Contact Angles. The static contact angle of CH2I2
on talc was found to be 44�. We are aware that the static contact

angle is problematic due to potential stick-slip behavior at the
wetting front caused by morphological or chemical heterogene-
ities on a microscale resulting in hysteresis in advancing/

receding experiments which causes some inaccuracy in static
measurements due to pinning of the liquid contact line.27,28

However, our data show relatively good reproducibility

(see Table 1), which allows us to use them for indicative
purposes.

From the contact angle of CH2I2 on talc, the apolar compo-

nent of the surface energy can be calculated to be
38 mN/m (see Table 1). This compares reasonably well with
the value estimated from the talc-air-talc Hamaker constant

and eq 5, which is 43 mN/m. The water contact angle on the talc
samples from the Linnajavri source used in these measurements
was found to be 75 ( 9�, which is within the experimental error

of the value, 81 ( 5�, found earlier 10 on freshly cleaved talc
surfaces from the Tarrekaise source. From these data and eq 7,
we can estimate the total work of adhesion of water to talc to be
92 mN/m, with the dispersive part contributing with 57 mN/m

and the polar part with 35 mN/m.
Clearly, for talc, the changes inCH2I2 andwater contact angles

after exposure to PAA are very small, and we conclude that

hardly any PAA remains on the talc basal plane after withdrawal
from solution. On the other hand, both the CH2I2 and the water
contact angles after exposure to PE6400 are significantly lower

than those on a virgin talc sample. Clearly, some PE6400 remains
on the surface after removing it from solution.
3.2. ForceMeasurements. The forces acting between a talc

surface and a fluorosilaned silica surface across 10mMNaCl are
illustrated in Figure 3. In this figure, 20 consecutive force curves
are included to illustrate the reproducibility of the measure-
ments.We note that a small repulsive force barrier is present at a

separation of about 35 nm (see inset), immediately followed by
an attractive force that is considerably larger than the expected
van der Waals force. We note that the force lines returned from

the AFM instrument after the onset of attraction are straight,
meaning that the actual force gradient is larger than the spring
constant. This causes the surfaces to “jump” inward, and the

attractive force acting between the surfaces is larger than
indicated by these straight lines. The features of the measured
force are qualitatively similar to those reported by Rutland

et al.29 and are convincingly interpreted as being due to the

Table 1. Measured Contact Angles with Corresponding Calculated Surface Energies and Work of Adhesion

θCH2I2
(�) γS

LW (mN/m) θH2O
(�) WA (mN/m) WA

LW (mN/m) WA
AB (mN/m)

talc 44( 5 38 75( 9 92 57 35
talc exposed to PAA 39( 3 40 69( 18 99 59 40
talc exposed to PE6400 15( 7 49 18( 4 142 65 77

Figure 3. Force curves measured on approach between a talc
surface and a fluorocarbonsilanized silica probe across 10 mM
NaCl together with the theoretical van der Waals force (dotted
line). Inset is a magnification of the repulsion experienced prior to
the onset of attraction.
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presence of (at least one) bubble on the surfaces. We interpret
our results in the same manner, that is, the weak repulsion is

due to the initial deformation of the bubble that occurs before
the bubble attaches to both surfaces and pulls them together.
The attraction force due to bridging bubbles has also recently
been investigated in detail by Thormann et al.14 In our experi-

ments, we noted two distinctly different behaviors on separa-
tion. On some spots, the adhesion was large and the surfaces
jumped out to a distance of about 1000 nm (see Figure 4). On

other spots, the adhesionwas weaker and the forces encountered
after the jump out were found to be weakly attractive. A further
increase in separation resulted in a stepwise decrease of the

attraction, as illustrated in Figure 5. Similar features have been
reported by Parker and Claesson15 and signify that a number of
vapor capillaries are present between the surfaces during separa-

tion, and each step corresponds to the disappearance of one such
capillary. The observation that several small capillaries form
rather than one large is a consequence of the heterogeneous
nature of the surfaces. On high adhesion areas, this feature is not

observed since the jump-out distance is so large that no stable
vapor capillaries can be maintained. The data reported below,
which illustrate the effects of adding PAA and PE6400, were all

obtained on areas displaying high adhesion prior to addition of
PAA or PEO6400.

The forces acting between a talc surface and a fluorocarbonsi-
lanized silica surface across 10 mM NaCl in the absence and

presence of PAAare illustrated in Figure 6. Some differences in the
onset of the attraction for the different PAA concentrations can be
observed, but this does not signify any effect of adsorbed PAA.We
rather suggest that it reflects the variability of the size of the surface

bound bubble that causes the attraction. This suggestion is
supported by the observation that the difference betweenmeasure-
ments in 10 mMNaCl before and after exposure to 0.3 wt%PAA

is larger than that observed between measurements in the absence
and presence of PAA. Figure 7 illustrates how the adhesion force
and the onset of the attraction varies during the course of the

experiment. We conclude that PAA does not adsorb on the
fluorocarbonsilanized silica surface nor on the basal plane of talc.
Thus, the reason that PAA can be used as a dispersing agent for

talc6 is suggested to be caused by its binding to the edges of the talc
platelets, even though ourmeasurements do not provide any direct
evidence for PAA binding to the talc edges.

Figure 4. Force curves measured between a talc surface and a
fluorocarbonsilanized silica probe across 10 mM NaCl during
separation from a typical high adhesion spot.

Figure 5. Force curves measured between a talc surface and a
fluorocarbonsilanized silica probe across 10 mM NaCl during
separation from a typical low adhesion spot.

Figure 7. Jump-in distances and adhesion forces as a function of
themeasurement number. The aqueous solution contained 10mM
NaCl in all cases. The poly(acrylic acid) concentration was either
zero, 0.1 wt %, or 0.3 wt % as indicated in the figure. The same
surface and probe particle were used in all experiments.

Figure 6. Force curves measured on approach between a talc
surface and a fluorocarbonsilanized silica probe across 10 mM
NaCl containing no PAA (green), 0.1% PAA (black), and 0.3%
PAA (pink). The same surface and probe particle were used in all
experiments.
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The forces acting between a talc surface and a fluorocarbon-
silanized silica surface across 10 mM NaCl in the absence and

presence of PE6400 are illustrated in Figure 8. The addition of
PE6400 to a concentration of 0.5 wt % results in a significant
decrease in the range of the attractive force and in the adhesion
between the surfaces. This general feature is reproducible, but

the exact shape of the force curve shows a rather large variation
(see Figure 8), which we attribute to less than full coverage of
PE6400 on the surfaces. A further increase in PE6400 concen-

tration to 2wt% results in complete removal of the attraction on
both approach and separation and leads to significantly better
reproducibility in the measurements (see Figure 8). Clearly, the

nonionic polymer adsorbs to the surfaces and displaces the air
bubbles. This ability is essential for an efficient wetting agent,
and it is also of importance for the dispersibility of talc. The

alternative event, a stabilization of the surface attached bubbles
by the presence of PEO6400, clearly does not occur, since this
would result in a long-range repulsion due to deformation of the

bubbles. The repulsive forces observed at short separations in

the presence of 2 wt% PE6400 are shown on a logarithmic force
scale in Figure 9. The short-range repulsive force does not follow
a purely exponential decay, as would be expected for a double-

layer force. In the distance range 5-15 nm, the decay length is
about 5.2 nm, significantly larger than the expected Debye
length of 3 nm. Hence, we conclude that the short-range

repulsion is predominantly due to steric interactions between
protruding polymer chains.

The onset of the attraction observed on approach and the

adhesion forces observed during the course of the experiment
with PE6400 are illustrated in Figure 10. Here, we note that
addition of PE6400 to a concentration of 0.5 wt % results
in a fast decrease in the attractive force observed both on

approach and on separation (with the first measurement in
0.5 wt % PE6400 being carried out 10 min after injecting the
polymer solution). However, a further reduction in the attrac-

tion on approach is noted with time. Similarly, when the 2 wt %
PE6400 solution is replaced by polymer-free 10 mM NaCl, the
attraction quickly increases, even though a further increase in

attraction on separation is observed during the first 15 measure-
ments after rinsing. From this data set, we conclude that the
kinetics of formation and removal of the adsorbed PE6400 layer

is sufficiently slow to be captured by the force measurements
(20-30 s between measurements).

4. Conclusions

We have shown that long-range attractive forces due to

bridging bubbles are of predominant importance for the interac-
tion between natural talc and hydrophobic surfaces in aqueous
solutions. Thus, this type of interaction must be considered when

aiming at understanding the role of talc and other naturally, or
artificially made, hydrophobic particles in technical applications.
One common dispersing agent is poly(acrylic acid) . The wetting

and force measurements demonstrate that PAA does not adsorb
onto the basal plane of talc since neither the contact angle nor the
range and magnitude of the bubble-induced attraction are sig-
nificantly changed after addition of the polyelectrolyte up to a

concentration of 0.3 wt %. This suggests that the efficiency of
PAA as a dispersing agent for talc is due to its ability to adsorb

Figure 8. Force normalized by radius, F/R, measured on ap-
proach between a talc surface and a fluorocarbonsilanized silica
probe across 10 mM NaCl containing no polymer (purple),
0.5 wt % PE6400 (green), and 2 wt % PE6400 (red). The same
surface and probe particle were used in all experiments.

Figure 9. Force normalized by radius, F/R, between a talc surface
and a fluorocarbonsilanized silica probe across a 10 mM NaCl
solution containing 2 wt % PE6400. Note the logarithmic force
scale.

Figure 10. Jump-in distances and adhesion forces as a function of
themeasurement number. The aqueous solution contained 10mM
NaCl in all cases. The Pluronic PE6400 concentration was either
zero, 0.5 wt %, or 2 wt % as indicated in the figure. The same
surface and probe particle were used in all experiments.
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onto the edges of talc particles. On the contrary, the typical
wetting agent Pluronic PE6400 adsorbs onto the talc basal plane

and suppresses the long-range attraction. Thus, PE6400 is able to
remove air bubbles from the surface, and no such bubbles form as
the PEO6400-coated surfaces are brought together and separated
again. These features are of great importance for an efficient

wetting agent. The effect of Pluronic PE6400 is reversible, since
the long-range bubble-induced attraction reappears after rep-
lacement of the PE6400 solution with polymer-free aqueous

solutions. However, contact angle measurements demonstrate
that some PE6400 remains on a talc surface that has been

withdrawn from a PE6400 solution.
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Abstract 
 

We report on the interactions between a hydrophobic probe particle and surfaces with 
nanoscopic surface features. These surfaces have been prepared by spin-coating of 
nanoparticles and by polishing. The surface topography was characterized by AFM, using the 
methods of high-resolution imaging, low-resolution imaging using the probe particle, and by 
the rolling ball method. The spin-coated surfaces can be characterized as nanostructured due 
to the high density of nanoparticles that on a short length scale provides a regular pattern of 
crevices and hills. On these surfaces a larger waviness is also distinguished. In contrast, the 
polished surfaces display sharp nanoscopic peaks and hardly any crevices. In all cases the 
dominant force at short separations was found to be a capillary attraction due to the formation 
of an air/vapor condensate. Our data show that the large-scale waviness of the surface does 
not significantly influence the range and magnitude of the capillary attraction, but large local 
variations in these quantities are found. The large variation in adhesion force corresponds to a 
small variation in local contact angle of the capillary condensate at the surfaces. The report 
discusses how the nature of the surface topographical features influences the capillary 
attraction by influencing the local contact angle and by pinning of the three-phase contact 
line. The effect is clearly dependent on whether the surface features exist in the form of 
crevices or as extending ridges. 

 

Keywords: Surface forces, AFM, capillary force, hydrophobic interaction, surface roughness, 
surface topography, cavitation, bubbles 
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1. Introduction 
 

The interaction between macroscopic non-polar surfaces across water has been a controversial 
issue since Israelachvili and Pashley reported the presence of a long-range hydrophobic 
interaction between such surfaces1. Subsequent studies confirmed that a long-range attractive 
force, significantly larger than the van der Waals force, dominated the interaction between 
hydrophobic surfaces using a variety of materials. However, the measurements showed a 
large degree of discrepancy in the absolute range and magnitude of this force2, 3. It was early 
realised that cavitation occurred when two hydrophobic surfaces were brought into contact4, 
but it took several years before it was suggested that cavitation or bridging bubbles could 
explain the long-range nature of the attractive force observed on bringing such surfaces 
together5-7. This mechanism seems to explain many, but not all, of the results reported in the 
literature8, and the topic is still frequently discussed9-15. Some studies show that exposing 
hydrophobic surfaces to air gives rise to a stronger adhesion force and a longer range of the 
attraction16, whereas degassing of the water reduces the range of the attraction17, 18. This has 
been explained by the role of dissolved air that promotes cavitation and bubble formation in 
the region of pressure drop caused by the proximity of hydrophobic surfaces. Recently, the 
similarity, or, more precisely, complementarity of the attraction between non-polar surfaces in 
water to that between hydrophilic surfaces in air has been demonstrated, giving further 
credence to the suggestion that both are due to capillary condensation15. In the former case an 
air/vapor cavity (or bridging bubble) gives rise to the force, and in the latter case a capillary 
condensate of water causes the attractive force. The complexity of the subject is emphasized 
by the observation that surface roughness and chemical heterogeneity sometimes have a more 
significant influence on the ultimate range of the long-range attractive force between non-
polar surfaces in water than the actual hydrophobicity as judged from contact angle 
measurements19, 20.  

Talc surfaces are not as pure and smooth as the frequently used model surfaces, 
hydrophobized mica or silica. In our earlier reports21,22 we have shown that the long-range 
attraction between a talc surface and hydrophobic particles, pitch particles from paper mills as 
well as traditional silanized silica spheres, displays the characteristic features of forces 
induced by bridging bubbles/cavities. For such naturally rough surfaces as talc, the range and 
magnitude of the attraction vary depending on the probe used and on the exact location on the 
talc surface. The variation is not only depending on the surfaces’ hydrophobicity, as judged 
by contact angle measurements, but also on other factors where surface topography effects are 
hypothesized to play an important role. In another report, imbibition of different liquids into 
tablets of pressed talc powder23 was addressed,  and incomplete imbibition of water into the 
tablets was demonstrated. This was suggested to be due to air pockets within the structure. 
The possibility of air capture on the talc surface facilitated by the surface roughness of talc is 
likely to be one of the reasons for the capability of talc to interact through long-range 
attractive forces with other non-polar surfaces. 

Surfaces coated with particles can be used for controlling surface topography, and whereby 
information can be gained on how the range and magnitude of bubble/cavity-induced 
attractive forces are influenced by the surface roughness. Earlier attempts to obtain surfaces 
with controlled roughness have been made, e.g. by Tsai et al.24, using Langmuir-Blodgett 
deposition of 0.5, 1.0 and 1.5 �m silica particles in order to produce hexagonally close-packed 
surface layers. After hydrophobization these surfaces displayed static water contact angles of 
125-127°. Recently, Li et al.25 compared the wettablilty of evenly micropillared surfaces 
prepared by drop-casting solutions containing 60 nm silica particles. They found that plain 
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nanoparticle covered surfaces displayed contact angles of 130-146°, increasing to 150-155° 
for the micropillared surfaces. 

In this study we have explored surface roughness effects on the long-range attraction between 
non-polar surfaces in water. In order to mimic the roughness of real surfaces we have avoided 
making perfectly regular surface structures, but rather spin-coated nanoparticle solutions onto 
solid substrates and, alternatively, polished the substrate to create surfaces with nanometre 
scale roughness.  

 

2. Experimental 
 

2.1 Materials 
 

Silica, SiO2, particles with brandname Bindzil 50/80 and Bindzil 30/360 from Eka Chemicals 
AB (Bohus, Sweden), were used for coating a macroscopic silica surface. Some 
characteristics of the nanoparticle solutions are provided in Table 1. The particle diameter of 
Bindzil 50/80 is 40 nm, whereas Bindzil 30/360 is smaller with a diameter of 9 nm. 

Table 1. Some characteristics of the nanoparticle solutions used. 

Grade SiO2 (wt%) Na2O (wt%) pH of stock 
solution 

Specific 
surface area 
(m2g-1) 

Particle 
diameter  
(nm) 

Bindzil 50/80 50 0.22 9.3 80 40 

Bindzil 30/360 30 0.55 10 360 9 

 

The water used in all experiments and sample preparations was prepared by means of a Milli-
Q Plus Unit (Millipore, Bedford, MA, USA) including ion exchange, active carbon adsorption 
and reverse osmosis prior to the final 0.22 μm filtration step. The water resistivity after this 
treatment was 18.2 Mohm cm. The water used for the AFM measurements was degassed prior 
to use by employing a water jet pump and a magnetic stirrer. NaCl p.a. was obtained from 
Merck, Germany, and used as received. Ethanol, (99.7 vol-% pure) and acetone were obtained 
from Solveco, Sweden. The surfactant Berol 535 (technical grade penta(ethylene 
glycol)monoundecyl ether) used for dispersing the nanoparticles was obtained from 
AkzoNobel Surface Chemistry, Stenungsund, Sweden.  

Colloidal silica particles with a radius, R, of 2.5 �m (Bangs Laboratories, Inc. USA) were 
used as probes for the force measurements. The silane used for hydrophobisation of the silica 
particles was tridecafluoro-1,1,2,2 tetra hydro-octyl trichlorosilane (ABCR, Germany). A 
thermosetting resin (Epikote 1004, Resolution Europe B.V., The Netherlands) was used in the 
preparation of cantilevers and substrates for the AFM measurements. Thermally oxidized 
silicon wafers purchased from Wafer Net, Germany, were used as substrates. They were 
either spin-coated with silica nanoparticle solutions or polished. Polishing was done with a 
Masterprep polishing suspension  (Alumina 0.05 �m from Buehler Ltd, Lake Bluff, IL, USA). 
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2.2 Sample preparations 
 

2.2.1 Silica surfaces 
 

Silicon wafers cut into squares of approximately 1 x 1 cm2 were immersed in a solution of 
H2O/HCl/H2O2 (66:21:13) at 80°C for 10 min. The surfaces were then removed and 
extensively rinsed with Milli-Q water prior to immersion in H2O/NH3/H2O2 (71:17:12) at 
80°C for another 10 min. After thorough rinsing with Milli-Q water, the surfaces were stored 
in ethanol. The thickness of the oxide layer has earlier been ellipsometrically determined to be 
100 ± 1 nm26.  

 

2.2.2 Nanoparticle coated surfaces 
 

The following procedure was adopted to achieve robust nanoparticle coated surfaces. One 
solution was prepared by mixing 4 g of tetraethoxysilane (TEOS) with 3 g of an aqueous HCl 
solution held at pH 2 in 25 g of ethanol. This solution was stirred for 30 min in order to 
complete the hydrolysis process. The second solution contained nanoparticles mixed with 2 
wt% surfactant Berol 535 and Milli-Q water in the ratio 1:1:10. Dispersion of the 
nanoparticles was facilitated by employing an ultrasonic disintegrator (Sonyprep 150) for 2 
min. The dispersed nanoparticles were then mixed with hydrolysed TEOS solution (2:1) and 
exposed to ultrasound in the ultrasonic disintegrator for another 2 min. This particle 
dispersion was applied to the silica surfaces by using a photo-resist spin-coater (PWM32, 
Headway Research, Inc. USA). The whole surface was coated with the solution before the 
spinning was started. The spin-coater was operated at 1 500 min-1 for 30 s and the acceleration 
and retardation times were set to 7.5 and 3.0 s, respectively. The coated silica surfaces were 
then dried in air and calcinated for 3 h at 550°C. The presence of TEOS in the nanoparticle 
dispersion facilitates attachment of the nanoparticles to each other and to the substrate, which 
results in a robust surface coating that is not affected by the force measurements. 

 

2.2.3 Polished surfaces 
 

Silica surfaces were mounted with double-sided tape on resin blocks. A disc with a polishing 
cloth (Chemomet I) was mounted in a grinding and polishing machine (Phoenix 4000) and 
wetted with water. 5 cm3 of the Masterprep suspension was added onto the polishing disc. A 
disc speed of 100 min-1 and a force of 10 N per sample of 100 mm2 were used. Different test 
times were selected in order to achieve different levels of polishing. After polishing the 
samples were thoroughly washed in Milli-Q water. 
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2.2.4 Hydrophobised silica 
 

Silica spheres were glued to calibrated cantilevers by using a small amount of Epikote 1004. 
The cantilevers were thereafter placed in a desiccator together with beakers containing a few 
drops of tridecafluoro-1,1,2,2 tetra hydro-octyl trichlorosilane for 20 h. After extensive 
rinsing with ethanol the cantilevers were dried before being used for force measurements. The 
polished and nanoparticle covered silica surfaces were hydrophobised in a similar manner 
prior to force measurement. The water contact angle achieved was in the range 85-93°, which 
is slightly higher than the around 80° found for natural talc.21 

 

2.3 Methods 
 

2.3.1 Force measurements 
 

The forces acting between a hydrophobic probe and a nanostructured surface were measured 
using an AFM (Nanoscope III, Digital Instruments, USA) equipped with a liquid cell. The 
cantilevers (CSC12/tipless/No Al, MikroMasch, Estonia) were calibrated using the method 
proposed by Sader et al.27. Before starting the measurement the laser was left on for at least 30 
min in order to reach a steady temperature and beam intensity. Measurements were performed 
in aqueous 10 mM NaCl. During the AFM force measurements the trigger mode was set to 
“relative” and the trigger threshold was 100 nm. Relative trigger mode means that all force 
curves have the same preset maximum cantilever deflection relative to that at large surface 
separation (defined as zero deflection). Note that in this mode the forces on the very first 
approach are not recorded. A driving velocity of 400 nm s-1 was used for all measurements. 
As shown in our previous report21, this does not give rise to any significant hydrodynamic 
force. The surface forces were recorded over a 5 x 5 �m2 area, on 5 x 5 regularly spaced spots. 
On each spot 20 force curves were recorded.  

  

2.3.2 Imaging 
 

Images of the nanostructured surfaces were recorded with the same AFM instrument as 
employed for force measurements. High-resolution images in air were obtained in tapping 
mode using non-contact ultrasharp silicon cantilevers (NSCS12, NT-MDT, Russia). This 
provides information on the nanoscale structure of the surface layer. In addition, low-
resolution images of the region used for force measurements were obtained after force 
mapping by imaging the surface with the probe itself. This imaging mode provides 
information on how the surface roughness is sensed by the probe. In addition, the high-
resolution images were processed using the rolling-ball method, which is applied, for 
example, in the paper industry for estimation of the pore volume at the interface between 
paper web and press felt.28 The principle of the rolling-ball method is illustrated in Figure 1. 
Briefly, a virtual sphere of a predefined radius is used to delineate a surface corresponding to 
a high-resolution AFM topography data set. Depending on the sphere radius the generated 
surface will more or less follow the true topography. A smaller sphere goes deeper into the 
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valleys and experiences a rougher surface than a larger one, i.e. the result is a convolution of 
the topography and the sphere dimension. 

 

Fig.  1 A schematic illustration of the rolling ball method. A smaller virtual sphere follows the surface 
topography closer than a larger one.     

 

2.3.3 Contact angles 
 

Contact angles were measured using a dynamic contact angle and absorption tester 
(FibroDAT 1100, FibroSystems AB, Sweden), in which a drop of a specified volume is 
applied to a surface using an automated micro-pipette. The drop shape is captured with a high 
speed camera from the deposition time and the contact angle is calculated by the apparatus 
software as an average of the right and the left projected angles.  

 

3. Results  
 

In this section we first discuss topography and surface interactions between the probe and the 
nanostructured surfaces obtained by spin-coating of silica nanoparticles. We then proceed to 
the results obtained for the polished silica surfaces. 

 

3.1 Surface topography of silica nanoparticle coated substrates  
 

The images displayed in Figure 2 illustrate the topography achieved by spin-coating the 9 nm 
silica particles. Figure 2A shows the nanostructured nature of the surface, but also a large-
scale waviness. The local nanoscale roughness is more clearly illustrated in Figure 2B. Here, 
each roughly half-spherical structure represents an individual nanoparticle embedded in the 
TEOS matrix. Figure 2C, which is a low-resolution image obtained by using the colloidal 
probe as imaging tool, emphasizes the more large-scale wavy features of the surface layer. 
Finally, Figure 2D is constructed from Figure 2A using the rolling ball method with a ball 
radius of 2.5 μm, corresponding to the size of our probe. Clearly, similar structural features 
are observed by processing a high-resolution image with the rolling ball method as is obtained 
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by imaging the surface with the colloidal probe. We note that the image in Figure 2C, and all 
other low-resolution images shown below, represent the surface structure of the region where 
surface forces have been measured. In contrast the high-resolution images in Figures 2A and 
2B are obtained in a different surface region.  

A 

 

B 

 

C 

 

D 

 

 

Fig.  2 Surface covered with 9 nm silanized silica particles. (A) High resolution 5 x 5 �m2, (B) 0.1 x 0.1 �m2 
detail on the high resolution surface, (C) low resolution 5 x 5 �m2  and (D) rolling ball image. 

 

The corresponding images of surfaces covered with a spin-coated layer of 40 nm silica 
particles are provided in Figure 3. Again, the surface topography is characterized by a local 
nanostructure, with larger features than for the 9 nm particle-coated surface due to the larger 
nanoparticle size, and a wavy topography over larger length scales, as emphasized by the low-
resolution image (Figure 3C) and the rolling-ball processing of the high resolution image 
(Figure 3D). 
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A 

 

B 

 

C 

 

D 

 

Fig.  3 Surface covered with 40 nm silanized silica particles. (A) High resolution 5 x 5 �m2, (B) 0.4 x 0.4 
�m2 detail on the high resolution surface, (C) low resolution 5 x 5 �m2 and (D) rolling ball surface 

 

The roughness characteristics over the areas illustrated in Figures 2A and 3A are presented in 
Table 21. Clearly, even though the Ra and Rq values provide information on the surface 
roughness, these values are not sufficient for describing the rather complex topography of the 
surfaces as illustrated in Figures 2-3. The macroscopic water contact angle on the two 
surfaces is also provided in Table 2. We note that the surface with the larger nanoparticles 
displays a slightly larger water contact angle than the one with smaller nanoparticles.  

                                                 

1  

N

ZZ
R

N

i
i�

=

−
= 1

2
ave

q

)(
 

Zave = average Z value within the given area 

Zi = local Z value 

N = Number of points within the given area 

N

ZZ
R

N

i
i�

=
−

= 1
ave

a  

Zave = Z value at the centre plane 

Zi = local Z value 

N = number of points within the given area 

 



 9 

Table 2. Roughness characteristics and water contact angle of nanoparticle-coated and silanized silica 
substrates  

Sample Ra (nm) Rq (nm) Water contact 
angle 

9 nm 1.42 2.84 85° 

40 nm 13.1 17.6 91° 

 

3.2 Surface interactions of silica nanoparticle coated substrates  
 

The force measurements over the 5 x 5 μm2 area were conducted at 25 different spots in the 
order illustrated in Figure 4. This pattern was chosen in order to avoid any artificial regularity 
in the force map due to accumulation of e.g. air at the force measuring spot. The force maps 
shown in Figure 5 contain two data sets extracted from the 1080 force curves (540 for each 
surface) used to create the images. Figures 5A and 5C illustrate how the jump-in distance 
varies over the surface region for the 9 nm and 40 nm nanoparticle coated surfaces, 
respectively. The jump-in distance corresponds to the surface separation at which the gradient 
of the attractive force just exceeds the spring constant of the cantilever, and is a measure of 
the range of the attraction. The strength of the attraction in contact is determined from the 
jump-out distance during separation, and these data sets are shown in the adhesion maps 
illustrated in Figures 5B and 5D. The force maps illustrated in Figure 5 can be directly 
compared with the low-resolution images in Figures 2C and 3C. We note that the clear 
patterns seen in the topographical images are not reflected in the force maps, and we conclude 
that the large-scale waviness of the surface does not significantly affect the forces, but the 
range and magnitude of the attraction appear to vary randomly over the surfaces.  

 

 

 

�m 

 

                              �m 

Fig.  4 Force measurement order 
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Fig.  5 Force maps over 5 x 5 �m2  surfaces covered with silanized silica particles. (A) 9 nm jump-in 
distance, (B) 9 nm adhesion, (C) 40 nm jump-in distance and (D) 40 nm adhesion. 

 

The variations in jump-in distance and adhesion force as a function of force measurement 
number for the surface coated with 9 nm particles are shown in Figures 6a and 6b, 
respectively. For both these quantities we note a significantly larger difference between spots 
on the surface than between measurements on one and the same spot, providing clear 
evidence that the local topography, rather than the large-scale waviness, has an effect on the 
measured force. The adhesion force shows no discernible trend with the number of 
measurements, whereas a weak tendency for an increase in jump-in distance with 
measurement number can be observed. The same features were found for the surface coated 
with 40 nm particles, see Figures 6C och D, but in this case the trend with an increasing jump-
in distance with measurement number was not significant. 
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Fig.  6 Force as a function of measurement number frequencies for surfaces covered with silanized silica 
particles. (A) 9 nm jump-in distance, (B) 9 nm adhesion, (C) 40 nm jump-in distance and (D) 40 nm 
adhesion. The numbers provided in the upper region of each figure correspond to those shown in Figure 
4, and thus specify both the measurement order and the location on the surface. 



 12 

The histograms reported in Figure 7 show how frequently a jump-in distance and an adhesion 
value was registered for the two nanoparticle-coated surfaces. The spread in these values are 
larger, in terms of absolute values, for the surface with the smaller nanoparticles but in 
relative values (% deviation from the mean value) it is larger for the surface coated with 
larger nanoparticles, see Table 3.  
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Fig.  7 Force frequencies for surfaces covered with silanized silica particles. (A) 9 nm jump-in distance, (B) 
9 nm adhesion, (C) 40 nm jump-in distance and (D) 40 nm adhesion. 

 

Table 3. Adhesion and jump-in distance. The scatter is given as standard deviations and coefficients of 
variation, CV. 

 9 nm 40 nm 

Adhesion    

Mean value (mNm-1) 83 8 

Standard deviation (mNm-1) 23 7 

CV (%) 28 88 

Jump-in distance   

Mean value (nm) 31 9 

Standard deviation (nm) 10 9 

CV (%) 32 100 

 

Examples of force curves measured on approach and on separation are provided in Figure 8. 
We note that on approach the attraction sets in suddenly once a critically small distance has 
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been reached. This defines the jump-in distance, which is larger than expected for a van der 
Waals force. On separation a strong adhesion is observed. In strongly attractive regions the 
jump-out occurs directly to zero force, whereas in less strongly attractive regions a long-range 
attraction is noted on separation (see Figure 8b). This attraction approaches zero rapidly once 
a critically large distance is reached.  

 

These features are qualitatively explained as follows: at the jump-in distance an air/vapor 
cavity forms between the surfaces and an attractive Laplace pressure brings them together. On 
separation the cavity is extended until it becomes unstable and disappears, at which point the 
force returns to zero. When comparing the data for the two different nanoparticle coated 
surfaces, we note that the attraction is more long-ranged and the adhesion is higher for the 
surface with the smaller nanoparticles even though the macroscopic contact angle is lower on 
this surface. We will return to this observation in the discussion section. 
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Fig.  8 (A) Examples of force curves measured on approach between a probe particle and  a surface 
covered with 9 nm silanized silica particles (squares, lower curve) and 40 nm silanized silica particles 
(dots, upper curve). (B) An example of a force curve measured on separation between a probe particle and 
a surface covered with 40 nm silanized silica particles. The solid line represents a force curve due to 
capillary forces as calculated using eq. 2. 
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3.3 Surface topography of polished surfaces 
 

High-resolution and low-resolution images of the silica surfaces after 2s, 10s and 40s of 
polishing are provided in Figures 9-11. These surfaces cannot be described as being 
nanostructured since they do not show any regular structure on the nanometre level. After 2s 
of polishing, a large density of relatively sharp surface features are seen in the high-resolution 
images, Figures 9A and B. In addition, just as for the nanoparticle coated surfaces a large-
scale waviness is observed as emphasized by the low-resolution image. An increased 
polishing time results in a decrease in the number of sharp surface features, compare Figures 
9A, 10A and 11A, whereas the large-scale waviness remains largely unaffected. The 
roughness characteristics over a 5 x 5 �m2 area on the different surfaces are presented in 
Table 4, which  also includes data for the macroscopic water contact angle. 

A B

 

C

 

D 

 

E 

 

F

 

Fig.  9 Polished surface (A) 2 s high resolution 5 x 5 �m2, (B) 2 s low resolution 5 x 5 �m2, (C) 10 s high 
resolution 5 x 5 �m2, (D) 10 s low resolution 5 x 5 �m2, (E) 40 s high resolution 5 x 5 �m2 and (F) 40 s low 
resolution 5 x 5 �m2 
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Table 4. Roughness characteristics and water contact angle of polished and silanized silica substrates. 

Polishing time Ra (nm) Rq (nm) Water contact angle 

2 s 9.08 11.9 90° 

10 s 4.56 6.62 86° 

40 s 0.315 0.405 93° 

 

 

3.4 Surface interactions of polished surfaces  
 

Typical force curves measured on approach between the non-polar probe and the polished and 
silanized silica surfaces are illustrated in Figure 10. The repulsion seen in some force curves 
prior to the jump-in is suggested to be due to an initial deformation of a surface bound bubble, 
a description consistent with others29-32. The bubble then bursts, and a capillary condensate of 
air/vapor is formed between the surfaces, giving rise to the strong attraction. 
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Fig.  10 Examples of force curves measured on approach between a probe particle and a surface polished 
for 2 s (dots, lower curve), 10 s (squares, upper curve) and 40 s (crosses, middle curve). 

 

Just as for the nanostructured surfaces we found no correlation between the large-scale 
waviness of the polished surfaces and the adhesion and jump-in maps (data not shown). The 
jump-in distance and adhesion histograms obtained for the polished surfaces are illustrated in 
Figure 11. In all cases a distribution of values is obtained, with a width that is significantly 
larger for the surface polished for 2 s compared to that found for the more smooth surfaces 
obtained after further polishing. The average value for the adhesion and the jump-in distance 
are also decreasing with increasing polishing time, i.e. with decreasing surface roughness, see 
Table 5. 
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Fig.  11 Force frequencies for polished surfaces. (A) 2 s jump-in distance, (B) 2 s adhesion, (C) 10 s jump-
in distance, (D) 10 s  adhesion, (E) 40 s jump-in distance and (F) 40 s adhesion. 

 

Table 5. Adhesion and jump-in distance for surfaces polished for different times. The scatter is given as 
standard deviations and coefficients of variation, CoV. 

 2 s 10 s 40 s 

Adhesion     

Mean value (mNm-1) 188 124 98 

Standard deviation (mNm-1) 103 20 14 

CV (%) 55 16 14 

Jump-in distance    

Mean value (nm) 24 13 8 

Standard deviation (nm) 16 5 5 

CV (%) 67 38 62 
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4. Discussions 
 

4.1 Adhesion between rough surfaces 
 

The adhesion force, Fadh, between a sphere, with radius R, and a flat surface immersed in a 
liquid is related to the interfacial energy as: 

 

 
Fadh

R
= α γsl − γsls( )   (1) 

 

where α is a constant with a value between 3� and 4�, depending on surface radius and 
elasticity of the contacting bodies33-35. The quantity γsl is the interfacial energy between the 
solid and the liquid and γsls is the excess free energy associated with the contact. This latter 
quantity approaches zero for atomically flat surfaces whereas it approaches the value of γsl for 
very rough surfaces. In this work we utilize rough surfaces, meaning that the real contact area 
is small and the adhesion as described by eq. [1] is also small. (Note that the adhesion force 
by convention is regarded as a positive value, whereas the attractive forces displayed in the 
force curves by convention are given a negative sign). 

The long-range force due to the presence of a capillary condensate with a constant volume 
between two surfaces is approximately given by36, 37: 

 

�
�

�
�
�

�

+
−π=

22lv
D/d1

1
1cos4

R

F θγ             (2) 

 

where D is the surface separation, d a constant related to the size of the capillary condensate 
and � is the contact angle of the vapor/air cavity (i.e. 180° – the local water contact angle) on 
the surface. This equation describes the long-range attraction observed during separation, as 
shown in Figure 8B. Thus, there is no doubt that a cavity is present between the surfaces 
during separation, and that this cavity will contribute to the measured adhesion force. We note 
that as the capillary is extended the unfavourable air-water interface will be enlarged and the 
capillary will eventually break. When this occurs the force rapidly goes to zero. For the data 
set shown in Figure 8b, this occurs at a separation of about 85 nm. 

The vapor cavity contribution to the adhesion arises from the Laplace pressure, and it is to a 
good approximation given by the second term in eq. [3]38: 

 

 ( ) θπγγγα cos4
R

F
lvslssl

adh +−=              (3) 
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where γlv is the water-vapor surface energy. We note that the macroscopic contact angles on 
the rough surfaces used in this investigation are in the range 85-93°. 

If we assume that the first term in eq. [3] is negligibly small compared to the second one, then 
we can estimate the contact angles of the cavity from the adhesion force. For instance, for the 
surfaces coated with 9 nm particles, the mean adhesion force, 83 mNm-1, corresponds to a 
vapor contact angle of 84-85°, and within the standard deviation shown in Table 3, the vapor 
contact angle varies in the range 83-86°. The corresponding values for the surface coated with 
40 nm particles are 89.5° for the mean value, and within one standard deviation of the 
adhesion force the contact angle varies between close to 90° and 89°. Thus, the large variation 
in adhesion force can readily be assigned to small differences in vapor contact angle. We note 
that if the direct adhesion between the surfaces, i.e. the first term in eq. [3], is not negligible, 
then the contact angle of the cavity would be even closer to 90° than indicated by the values 
returned by this analysis. Finally, we note that in this analysis the local contact angle has been 
assumed to be the same on both surfaces. Since these cannot be measured independently it is 
not meaningful to improve the analysis beyond this, even though the theoretical framework 
for doing so is available39. 

One fundamental assumption in the treatment above is that the cavity is allowed to grow to its 
optimum size. This is a reasonable assumption for flat and homogeneous surfaces, as also 
indicated by experiments4. However, this is not obvious when considering cavities formed on 
rough and chemically non-homogeneous surfaces where pinning of the three phase line may 
occur, in analogue to the contact angle hysteresis observed on the macroscopic level. To 
illustrate the consequences of this, we turn to the treatment of capillary condensation by 
Wennerström et al.37. The free energy change due to formation of a capillary condensate of air 
is given by:  

 

( ) ( ) μΔγγγγγΔ clvlvl2sv2s2sl1sv1s1s VAAAG ++−+−=     (4) 

 

where the first two terms are due to the free energy change of replacing a surface-water 
interface, of area As1 and As2 on the two surfaces, with a surface-vapor interface. The sum of 
these two terms has to be sufficiently negative for a cavity to form. The third term is due to 
the free energy cost of creating an air-water interface with area Alv, and the fourth term is due 
to the difference in chemical potential, μ, between water vapor and air present in the cavity 
with volume Vc , and water and dissolved air in the surrounding aqueous phase. Thus, if the 
three-phase line is pinned and the cavity is prevented from growing to its optimal size, then 
the free energy gain is reduced. The adhesion force is given by: 

 

Fadh = ∂ΔG

∂D

	 

 
� 

� 
 
� 

D=0
   (5) 
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With the approximation that the cavity has a cylindrical shape the relevant areas and volume 

are given as As1 = As2 = πRm
2 , Alv = 2πRmD, and Vc = πRm

2 D , where Rm is the cylinder 
radius. This immediately gives: 

 

 
Fadh

R
= 2πRmγ lv

R
+ πRm

2 Δμ
R

       (6) 

 

This relation, which is valid beyond the cylindrical cavity approximation37, shows that the 
adhesion force also decreases when the cavity is prevented from growing to its optimal size 
due to pinning of the three-phase line. This is suggested to be another reason for the variation 
in adhesion values observed in this investigation. 

 

4.2 Bridging bubbles vs. spontaneous cavitation 
 

There is no doubt that the presence of a vapor/gas capillary condensate between non-polar 
surfaces in many cases is the reason for the long-range attraction observed between such 
surfaces. Thus, in cases where this mechanism is identified, as for the data presented in this 
report, the term “hydrophobic interaction” should be avoided in favour of the term “capillary 
force”. For smooth and chemically well-defined surfaces it has been shown, as expected, that 
capillary forces are present only when the liquid contact angle is above 90°.40 The capillary 
force decreases in magnitude and range if the aqueous solution is deaerated18, demonstrating 
that air, and not only water vapor, is present in the capillary. This is completely consistent 
with theoretical predictions41. The remaining debate concerns whether the capillary is formed 
by a spontaneous cavitation process at small surface separation or due to bridging by a 
nanoscopic bubble that is present on one of the surfaces from the very beginning. In both 
cases one would expect a stochastic variation in the onset of the attraction, in this report 
discussed in terms of the jump-in distance. If the mechanism is spontaneous cavitation, then 
the system has to pass a free energy barrier to form the capillary condensate (or perhaps 
capillary evaporate would be a more proper term), and this is a stochastic process with a 
probability that increases with decreasing surface separation42. In this case no repulsive forces 
related to the formation of the capillary condensate are expected prior to the onset of 
attraction. In contrast, in the scenario with a bridging bubble, repulsion due to a double-layer 
force and bubble deformation is expected to occur prior to the onset of the attractive force. 
The literature contains examples of capillary attraction without any long-range repulsion40 and 
capillary attraction that is observed only after a certain repulsion has been overcome6, 32. Our 
previous results have shown that repeated measurements on one and the same spot often leads 
to a transition from a capillary attraction without any long-range repulsion to a situation 
where a repulsion due to bubble deformation precedes the onset of the capillary attraction21.  
Thus, it is clear that the force measurements themselves lead to accumulation of air in the 
contact region that can lead to nanobubble formation on the surfaces. It is also clear that there 
is no fundamental difference in the mechanism behind the capillary attraction depending on 
whether it is due to spontaneous cavitation or due to bridging of preformed bubbles. However, 
the initial air content of the capillary condensate will differ, which influences the stability of 
the cavity during separation. Finally, we would like to mention the ongoing debate on the 
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stability or instability of nanometer sized bubbles on non-polar surfaces. Our data do not 
provide new insight on this matter, except that we in some cases do notice a stability of 
surface attached bubbles over at least several minutes. We refer the interested reader to two 
recent and excellent papers on this subject41, 43 

 

4.3 Comparison between nanostructured surfaces with 9 nm and 40 
nm particles 
 

The nanostructured surfaces, prepared by spin-coating silica nanoparticles, display long-range 
attractive forces without any preceding repulsion. Thus, for these surfaces we see no 
indication of the presence of adsorbed nanobubbles, but, nevertheless, a capillary forms away 
from contact, resulting in a long-range attraction, and, furthermore, the presence of the 
air/vapor capillary condensate affects the forces measured on separation, see Figure 8B. The 
range and magnitude of the attraction is larger for the surface with smaller nanoparticles, 
despite the fact that this surface is slightly less hydrophobic as judged from contact angle 
measurements. This allows us to draw the conclusion that macroscopic contact angle 
measurements cannot be used for predicting the range of capillary forces between 
nanostructured surfaces. Our data rather show that a capillary condensate of air/vapor forms 
more easily when the nanoscale roughness is smaller. There are at least two effects that 
contribute to this. First, the crevices formed on the surface are larger when larger 
nanoparticles are used, providing a larger volume for gas accumulation within the surface 
structure. Second, the growth of the capillary is hampered by the increased nanoscale 
roughness since the three-phase line has to move over larger surface features as the capillary 
grows. This is akin to the well-known effect of surface roughness on macroscopic contact 
angle hysteresis. The adhesion is also higher when smaller nanoparticles are used to build the 
nanostructure. This is also suggested to be a consequence of the pinning of the three-phase 
line, which leads to smaller cavities and/or contact angles closer to 90° on the surface with 
larger nanoscopic features.  

 

4.4 Comparison between nanostructured surfaces and polished 
surfaces 
 

The polished surfaces have some small surface features that extend away from the surface, but 
unlike for the nanostructured surfaces they largely lack nanoscopic crevices. Thus, air that 
accumulates at the surface cannot accumulate in any crevices, but must rather exist as a thin 
film or as nanobubbles. For the polished surfaces a repulsive force is nearly always preceding 
the onset of the capillary attraction, providing strong evidence for the presence of 
nanobubbles on these surfaces. This is in clear contrast to the results for the nanostructured 
surfaces, where this feature was not observed. The adhesion forces determined for the 
polished surfaces were larger than those measured for the nanostructured surfaces, indicating 
that the relatively few topographical peaks do not hamper the growth of the capillary to the 
same extent as the dense topographical features of the nanostructured surfaces. Surprisingly, 
for the polished surfaces we note the highest adhesion and most long-range attraction for the 
roughest surface. This leads to the conclusion that these extended surface features promote the 
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formation of air/vapor capillary condensates, presumably by stabilizing the adsorbed 
nanobubbles.  

 

5. Conclusions  
 

Surfaces with nanometre scale roughness have been prepared by (a) spin-coating of 
nanometre sized silica particles onto a silica surface, and (b) by polishing the uncoated silica 
surface. After silanation these surfaces display macroscopic contact angles of close to 90°. 
For both types of surfaces a capillary attraction dominates the interaction with a 
hydrophobized probe particle.  

The spin-coated surfaces display a nanostructure with crevices and ridges due to the 
individual nanoparticles, and also waviness over larger length scales, comparable to the size 
of our probe particle. Our force data show that the large-scale waviness has no significant 
influence on the range or magnitude of the capillary force. The range and magnitude of this 
force does, however, vary significantly at different spots on the surface. The large variation in 
adhesion force can be attributed to a small variation in the local contact angle between the 
air/vapor capillary and the surfaces. The pinning of the three-phase line is suggested to 
contribute to this variation and also to hamper the growth of the capillary condensate to its 
equilibrium size. Despite the observation that the nanostructured surface with larger surface 
features (40 nm particles) displays a larger macroscopic contact angle than that of the 
nanostructured surface with smaller features (9 nm particles), the range and magnitude of the 
capillary attraction is larger in the latter case. This is interpreted as being due to less severe 
restrictions to capillary growth on the surface with smaller nanostructures. 

The polished surfaces have a very different surface texture, displaying sharp extended surface 
features separated by relatively smooth regions without any crevices. On these surfaces, 
preadsorbed nanobubbles are suggested to be present and a soft repulsion due to electrostatic 
repulsion and bubble deformation precedes the capillary attraction on approach.  

Taken together, our data suggest that the presence of a high density of nanoscopic crevices on 
the surface reduces the range and magnitude of the capillary attraction due to accumulation of 
air in these crevices. On the contrary, the presence of extended nanoscopic surface features, as 
for the polished surfaces, stabilizes nanobubbles and enhances the capillary attraction. 

 

6. Acknowledgements 
 

Omya Development AG is thanked for funding this project and for supporting cooperation 
between YKI and its industrial Mineral and Surface Chemistry R&D. Silvan Fischer at Omya 
Development AG is thanked for performing the polishing work. Funding was also provided 
through Research Institutes of Sweden (RISE Holding AB, formerly IRECO Holding AB) for 
VW and AS. PMC acknowledges financial support from the Swedish Research Council, VR.  

 



 22 

7. References 
 

(1) Israelachvili, J. N.; Pashley, R. M., Journal of Colloid and Interface Science 1984, 98, (2), 
500-514. 
(2) Claesson, P. M.; Blom, C. E.; Herder, P. C.; Ninham, B. W., Journal of Colloid and 
Interface Science 1986, 114, (1), 234-242. 
(3) Pashley, R. M.; McGuiggan, P. M.; Ninham, B. W.; Evans, D. F., Science 1985, 229, 
(4718), 1088-1089. 
(4) Christenson, H. K.; Claesson, P. M., Science 1988, 239, (4838), 390-392. 
(5) Parker, J. L.; Claesson, P. M., Journal of Physical Chemistry 1994, 98, 8468-8480. 
(6) Carambassis, A., Jonker, L. C., Attard, P., Rutland, M. W., Physical Review Letters 1998, 
80, 5357-5360. 
(7) Ederth, T.; Claesson, P. M.; Liedberg, B., Langmuir 1998, 14, 4782-4789. 
(8) Christenson, H. K.; Claesson, P. M., Advances in Colloid and Interface Science 2001, 91, 
391-436. 
(9) Luckham, P., Advances in Colloid and Interface Science 2004, 111, 29-47. 
(10) Fröberg, J. C.; Rojas, O. J.; Claesson, P. M., International Journal of Mineral Processing 
1999, 56, 1-30. 
(11) Meyer, E. E.; Rosenberg, K. J.; Israelachvili, J. N., Proceedings of the National Academy 
of Sciences of the United States of America 2006, 103, (43), 15739-15746. 
(12) Yang, S.; Dammer, S. M.; Bremond, N.; Zandvliet, H. J. W., Langmuir 2007, 23, 7072-
7077. 
(13) Borkent, B. M.; Dammer, S. M.; Schönherr, H.; Vancso, G. J.; Lohse, D., Physical 
Review Letters 2007, 98, 204502-1 - 204502-4. 
(14) Thormann, E.; Simonsen, A. C.; Hansen, P. L.; Mouritsen, O. G., Langmuir 2008, 24, 
(14), 7278-7284. 
(15) Thormann, E.; Simonsen, A. C.; Hansen, P. L.; Mouritsen, O. G., ACS Nano 2008, 2, (9), 
1817-1824. 
(16) Hampton, M. A.; Donose, B. C.; Taran, E.; Nguyen, A. V., Journal of colloid and 
interface science 2009, 329, 202-207. 
(17) Ishida, N.; Sakamoto, M.; Miyahara, M.; Higashitani, K., Langmuir 2000, 16, 5681-
5687. 
(18) Stevens, H.; Considine, R. F.; Drummond, C. J.; Haves, R. A.; Attard, P., Langmuir 
2005, 21, 6399-6405. 
(19) Nguyen, A. V.; Nalaskowski, J.; Miller, J. D.; Butt, H.-J., International Journal of 
Mineral processing 2003, 215-225. 
(20) Hato, M., J. Phys. Chem. 1996, 100, 18530-18538. 
(21) Wallqvist, V.; Claesson, P. M.; Swerin, A.; Schoelkopf, J.; Gane, P. A. C., Colloids and 
Surfaces A 2006, 277, (2-3), 183-190. 
(22) Wallqvist, V.; Claesson, P. M.; Swerin, A.; Schoelkopf, J.; Gane, P. A. C., Langmuir 
2007, 23, (8), 4248-4256. 
(23) Wallqvist, V.; Claesson, P. M.; Swerin, A.; Schoelkopf, J.; Gane, P. A. C., Fluid 
dynamics and materials processing 2008, 4, (2), 85-98. 
(24) Tsai, P.-S.; Yang, Y.-M.; Lee, Y.-L., Langmuir 2006, 22, 5660-5665. 
(25) Li, X.-M.; He, T.; Crego-Calama, M.; Reinhoudt, D., Langmuir 2008, 24, 8008-8012. 
(26) Iruthayaraj, J.; Poptoshev, E.; Vareikis, A.; Makiska, R.; van der Wal, A., 
Macromolecules 2005, 38, 6152-6160. 
(27) Sader, J. E.; Chon, J. W. M.; Mulvaney, P., Review of Scientific Instruments 1999, 70, 
(10), 3967-3969. 



 23 

(28) Axelsson, M.; Östlund, C.; Vomhoff, H.; Svensson, S., Nordic Pulp and Paper Research 
Journal 2006, 21, (3), 395-402. 
(29) Attard, P., Advances in Colloid and Interface Science 2003, 104, (1-3), 75-91. 
(30) Mahnke, J.; Stearnes, J.; Hayes, R. A.; Fornasiero, D.; Ralston, J., Phys. Chem. Chem. 
Phys. 1999, 1, 2793-2798. 
(31) Tyrell, J. W. G.; Attard, P., Physical Review Letters 2001, 87, 1761041-1761044. 
(32) Tyrell, J. W. G.; Attard, P., Langmuir 2002, 18, 160-167. 
(33) Johnson, K. L.; Kendall, K.; Roberts, A. D., Proceedings of the Royal Society of London 
A 1971, 324, 301-313. 
(34) Derjaguin, B. V.; Muller, V. M.; Toporov, Y. P., Journal of colloid and interface science 
1975, 53, (2), 314-326. 
(35) Parker, J. L.; Attard, P., Journal of Physical Chemistry 1992, 96, 10398-10405. 
(36) Blomberg, E., Claesson, P. M., Wärnheim, T., Colloids and Surfaces A: Physiochemical 
and Engineering Aspects 1999, 159, 149-157. 
(37) Petrov, P.; Olsson, U.; Wennerström, H., Langmuir 1997, 13, (13), 3331-3337. 
(38) Christenson, H. K., Journal of colloid and interface science 1984, 104, (1), 234-249. 
(39) Orr, F. M.; Scriven, L. E.; Rivas, A. P., Journal of Fluid Mechanics 1975, 67, (4), 723-
742. 
(40) Ederth, T.; Liedberg, B., Langmuir 2000, 16, 2177-2184. 
(41) Wennerström, H., Journal of Physical Chemistry 2003, 107, (50), 13772-13773. 
(42) Yushchenko, V. S.; Yaminsky, V. V.; Shchukin, E. D., Journal of colloid and interface 
science 1983, 96, (2), 307-314. 
(43) Zhang, X. H.; Maeda, N.; Craig, V. S. J., Langmuir 2006, 22, (11), 5025-5035. 
 
 
 









 1 

Hamaker constants for talc minerals using spectral 
ellipsometric data 

 
Viveca Wallqvist1,*, Per Claesson1,2, Lennart Bergström3, Agne Swerin1, Hans Arwin4 

 
 

1YKI, Ytkemiska Institutet AB/Institute for Surface Chemistry 
Box 5607, SE-114 86 Stockholm, Sweden 

2Department of Chemistry, Surface chemistry, Royal Institute of Technology, SE-100 44 Stockholm, Sweden 
3 Department of Physical, Inorganic and Structural Chemistry, Stockholm University, SE-106 91 Stockholm, 

Sweden 
4 Department of Physics and Measurement Technology (IFM), Linköping University,  

SE-581 83 Linköping, Sweden 
 
 

Abstract 
 
Measurements of refractive indices over a large wavelength span for talc minerals using 
spectral ellipsometry allow more accurate determinations of Hamaker constants than 
previously reported, or otherwise calculated from literature data. We report that for the 
birefringent talc minerals different Hamaker constants are obtained for samples cut in different 
crystallographic orientations. In water, very small differences, from 1.7
10-20  to 1.9
10-20 J is 
obtained for nanocrystalline talc samples cut in different directions, whereas a microcrystalline 
sample from another source give considerably higher value of the Hamaker constant, 4.2
10-20 
J. The difference is explained by a significant difference in the refractive index. Implications 
for interactions relevant in connection to the use of talc as a pitch control agent, in the action of 
wetting and dispersing additives used as processing aids, and in combinations of talc with 
cellulose, calcite and polystyrene are indicated. 
 
Key-words: Talc, Hamaker constant, van der Waals force, spectroscopic ellipsometry, 
dielectric properties, refractive index 
 

 
Introduction 
 
Material dielectric properties are of fundamental importance for their interaction. This is 
clearly shown within the framework of the Lifshitz theory for van der Waals interactions 
between macroscopic bodies1 where the Hamaker constant, which determines the strength of 
the interaction, can be calculated from dielectric data. Hamaker constants can also be estimated 
using several other methods, e.g. from contact angle measurements using van Oss' 
approximation2 or from critical coagulation concentrations if the material can be obtained as a 
dispersion.  
 
Talc is a mineral which has a multitude of industrial uses in for example cosmetics, 
pharmaceuticals, food and papermaking. Talc minerals can show high variability in the size of 
the crystals that make up the mineral depending on the geological source, and talc also contains 
small amounts of other minerals enclosed. Such accessory minerals affect the hardness and 
color and can also influence processing of talc minerals in industry. Reported water contact 
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angles on talc differs significantly, spanning the region from 66 to 90 degrees.3 This is partly 
due to the nanoscale roughness of talc surfaces, and the presence of some hydrophilic edges on 
seemingly flat talc surfaces. Thus, the contact angle approach to estimation of Hamaker 
constants has a clear disadvantage.  
 
More precise Hamaker constant determinations are clearly needed both for optimization of 
wetting and dispersing additives during industrial processing and in more fundamental 
investigations on interaction forces between talc and other materials, such as exemplified in 
our earlier reports4-6. The present report shows how spectral ellipsometry of different talc 
minerals can be used to estimate the Hamaker constant following the procedure described in 
detail by Bergstrom7. The results are used to discuss some relevant material combinations for 
talc, such as calcite, cellulose and polystyrene. We also address the implication for long-range 
van der Waals interactions in talc-water systems of relevance for talc as a pitch control 
additive. 
 
 

Theory 
 
In the present investigation a simple two-phase (air-substrate) model is used for evaluating the 
ellipsometric data, whereby the variables n (refractive index) and k (extinction coefficient) for 
each wavelength are obtained by regression analysis. The procedure for processing optical data 
to receive estimations of Hamaker constants is given here, and a more detailed description can 
be found elsewhere.7  
 
The dielectric properties of a material can be represented by the complex frequency depending 
function �(�) according to: 
 

)(i)()( ωεωεωε ′′+′=                     (1) 
 
Where 

�    radial frequency of incident light 
�'     real part of the dielectric function representing transmission 
�’’    imaginary part of the dielectric function representing absorption 
 

For a transparent material the extinction coefficient, k is negligible and the dielectric constant 
is directly related to the refractive index according to: 
 

)(n)()( 2 ωωεωε =′=                     (2) 
 
A transformation of the complex dielectric function at real frequencies into a dielectric 
function at imaginary frequencies, �(i�m), was suggested by Ninham and Parsegian8-10. The 
resulting function is very simple since it only has real values that decrease slowly with 
increasing imaginary frequency. For � = 0, the static dielectric constant, �0, is obtained. At the 
other end of the spectrum the value of the dielectric function approaches 1 as ���. For the 
calculation of the Hamaker constant, only discreet, periodic frequencies, the so-called 
Matsubara frequencies, should be included, which is a consequence of the underlying quantum 
description11: 
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)h/kT4(m 2

m πξ =                    (3) 

 
Where 

m    integer (0, 1, 2...) 
k     Boltzmann’s constant (1.3806503 × 10-23 m2 kg s-2 K-1) 
h    Planck’s constant (6.626068 × 10-34 m2 kg/s) 
T    absolute temperature 

 
The full Ninham-Parsegian expression for the frequency dependence of the dielectric function 
includes components from the micro-, infrared-, visible- and ultraviolet- parts of the spectrum. 
Since most of the Matsubara frequencies are in the visible and UV regions, the Ninham-
Parsegian expression can be simplified to: 
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Where 

�IR, �UV  characteristic absorption frequencies 
CIR, CUV  oscillator strengths for the absorption peaks at �IR and �UV 

 
The values of CUV and �UV  can be calculated according to the Cauchy equation10: 
 

n2(ω) −1= n2(ω) −1[ ]ω2

ωUV
2

+ CUV                           (5) 

 
This equation treats real, measured data and by using a Cauchy plot, where [n2(�)-1] is plotted 
as a function of [(n2(�)-1)�2], a straight line with the intercept CUV and the slope �UV

-2 is 
obtained. 
 
Finally, CIR is determined from the relation: 
 

 UVIR0 CC1 ++=ε                                                            (6) 

 
and ωIR can be obtained from the most prominent IR absorption band. In the case of talc, two 
prominent bands are present, and in the calculations we have used the mean value of these. 
 
The van der Waals interaction free energy, E132, for material 1 interacting with material 2 
across medium 3 can according to Lifshitz’ theory be expressed as1, 10, 12: 
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Where 

y the integration variable introduced by Lifshitz1 
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D separation between the surfaces 
 
The prime on the first term indicates that the m=0 (the static contribution) is given half weight. 
The difference in dielectric response, 	kl for material k and l is defined as: 
 

Δkl = εk (iξm ) −εl (iξm )
εk (iξm) + εl (iξm )

                     (8) 

 
From these equations, an analytical approximation of the Hamaker constant can be identified 
as12: 
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Where 

s     integer (1, 2, 3...) 
 
 

Materials and methods 
 
Talc materials 
 
Two different talc minerals were used in this investigation, one from the facility Three Springs 
(TS) in Australia (obtained from Western Mining Co.) and the other from Linnajavri in 
Hamarøj, Norway (obtained from NGU, Geological Survey of Norway). The Australian 
mineral was prepared in two ways by cutting out samples along and perpendicular to the grain 
direction. The sample surfaces were then polished. These samples will be referred to as talc 
TS-1 and talc TS-2, respectively, see below for microscopy characterization depicting the 
difference in morphology resulting from the different preparation processes. The Linnajavri 
sample was different in structure and smooth surfaces could be obtained by carefully peeling 
off individual layers with tweezers. This sample will be referred to as Linnajavri talc. 
 
Spectral ellipsometry 
 
A Variable Angle Spectral Ellipsometer (VASE) with dual rotating compensators (J. A. 
Woollam Co., Inc., USA) was used for the measurements of the complex refractive index, 

)()()( ωωω iknN +=  in air at room temperature. By using focusing optics, a measurement spot 
size of 50 x 100 μm2 were obtained for some samples. 
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Results and discussion 
 
Sample characterization and ellipsometry 
 
Ellipsometry measurements are very sensitive to surface conditions and reliable ellipsometric 
measurements require smooth surfaces, and flat layers in the case of multilayer substrates. 
Naturally, any accessory minerals present in talc may affect the dielectric properties and 
therefore the purity of the talc samples have to be investigated. To this end the talc samples 
were characterized by microscopy and X-ray diffraction (XRD). Figures 1-3 show ESEM, 
AFM and light microscopy images of the three samples. 
 
 

Talc TS-1 Talc TS-2 
  

Linnajavri Talc 

 

Fig.  1 ESEM images of samples talc TS-1, talc TS-2 and Linnajavri talc. Scale bar is 100 μμμμm for talc TS-1 
and talc TS-2 and 500 �m for Linnajavri talc. 
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Fig.  2 AFM tapping mode images and corresponding surface profiles. (A) Talc TS-1 (z = 100 nm) with 
Rq=15.3 nm, Ra=10.1 nm, (B) talc TS-2 (z = 100 nm) with Rq=7.84 nm, Ra=6.10 nm and (C) Linnajavri 
talc (z = 20 nm) with Rq=0.421 nm, Ra=0.293 nm. 

 

  
Talc TS-1  Talc TS-2  

 

 

 

Linnajavri Talc Sample TS          Linnajavri talc 
 

Fig.  3 Light microscopy images in 20x magnification and digital photo images of the talc samples. 
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The ESEM and AFM characterizations indicate that the talc samples likely are sufficiently 
smooth for ellipsometry measurements. Linnajavri talc has a very low roughness in the 1 nm 
scale, whereas the cut samples talc TS-1 and talc TS-2 have a considerably higher roughness in 
the tens of nm range, with the higher roughness for talc TS-1. Light microscopy images also 
clearly show the difference between talc TS-1 and talc TS-2, where talc TS-2 has a grainier 
structure. XRD measurements confirmed that all samples have the characteristics of pure talc 
without significant levels of impurities, see Figure 4. 
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Fig.  4 X-ray diffraction for talc TS-1 (red) and talc TS-2 (black). 

 
Linnajavri talc is found to be microcrystalline and samples TS-1 and TS-2 nanocrystalline. 
Comparing talc TS-1 and TS-2 shows that talc TS-1 lacks several characteristic X-ray peaks of 
talc. In particular, talc TS-2 has a significant peak in the 006 position, corresponding to a 
diffraction angle, 2
, of 28.610, whereas this peak is greatly reduced for talc TS-1. This is 
consistent with talc TS-2 being cut preferentially along the crystal planes and talc TS-1 being 
cut preferentially perpendicular to this direction. 
 
Spectral ellipsometry measurements were made in the wavelength interval 250 to 1100 nm in 
which n, the refractive index and k, the extinction coefficients are measured at each 
wavelength. A prerequisite for the evaluation of the data is that the k values are very small in 
comparison with the n values. This was found to be the case as seen in Figure 5. 
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Fig.  5 Experimental data of optical characteristics versus wavelength obtained from ellipsometry 
measurements for samples talc TS-1, talc TS-2 and Linnajavri talc. Refractive index, n on upper curves 
and extinction coefficient, k on lower curves. Note the different y-scales. 

 
It is also seen that the high refractive index values are given for Linnajavri talc and talc TS-1 
and talc TS-2 are very similar. There is a declining trend as a function of wavelength for both n 
and k values displaying the classical dispersive behavior. A rather large difference between the 
k values for talc TS-1 and talc TS-2, showing higher k values for talc TS-1, but this still 
amounted to only 5 % of the n values. This could be due to some colored components more 
visible in the 001 direction for talc TS-1 but there are no specific peaks at any wavelength so a 
more plausible explanation is that the high roughness of this particular sample increases the 
light scattering from the sample surface. 
 
 
Determination of spectral parameters 
 
Figure 6 shows Cauchy plots for the spectral data of talc TS-1, talc TS-2 and Linnajavri talc in 
which the parameters [n2(�)-1] is plotted as a function of [(n2(�)-1)�2]. According to Eq. 5, 
this is expected to result in a straight line with the intercept CUV and the slope  
�UV

-2. 
 



 9 

y = 1.5139E-33x + 1.7763E+00
R2 = 8.9064E-01

y = 1.5389E-33x + 1.3596E+00
R2 = 8.9881E-01

y = 1.4741E-33x + 1.3060E+00
R2 = 8.4307E-01

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

0 2E+31 4E+31 6E+31 8E+31 1E+32 1.2E+32

(n^2-1)*w2 [(rad/s)^2]

n
^2

-1

 
Fig.  6 Cauchy plots and linear regressions. For samples (from top to bottom) Linnajavri talc, talc TS-1 and 
talc TS-2. Wavelength interval was 250-1000 nm.   

 
It is seen that r2 values are in the range of 0.84 to 0.90 and considering the large wavelength 
interval of 250 to 1000 nm this was considered to be sufficiently good fittings to allow 
estimation of Hamaker constants. The slope and intercept give the UV parameters. The IR 
parameters were evaluated from a simplified approach using the two most characteristic peaks 
at 2720 and 9924 nm.13 Both IR peaks are multipeaks which do not allow straightforward 
integration, instead the peaks were given equal weight based on their equal peak absorption 
values. The estimation of the IRC values can now be made according to: 
 

1)0()2()1( −−=+ UVIRIR CCC ε                           (9) 

 
Where CIR(1) and CIR(2) are the IR parameters corresponding to the two most characteristic IR 
peaks and �(0) is the dielectric constant of talc. Table 1 gives the optical parameters from the 
UV and IR regions used for calculation of Hamaker constants. 
 

Table 1 CUV, CIR, �UV and �IR for the three talc samples investigated. �IR were taken from literature IR 
spectra of talc which has the highest peaks at 2720 and at 9924 nm, �(0)=3.14 

Sample CUV CIR �UV (rad/s) 
TS-1 1.31 0.69 2.60.1016 
TS-2 1.36 0.64 2.55.1016 
Linnajavri 1.78 0.22 2.57.1016 
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All parameters are now available for calculation of the nonretarded Hamaker constants 
according to equation (6-8). Table 2 reports the values obtained for talc-talc interaction across 
vacuum (air) and across water.  
 

Table 2 Nonretarded Hamaker constants (A) for different talc mineral samples in vacuum and in water. 
Spectral parameters for water from Roth and Lenhoff15. 

Sample A in vacuum (10-20 J) A in water (10-20 J) 
talc TS-1 11 1.7 
talc TS-2 11 1.9 
Linnajavri talc 16 4.2 
 
The very small difference observed between talc TS-1 and talc TS-2 is too small to be 
significant. On the other hand, larger differences were found depending on the origin of the 
talc. The Linnajavri talc sample has a Hamaker constant that is more than twice as large as 
those of the sample samples from Three Springs (talc TS-1 and talc TS-2). This originates from 
the large difference in the refractive index of the samples, 1.67 for Linnajavri talc and 1.52-
1.54 for talc TS-1 and talc TS-2 in the visible region.  
 
Large differences in the Hamaker constants for talc minerals of different mining sources would 
also influence the effect of wetting and dispersing additives during preparation of talc 
dispersions for industrial use. 
 
Table 3 gives the Hamaker constants for material combinations of two of the talc samples with 
cellulose, calcite and polystyrene in which literature data are used. These material 
combinations are of relevance in the industrial use of talc, such as in papermaking and paper 
coatings. 
 

Table 3 Nonretarded Hamaker constants (A) for different material combinations with talc TS-1 and 
Linnajavri talc.  

Material 1 Material 2 A in water (10-20 J) 
Talc TS-1 Cellulose16 0.21 
Talc TS-1 Calcite7 1.4 
Talc TS-1 Polystyrene17 0.63 
Linnajavri talc Cellulose 0.18 
Linnajavri talc Calcite 2.2 
Linnajavri talc Polystyrene 0.88 
 
It is noted that although there is a large difference in Hamaker constants for the pure talc 
samples, some of the materials combinations show very similar Hamaker constants. 
 
 
Estimation of van der Waals forces using Hamaker constants 
 
An important conclusion from direct measurements of interactions between talc and other 
materials described elsewhere4, 5 is that van der Waals forces cannot explain the long-range 
interaction between talc and non-polar surfaces in aqueous solutions as revealed by AFM 
colloidal probe microscopy. These results are of importance for understanding how talc 
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functions as a collector for lipophilic extractives from wood species (collectively called pitch). 
In the referenced investigations, Hamaker constants were estimated according to18: 
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Where 

�i    the static dielectric constant for medium i 
ve    the main electronic absorption frequency in the UV region  

assumed to be the same for all three media (3×1015 s-1, i.e. ω 
=1.9x1016 rad s-1 ) 

ni    the refractive index of medium i in the visible region 
 
The more accurately determined Hamaker constants for talc from spectral ellipsometry now 
allows a reevaluation of the influence of van der Waals interaction, as seen in Figure 7. The 
higher Hamaker constant for Linnajavri talc results in a larger van der Waals force, but the 
effect is much too small to explain the measured interaction forces between talc and non-polar 
surfaces across water4, 5. Thus, a refined analysis of the van der Waals force supports the 
conclusions in earlier investigations, 4, 5 that another attractive force contribution, suggested to 
be a capillary attraction due to formation of air/vapor capillaries, must be predominant.  
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Fig.  7 Calculated van der Waals force versus distance curves for sphere-flat interactions using Hamaker 
constants for talc TS-1, talc TS-2 and Linnajavri talc in water. The curve marked “Lit” is the curve that is 
obtained by using literature values. 
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Conclusions 
 
Spectral ellipsometry measurements across a large wavelength interval were utilized in order to 
allow accurate estimations of the Hamaker constants for talc minerals. It is shown that the 
calculated Hamaker constant for talc can differ substantially depending on the origin of the 
sample, much more than given by the difference between Hamaker constants for samples from 
the same source cut in different directions, as indicated by the results for the partially oriented 
samples from the Three Spring source (TS-1 and TS-2). Correct estimations of Hamaker 
constants are useful for optimization of processing and industrial use of talc dispersions. 
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