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Abstract

The objective of this work was to investigate the behaviour of some model

surfactants used in the deinking process, namely, sodium oleate and two

ethoxylated nonionic surfactants (C12E6 and C14E6) as well as to investigate the

suitability of various model substrates for mimicking interactions in technical

systems. The influence of the adsorption to the air � water interface has been

measured by means of equilibrium and dynamic surface tension measurements,

as well as foaming experiments. It was found that the solution pH and

temperature influenced the dynamic and equilibrium surface tensions and the

value of the cmc. Equilibrium surface tension measurements were also

performed with mixtures of sodium oleate and nonionic surfactants and a strong

synergistic effect was obtained, which means that a greater surface tension

reduction can be obtained at lower surfactant concentrations. The foaming

experiments, carried out with a Foam Scan Apparatus, showed an approximately

constant total foam volume for both the pure surfactant systems and for the

mixtures. In addition, the foam was slightly more stable for the mixtures than for

the pure components.

Friction and surface forces between solid surfaces in liquid were studied using

the atomic force microscope (AFM) from which inferences about the adsorption

to these interfaces could be drawn. The AFM measurements were performed

with the colloidal probe technique using cellulose as colloidal probe and an

alkyd resin as a model ink surface. Mica and silica were both used as models for

hydrophilic surfaces. Adsorption was observed on the alkyd resin, both with

sodium oleate and with C12E6. The adsorption was registered both as a change in

normal surface force interaction and as a strong reduction in friction force and

friction coefficient at increasing surfactant concentration. The magnitude of the

friction force was observed to be dependent on the adhesion and varied

monotonically with the surface roughness. Measurements of adhesion and

friction forces in air were performed, and the same conclusions about the effect

of roughness were drawn. Finally the friction force behaviour appears to be

similar if the adhesion is caused by a vapour bridge in liquid, or by a liquid

bridge in air, where the formation of a capillary bridge in air is strongly

dependent on the relative humidity.



Sammanfattning

Syftet med doktorandarbetet var att undersöka beteendet hos några tensider som

används i avsvärtningsprocessen med avseende på bland annat adsorption till

olika ytor, specifikt natrium oleate och två nonjoniska tensider (C12E6 samt C14E6).

Olika modellytor har studerats för att avgöra dess lämplighet att spegla

ytinteraktioner i tillämpade system. Påverkan av adsorption till luft �

vattengränsskiktet har undersökts med jämvikts- samt dynamiska

ytspänningsmätningar, även mätningar på skum har utförts. Det visade sig att

lösningens pH och temperatur påverkar jämvikts- och den dynamiska

ytspänningen samt värdet på cmc. Jämviktsytspänningsmätningar har även

gjorts på blandsystem av natrium oleate och nonjontensider. En stark

synergieffekt erhölls vilket innebär att en reduktion i ytspänning kan erhållas vid

lägre tensidkoncentration. Skumexperimenten, utförda med en �Foam Scan�

apparat, visade att ungefär samma totala skumvolym erhölls för både de rena

tensiderna samt för blandsystemen, skummet var dock något mer stabilt för

blandsystemen.

Friktion och ytkrafter mellan fasta ytor i tensidlösningar har studerats med

atomkraftsmikroskop (AFM) varvid information om adsorption av tensider till

dessa ytor kan erhållas. AFM mätningarna har utförts mellan en sfärisk cellulosa

partikel och en modellyta för trycksvärta, därtill har glimmer och kiseloxid

använts som hydrofila modellytor. Det observerades att både natrium oleate och

C12E6 adsorberade på modellytan för trycksvärta. Adsorptionen observerades

som en förändring i ytkraften samt genom en stark reduktion av friktionskraften

vid ökande tensidkoncentration. Storleken på friktionskraften var även beroende

av adhesionen mellan ytorna, samt varierade med ytråheten. Mätningar av

adhesion och friktion har även utförts i luft med, samma slutsats drogs igen

angående ytråhetens inverkan på friktionskraften. Slutligen kan konstateras att

friktionskraftens beteende är det samma, oavsett om adhesionen har orsakats av

en luftbrygga i vätska eller en vätskebrygga i luft, samt att bildningen av en

vätskebrygga i luft är starkt beroende av luftfuktigheten.
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1 Introduction

The growth in the use of recycled fibres has considerably increased the need for

an in depth understanding of flotation deinking. Fundamental knowledge

concerning the deinking process is limited and improved understanding is

needed to solve some problems associated with deinking of recycled paper.

Efficient ink removal is necessary to produce a high value paper from the fibres.

At present, the deinking process is generally understood as an optimal

combination of collisions between ink particles and air bubbles and attachment

of ink particles to the bubbles. Surface chemistry plays an important role in the

deinking process, both during the detachment of the ink from the fibres and in

the separation of the ink particles from the pulp. The function of the surfactants

in the deinking process is both to promote ink detachment from the cellulose

fibres in the repulping step but also to make the ink particles hydrophobic,

aiding ink attachment to the air bubbles in the flotation cell. Anionic and

nonionic surfactants are used to promote these processes, where fatty acids

together with ethoxylated nonionic are commonly used in the deinking process1-

4. Nonionic surfactants are thought to improve the ink removal from the fibres by

reducing the liquid/non-polar surface interfacial tension, thereby facilitating the

detachment of the ink from the fibres; nonionics also act as dispersing agents of

the removed ink and to control foam formation. Fatty acids are also used as

dispersants in the repulping step and as collectors in the flotation stage. In

addition to chemical action, the fibres are also sheared during the repulping step,

which helps to remove the ink from the fibres. Attempts have been made to

measure how friction forces involved in the pulper affect the pulp that is to be

deinked5. A shear factor was used to characterise the effect of friction in the

repulping step and it was shown that a lower shear factor gave less ink

fragmentation and slower ink redeposition kinetics, which would lead to better

ink removal by flotation. The flotation is carried out in the alkaline range up to

pH 10 where an optimum between 8-10 has been reported1, 6. The surface tension

is closely related to the flotation performance, i.e., the surface tension together

with the ink-liquid and air-liquid interfacial tensions influence the adhesion

between the air bubble and the ink particle7. The surface tension is of course

related to the surfactant concentration, which influences the bubble size

distribution8 and also the total flotability6. The foam must be sufficiently stable to
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capture the ink particles but also break down quickly after separation from the

pulp.

Surface forces come into play in all of the different sub-process in the deinking

process. During the detachment of the fibres it is desirable to get a repulsive

force between the fibre and the ink, which is obtained through the addition of

surfactants, as they adsorb to the ink surface making the ink hydrophobic. Such

a repulsive force inhibits redeposition of the particles on fibres. However, to

detach the ink particles, the ink-fibre contact needs to be broken, and the

adhesion of this interface is difficult to measure since the contact is formed in air

whereas it is broken under an aqueous environment. Mechanical action is

necessary both in deinking and the analogous process of laundry, where the

challenges are essentially identical. Thus the lateral surface force, or frictional

response may be at least as important.

The primary aim of this research was to investigate the role of some deinking

chemicals on the physico-chemical micro-processes involved in the elementary

act of flotation deinking. This has been done by surface tension measurements,

foaming experiments and atomic force microscopy (AFM) measurements using

both single surfactant systems and mixtures. The AFM measurements were

performed with the colloidal probe technique using cellulose as a bead material

and a printing ink alkyd resin as opposing surface. Mica � cellulose has also been

studied as well as a pure model system consisting of silica and hydrophobised

silica.
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2 Surface forces

Interactions between surfaces are of great interest in many different fields and

originate from a variety of different surface forces. The dominating surface force

is dependant on the actual system and can be either repulsive or attractive.

Electrostatic double layer forces are repulsive between surfaces having the same

sign of charge; hydration forces can also be present for charged surfaces if water

molecules are inclined to �bind� to the surface. One talks of steric forces when

dangling tails are sticking out from the surface while hydrophobic interactions

are present between hydrophobic surfaces. Surface forces relevant to the work

done in this thesis are discussed in more detail below. The reader interested in

knowing more about surface forces is referred to the books by Israelachvili9 and

Evans and Wennerström10 where intermolecular and surface forces are described

thoroughly. A more experimental approach is considered in a recent review11.

2.1 van der Waals forces

van der Waals forces are attractive forces that act between all like bodies in any

suspension or media and are the result of the Keesom, Debye and London

dispersion forces, which are the forces acting between permanent or induced di-

and multi-poles. The van der Waals forces between atoms and molecules are

short ranged with inverse sixth-power distance dependence, however between

particles or more macroscopic bodies the force is much more long ranged and

decreases as the inverse square of the separation. The van der Waals forces

between two flat surfaces can be calculated by using the Hamaker method,

which assumes pair-wise additivity,

V
vdW

= "
A

12# D2
     (2.1)

where A is the Hamaker constant and D the distance between the surfaces. The

van der Waals force is reduced when acting over a medium, and can be either

repulsive or attractive between different bodies in a medium.
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It is experimentally difficult to measure forces between two flat surfaces,

however, by using the Derjaguin approximation one can relate the interaction

free energy between two flat surfaces (Vflat) to the force (F) between two curved

surfaces with radius R.

Vflat =
F

2"R
     (2.2)

The Derjaguin approximation is valid when R is much larger than the range of

interaction and can be used for several mathematically equivalent geometries.

2.2 Electrostatic double layer forces

A surface that is charged in solution has a diffuse layer of ions associated with it,

the net charge of which balances the surface charge. Ions of opposite charge to

the surface are known as counterions and some of these counterions are

transiently bound to the surface, the so-called Stern layer. Outside this layer, the

ions are in rapid thermal motion but are still influenced by the surfaces electric

field. This arrangement of ions outside a charged surface is called the diffuse

electrical double layer. The density of counterions decreases as the distance from

the surface increases; in the bulk equal amount of ions are present. The distance

dependence of the potential outside a charged surface can be calculated with the

Poisson-Boltzmann (P-B) equation:

d2"(x)

dx 2
= #

e

$0$r
z
i
c
i0 exp

#z
i
e"

kT

% 

& 
' 

( 

) 
* 

i

+      (2.3)

where !(x) is the potential at a distance x from the surface, e the charge of an

electron, "0 and "r are the dielectric permittivity in vacuum and solution

respectively, zi is the ion valency and c
i0

 the concentration in the bulk solution of

ion species i. This equation cannot be solved analytically, but by using specific

boundary conditions it can be transformed to a manageable form for symmetric

electrolyte solutions.

The double layer force between two charged surfaces can be calculated using the

P-B theory by assuming overlap of the potential profiles. At the midplane

(irrespective of the actual separation) the electric field is zero for a symmetric
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system and the repulsive force can be calculated in terms of the osmotic pressure

caused by the overlap of the diffuse layers. For low potentials an analytical

approximation can be made as follows:

" (x) ="
0
e
#$ x      (2.4)

where 1/! is the Debye length:

1/" =
#
0
#
r
kT

c
i0
(z

i
e)
2

i

$
     (2.5)

The charged surface and the diffuse layer of counterions form the electrical

double layer and the Debye length describes the decay of the potential with the

distance from the surface. The Debye length depends solely on the properties of

the solution, not on any properties of the surface such as the potential or its

charge. *

The DLVO theory

The attractive van der Waals force and repulsive double layer force are additive

to a good approximation and together form the basis of the DLVO theory. The

van der Waals force is practically independent of the electrolyte concentration,

whereas the range of the double layer force deceases dramatically at increasing

electrolyte concentration due to screening. Generally speaking, one can say that

if the electrolyte concentration is higher than 0.1 M, the electrostatic repulsion

between particles or macroscopic surfaces is completely screened.

                                                  

*
 In this work, any fits of surface potentials have been made using a program written by Johan

Fröberg (KTH) using an algorithm for the numerical solution12 to the nonlinear form of the P-B
equation.
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2.3 Steric forces

Not all surfaces are smooth and rigid with well-defined boundaries. This could

be an intrinsic property of the surface itself but also as a consequence of

something adsorbed to the surface, e.g., polymers, which may also prevent the

surfaces from coming into intimate contact. When these kind of surfaces (with

polymers or some other material dangling out into the solution) approach each

other, they experience a force, which is usually repulsive due to the

unfavourable entropy associated with compressing and confining the dangling

chains between the surfaces. The steric repulsive force counterbalances the van

der Waals force between the underlying substrates. Figure 2.1 illustrates the

compression of the dangling tails.

2.4 Hydrophobic forces

Hydrophobic forces are important in many areas of particle separation

technology, especially flotation, where attractive interaction between

hydrophobic air bubbles and hydrophobic particles are responsible for the

separation process. The surface forces between hydrophobic surfaces usually

show a very long-range attractive interaction; much more long-ranged than can

be explained by the van der Waals force. Since the first observation of this long-

ranged hydrophobic force in the early 1980s 13, 14, extensive work* has been done

to understand the origin of this long-ranged force acting between hydrophobic

Figure 2.1 Schematic illustration of configuration when dangling chains are compressed and

confined on approach, resulting in a decrease in entropy and normally in a repulsion between

the surfaces.

                                                  

* See the reviews by Christenson and Claesson15 and by Attard16.
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surfaces across water, but the origin of this force is still unclear. Several different

methods and surfaces have been used in the measurements, and a variety of

results have been obtained, which also reflects the variety of the interpretations

of this long-ranged attraction. One of the first interpretations attribute the long-

ranged force to water structure at the surface and the free energy gain on

removing water molecules from the interlayer to bulk14, 17, 18. This theory became

less popular as the range of the attraction increased with subsequent

measurements. Instead the cavitation and metastability theories were proposed

which focus on the fact that the water film separating two strongly hydrophobic

surfaces is metastable relative to the formation of a vapour cavity19, 20. However,

other theories were also used to explain the long-ranged hydrophobic force such

as the one regarding electrostatics between the surfaces21. The mechanisms

behind this idea are based on the correlation between dipoles or charges and

various suggestions for the origin of the dipoles/charges have been made. One

mechanism considers the electric fields associated with large ordered crystalline

domains in the adsorbed surfactant films used to hydrophobise the surfaces21.

Another explanation is the unusual polarisation of water close to the

hydrocarbon-water interface22. Dipole-dipole interactions have also been claimed

to cause the long-ranged hydrophobic attraction23. Yet another explanation to the

long-ranged attraction is the idea of nanobubbles at the surfaces24-26 This has

recently received strong support through the verification of the existence of

nanobubbles by AFM imaging of hydrophobic silica surfaces27, 28 and of mica29.

Compared to the extensive amount of publications for symmetric hydrophobic

surfaces, very few publications can be found on force measurements with

asymmetric systems, i.e., between hydrophilic and hydrophobic surfaces.

However, also for asymmetric surfaces, a variety of results are reported. The

measurements performed with modified mica showed an even more long-

ranged attraction, at all separations, than for symmetric modified mica. The

stronger force was in one case attributed to a positive charge on the

hydrophobised mica surface interacting with the negative charge on the mica

surface30. Another explanation was that the hydrophobic mica is negative in

charge and that the force originates from ordering of the hydrocarbon chains

generating dipoles21. An asymmetric system using hydrophobic silica and glass

showed less long-ranged force than for a symmetric hydrophobic silica system31.

The force profile for the asymmetric silica system compared to the asymmetric

mica system is also different; at large separations a repulsive double-layer force
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is dominating, while at smaller separations an attractive force, slightly larger,

than expected from the DLVO theory is obtained.

The big difference in results obtained from the measurements performed with

asymmetric mica and silica systems are most probably explained from the

different procedures used to hydrophobise the surfaces. Mica is typically made

hydrophobic by physical adsorption of cationic surfactants forming a monolayer

on the mica surface, whereas silica is made hydrophobic by chemical binding of

silane groups to the silanol groups present at the silica surface. In a very recent

publication32, AFM images are presented offering an interpretation for the long-

ranged attraction between modified hydrophobic mica surfaces. The imaging

was performed first in air then in water. The images in air show a smooth

monolayer, but after some time in water, a patchy bilayer was formed, rendering

the surface positive in charge. They explain the very long-ranged attraction

between both the symmetric and the asymmetric mica case to be caused by these

patchy bilayers. In the symmetric case, the patches will migrate, when the

surfaces approach, to reduce the interaction free energy, creating a system where

patches of opposite charge face each other. In the asymmetric system, the

patches migrate to cover the negatively charged mica so the two approaching

surfaces have different signs. However, the presence of nanobubbles at the

surface is still one of the most frequently used interpretations for the long-

ranged attraction seen when using silanised silica.

2.5 Adhesion forces

Adhesion refers to the state in which two dissimilar bodies are held together by

intimate interfacial contact such that mechanical force or work can be transferred

across the interface. The interfacial forces holding the two phases together may

arise from van der Waals forces, chemical bonding or electrostatic attraction. The

mechanical strength of the system is determined not only by the interfacial

forces, but also by the mechanical properties of the interfacial zone and the two

bulk phases. The work of adhesion is the free energy needed to separate unit

areas of two media in a third medium. The adhesion force of two rigid spheres is

related to the work of adhesion by:
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F = 2"
R
1
R
2

R
1

+ R
2

# 

$ 
% 

& 

' 
( W132

     (2.6)

where R1 and R2 are the radius of sphere 1 and 2 respectively and W132 is the

work of adhesion required to separate sphere 1 from sphere 2 in medium 3. The

force required to separate two adhering surfaces is often called the pull-off force.

Capillary condensation

The adhesive properties in air between two solid surfaces are very sensitive to

the presence of vapour; wetting liquids will spontaneously condense from

vapour into small cracks and pores at the surfaces or between two surfaces when

they are in contact. The condensation occur because of the pressure difference

that exists across the surface of a curved interface, as described by the Laplace

equation:

P = "
1

R
1

+
1

R
2

# 

$ 
% 

&

'
(      (2.7)

where ! is the surface tension of the liquid and R1 and R2 are the principle radii of

curvatures for the liquid surface. The Laplace equation leads to the Kelvin

equation, which relates the curvature of the interface to the relative vapour

pressure acting over the interface:

1

R1
+
1

R2

" 

# 
$ 

% 

& 
' 

(1

= rK =
)V

RT log(p / ps)
     (2.8)

where rK is the Kelvin radius, V is the molar volume, R is the molar gas constant,

T is the temperature, p is the vapour pressure acting above the curved interface,

and ps is the normal vapour pressure (p/ps equals the relative humidity for

water). The capillary condensate is related to the adhesion force through the

contact area over which the Laplace pressure acts.

F =4" R
i
#      (2.9)

where Ri is the interacting radius. Figure 2.2 show a schematic representation of

a capillary condensate between a smooth sphere and surface.
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R

r
K

R
i

Figure 2.2 Schematic representation of capillary condensation between a smooth surface and

sphere. R is the radius of the sphere Ri is the radius of the interacting area and rK is the Kelvin

radius.

The adhesion force has been shown to increase as the relative humidity

increases. A transition in adhesion has been found at a relative humidity of 25%

when using a very sharp tip with a radius of curvature of 20-40 nm33, and around

60% using glass beads with radius around 10 µm 34-36. The transition in adhesion

was explained as capillary condensation of water in the contact area. In addition,

at low humidity, water condenses around asperities, while it condenses around

the whole contact area at high humidity36. The different values obtained for the

transition are probably related to the surface roughness of the different materials

used. The surface roughness influences the adhesion by decreasing the actual

area of contact; asperities as small as 1-2 nm can significantly lower the adhesion

force9. A high adhesion force may be expected to produce a high friction force,

but experience shows that this is not always the case. However, a close relation

has been found between adhesion and friction37, 38. Kappl and Butt39 review the

use of the AFM for measuring adhesion forces under different conditions.

2.6 Friction

Leonardo da Vinci performed the first quantitative study of friction, more than

500 years ago. From experiments he found that the friction is independent of the

contact area and that the friction is doubled if the weight is doubled. These two

assertions are usually ascribed to Amontons who in 1699 stated that for any two

materials the lateral friction force (F) is directly proportional to the normal

applied load (L), where the proportionality constant is the friction coefficient (µ).

The equation µ = F/L is commonly called Amontons� law and according to this

equation, the friction coefficient is independent of the contact area and sliding

velocity. Despite the fact that this equation is 300 years old, it still holds for

several friction applications, however it is not valid over larger load ranges and
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sliding velocities. Amontons´ law states that the friction force should be zero

when the applied load is zero; this is not true for adhering surfaces where a

friction force exist also at negative applied loads40.

During most frictional processes, the sliding surfaces become damaged in one

form or another41. For ductile materials, the damage is localised to nanometer-

sized asperities, while for more brittle material, large micron-sized wear particles

separate the sliding surfaces. Interfacial or boundary friction occurs when the

sliding takes place between two perfectly smooth, undamaged surfaces.

Boundary lubrication more commonly refers to friction of surfaces that contain a

thin protective lubricating layer, such as a surfactant monolayer. Depending on

the thickness of the lubricating layer, different kinds of lubrication are defined;

namely, boundary, mixed, elastohydrodynamic and hydrodynamic lubrication42-

44. A Stribeck curve45 illustrates the different regimes as the properties of the

liquid film changes. This curve shows how the friction coefficient is expected to

vary with the sliding speed and the viscosity of the film. Boundary lubrication

occurs in the low sliding velocity regime when a film of molecular thickness (1 to

10 nm) separates the sliding surfaces, i.e., an adsorbed surfactant monolayer, but

asperity contact and junction formation can still occur, in addition the bulk

viscosity plays little or no part in the frictional behaviour. Whereas

hydrodynamic lubrication takes place at high sliding velocities, and a thick (at

least 1 µm) lubricating layer with high viscosity separates the sliding surfaces

and the surface asperities are not in contact. The region in between is called the

intermediate region.
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3 Surfactants

A surfactant or surface-active agent is composed of two parts, the hydrophilic

and hydrophobic, rendering them amphiphilic in nature. The hydrophobic part

usually consists of a hydrocarbon chain and the hydrophilic part, also called the

headgroup, can be ionic or a highly polar nonionic part. The surfactants are

classified after the nature of the polar head group, such as nonionic, anionic and

cationic. Because of their amphiphilicity, surfactants are inclined to adsorb to

interfaces to lower the free energy. One other essential surfactant property is the

ability to form stable associated structures above a certain concentration, called

the critical micelle concentration (cmc). The aggregation process depends both

on the surfactant type and the solution (e.g., ionic strength, pH) in which they

are dissolved. Also, external variables such as temperature affect the cmc of

ethylene oxide based surfactants. The molecular aggregates are known as

micelles; ionic surfactants form small micelles in low ionic strength solutions

because of the electrostatic repulsion between adjacent head groups and the

entropic penalty of confining the counterions close to the micelle. The micelle

radius is approximately equal to the length of the hydrocarbon tail. Nonionic

surfactants can form both spherical micelles and other geometries depending on

temperature and the relative size of the hydrophobic and hydrophilic part46.

Ethylene oxide based surfactant micelles have been found to grow in size with

increasing temperature47, which is related to the less favourable interaction

between the ethylene oxide chain and water at higher temperatures47-49. In

addition, ethylene oxide based surfactant solutions phase separate at a specific

temperature, called the cloud point. The different mechanisms proposed to

explain this can be found in ref50. The shape of micelles is also influenced by

other factors than surfactant type. For instance, adding electrolyte to the solution

screens the electrostatic repulsion between ionic head groups allowing them to

be closer packed, i.e., the micelles grow in size as the salt concentration is

increased, in addition, the cmc decreases for ionic surfactants at increasing

electrolyte concentration10.

When the cmc is reached, many physical properties of the solution change, e.g.,

the turbidity of the solution increases and the surface tension reaches a constant

value (see textbooks by Rosen51 and Jönson et al.52). Increasing the concentration
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of surfactant above the cmc results in the formation of more or larger micelles

depending on the surfactant type and shape of the micelle. Most often,

cylindrical micelles grow in length while spherical micelles increase in number.

Above cmc the monomer concentration remains essentially constant. The shape

and structure of the micelles have not been investigated within this thesis work

but several books cover the subject 9, 10, 46, 52, 53.

3.1 Mixed micelle solutions

Mixtures of surfactants are used in most technical applications. Commercial

surfactants are in general mixtures for several reasons, partly because they are

made from feedstocks that have mixed chain lengths and partly due to the

synthesis that produces a mixture of isomers. Purifying the surfactants would

put a prohibitive price on the product. In addition, mixtures of surfactants

usually perform better than single component surfactants. For instance, most

detergents are composed of both nonionic and anionic surfactants, which

improve the cleaning properties. Also, the chemicals used in the deinking

process are a mixture of several different fatty acids and nonionic surfactants.

Synergism

When two surfactants interact in such a manner that the cmc of the mixture is

less than for the pure surfactants the system exhibits synergism in mixed micelle

formation51. Synergistic relationships have been known and used for several

years. The synergism in a mixed system can be studied by measuring the cmc for

the mixture and applying the regular solution theory54, which is a theoretical

treatment to determine the composition of the first mixed micelle formed from a

solution containing two (or more) types of surfactants. The following expressions

for the cmc of the mixed surfactant solution can be derived54:

1
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     (3.1)

where ! is the mole fraction of component 1 in the mixed solution, f1 and f2 are

the activity coefficients of surfactant 1 and 2 in the mixed micelle, cmc1 and cmc2

are the cmc�s of the pure surfactants 1 and 2. In the ideal case there is no net

interaction between the two surfactants and f1 = f2 = 1, but for the non ideal case,



18

e.g., when the surfactants forming the mixed micelle have different head groups,

the regular solution theory introduces the activity coefficients in the mixed

micelle as54

f1 = exp " (1# x1)
2[ ]

f2 = exp " x1
2[ ]

     (3.2)

where x1 is the mole fraction of surfactant 1 in the mixed micelle and ! is a

parameter related to the molecular interaction between the two surfactants in the

mixed micelle. A negative !-parameter indicates an attractive interaction,

whereas a positive !-parameter indicates a repulsive interaction between the

surfactants in the mixture. From cmc measurements the !-parameter can be

calculated by using the following equations54:
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Equation (3.3) can be solved iteratively for x1 using the measured cmc values and

the known mole fraction of surfactant 1 in the solution, and substitution of x1 in

equation (3.4) gives the !-parameter. When the cmc�s of the two surfactants are

similar, the !-parameter is obtained with high accuracy, and the synergistic

effect is also more pronounced for systems with cmc values within the same

concentration range52.

The regular solution theory is described by pairwise interactions between the

surfactants and it assumes that the !-parameter is independent of the

composition of the two surfactants in the aggregates. However, the !-parameter

usually differs for different surfactant compositions and for this reason an

alternative theory has been used by Bergström and Eriksson55 to describe mixed

micelle formation. According to this theory, the concept of a !-parameter
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describing the interactions between the surfactants is too simple, e.g., the

synergism as a function of composition is generally not constant (i.e., ! !

constant), which is at odds with the regular solution approach. Instead they

suggest that the !-parameter is dependent on the surfactant composition

and"synergistic effects can be calculated from different free energy"contributions

of forming a surfactant aggregate. These free energy contributions are mostly of

an entropic origin. For instance, the Poisson-Boltzmann mean field theory can be

used to calculate one important contribution for ionic surfactant systems. Their

results imply that the synergistic effects most often are the results of entropy

contributions related to the"surfactant head groups whereas"contributions

related to the hydrophobic chains in the micelle core"were"found to be negligible.

The drawback with the Bergström and Eriksson approach55 is that the

calculations are far from trivial. Further, the large amount of !-values tabulated

in the literature is useful when comparing data. Hence, for these reasons only the

regular solution theory was used in this work when evaluating synergism.
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4 Surface tension

The surface free energy or surface tension is the work required to increase the

area of a surface isothermally and reversibly by a unit area. In all solutions

molecules interact with each other, either with attractive or repulsive forces. The

molecules situated at the surface of the solution experience an imbalance in the

forces where the net effect represents the excess free energy at the surface. Thus,

the existence of a surface tension can be expected from the difference in energy

between the molecules in the bulk phase and at the surface of the solution. The

excess free energy at the surface is called surface free energy and can be

quantified as energy per unit area (J/m2) or more commonly as tension per unit

length (N/m). The surface tension is thus equivalent to the surface energy.

Polar liquids, such as water, have strong intermolecular interactions and thereby

high surface tensions. However, any factor that decreases the strength of the

intermolecular interaction will lower the surface tension of the liquid, e.g.,

increasing temperature decreases the surface tension of water. Also,

contamination of the liquid, especially by surfactants, will lower the surface

tension. Therefore, great care must be taken when performing surface tension

experiments, so that no contamination is introduced to the solution to be

analysed. The surface tension is strongly dependent on the surfactant

concentration and influences foaming, spreading, emulsification, washability

and many other properties.

4.1 Equilibrium surface tension

When a new interface is created the surface tension is very close to that of the

solvent. However, as the surfactants diffuse from the bulk solution to the

interface, where they adsorb, the surface tension decreases. Depending on the

surfactant type and concentration, it may take from seconds to days to reach an

equilibrium value. The longer equilibrium times are found for very dilute

solutions of high molecular weight surfactants.
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4.2 Dynamic surface tension

The dynamic surface tension is the surface tension before equilibrium conditions

are reached and depends on the age of the interface, the surfactant concentration,

the diffusion coefficient of the surfactant and, eventually, on adsorption barriers.

There are two general models describing the diffusion of the surfactants and the

adsorption to the interface, the diffusion and adsorption barrier controlled

models. The diffusion-controlled model assumes that the rate controlling process

is the diffusion from the bulk to the sub-surface and once at the sub-surface the

monomer directly adsorbs at the interface. The adsorption barrier controlled

model assumes that the rate-controlling step is the transfer from the sub-surface

to the interface. When the monomer is at the sub-surface there may be an energy

barrier present, preventing the monomer to adsorb at the interface or there may

be steric restrictions on the monomer in the proximity of the surface, e.g., the

monomer may have the wrong orientation to adsorb at the air-water interface

The monomer can therefore back diffuse to the bulk solution instead of

adsorbing at the interface. The location of the sub-surface is not defined

satisfactory, but 1 nm below the surface is a reasonable estimate56.

In this work, the diffusion-controlled model described by Ward and Tordai is

used57. By using approximations given by Fainerman et al. 58 the Ward and

Tordai equation reduces to:

"
t#0 = "

0
$ 2 zRTc

0

Dt

%
     (4.1)

at short time scales, t, where !0 is the surface tension for water, R is the molar gas

constant, c is the bulk concentration and D is the diffusion coefficient, z = 1 for

nonionic surfactants and for ionic surfactants at high electrolyte concentrations,

and z = 2 for ionic surfactants with no added electrolyte (or low electrolyte

concentration). Over a longer time period, the following expression is derived:
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z RT%2
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where !eq is the equilibrium surface tension and " is the surface excess. Both

equation (4.1) and (4.2) describe the adsorption process as a diffusion controlled

mechanism, due to being derived from the Ward and Tordai equation. Ref.59 give

a thorough derivation on how to obtain these equations. These equations are
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valid at concentrations below the cmc. However, Eastoe et al.60 have used

equation (4.2) at concentrations above the cmc and they observed that the

presence of micelles does not affect the dynamic surface tension, and that the

total concentration (when c > cmc) has no significance on the adsorption barrier

that is similar both below and above the cmc. Thus, equation (4.2) was used in

Paper I to determine the effective diffusion coefficient using the long time

approximation, and c0 was set as the total surfactant concentration.

At concentrations above the cmc, surfactants are transported to the sub-surface

region as monomers and in micelles. Provided micelles do not adsorb directly to

the interface, as most often assumed, the surfactants initially present in micelles

can only contribute to the surface tension lowering after the micelle has

disintegrated. Thus, the less stable the micelle is (i.e., the shorter its life-time) the

more important is the transport of surfactants in micellar form. Of course,

smaller micelles diffuse quicker than larger ones so a smaller size of the micelles

is also an advantage for a rapid lowering of the surface tension. For a thorough

analysis the reader is recommended the article by Zhmud et al.56
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5 Foams

Liquid foam is a dispersed system consisting of gas bubbles separated by liquid

layers. Foams can broadly be characterised as either kugelshaum or

polyederschaum. Kugelshaum consists of spherical bubbles separated by thick

liquid films and such foams are stabilised by high viscosity and surface elasticity

while polyerderschaum has polyhedrally shaped bubbles separated by thin

liquid films (only the last type will be considered here). The region where three

polyhedra shaped bubbles meet is called the Plateau border (Figure 5.1), the

liquid film between the bubbles is stabilised by surfactants or some other

surface-active species such as polymers, proteins or particles. All foams are

thermodynamically unstable and the foam stability is one way to characterise

foam. Other foam properties are the foamability, which equals the foam volume

immediately after the generation of the foam, and the liquid content of the foam.

5.1 Stability of foam

Several forces act on the thin films in the foam structures and causes either

stabilising or destabilising effects. Drainage of liquid from the foam lamellae due

to gravity is a destabilising effect, which results in film thinning. At a critical

thickness of 50-100Å the film will rupture51 due to attractive van der Waals

forces leading to coalescence of two bubbles. The more liquid that remains in the

foam lamella, the less chance of the two interfaces coming together and

rupturing. Bulk viscosity, surface elasticity and also repulsive electrostatic

double-layer forces between the two approaching interfaces affect the drainage

Figure 5.1 Illustration of the Plateau border
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rate of liquid from the lamella. Sufficiently high film elasticity is a necessary

condition for the creation of foam, but not a sufficient condition for the formation

of foam with high stability. Consequently, the liquid film between the bubbles

must have a high surface elasticity such that if the film is stretched and thinned

(e.g., due to drainage), a restoring force should counteract the thinning. When

the liquid film is stretched and thinned the surface tension increases in the

stretched region due to a reduction of the surfactant concentration. The elasticity

of the film depends on the properties of the adsorbed surfactant layer (and bulk

concentration) and influences how fast the surface tension increase can be

counterbalanced by a restoring force. The gradient in surface tension causes

adsorbed surfactants to flow along the surface in order to even out the surface

tension gradient. Liquid moves with the surfactants and this results in a flow

from the thicker film to the thinned region. The mechanism that leads to

increasing thickness of the thinned region is called the Gibbs-Marangoni effect,

which is significant only in a limited surfactant concentration range. If the

concentration is well above the cmc of the surfactant, the change in surface

tension will be too small to prevent rupture of the film. This is due to the rapid

supply of surfactants from the bulk to the interface that counteracts the

monolayer backflow process. The film stability goes through a maximum as the

concentration of the surfactant is varied51, 61. However, a direct mathematical

relation between foam stability and film elasticity has not been established but it

is generally agreed that there is no direct proportionality between surface

elasticity and film stability62. It is correct to say that a high surface elasticity is

beneficial for high film stability, but also other factors such as bulk viscosity and

electrostatic forces between the foam lamella contribute. The foam stability

depends on the properties of (close to) equilibrated surfactant monolayers

whereas the foamability depends on the rate at which surfactants adsorb to the

interface and create a monolayer that facilitates stabilisation of the foam. High

foamability is favoured by rapid adsorption, high surface elasticity and surface

viscosity at low coverage and also by strong repulsive electrostatic double-layer

forces at low coverage.
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6 Experimental techniques

6.1 Ring tensiometry

One of the most widely used methods to determine the equilibrium surface

tension of a liquid is to measure the force required to pull a plate or a ring from

the liquid surface. A Sigma 70 Tensiometer connected to a Methrom dosimat

titration unit was used for the ring tensiometry. With the du Noüy ring

technique, the surface tension force that acts around the perimeter of the

immersed ring is measured when the ring is raised upwards. During the

measurement, the ring is first submerged below the surface of the liquid and

subsequently raised upwards, and as the ring moves upwards a liquid meniscus

is formed. Eventually this meniscus tears from the ring and the ring is

submerged below the liquid interface again. The force applied to the ring is

measured directly, using a microbalance, to determine the apparent weight of

the ring. The force is given by F = 4" # R = mg where R is the radius of the ring,

m  is the mass of the water as the ring comes through the surface and g the

gravitation constant. However, in the calculation of the surface tension,

consideration is taken to the extra liquid raised inside the ring due to the

proximity of one side of the ring to the other, and a correction method has been

suggested by Huh and Mason63.

The equilibrium surface tension measurements were carried out in order to find

the cmc at room temperature for the different surfactants used in this thesis. The

instrument calculates the cmc value from the intersection point between the

descending curve and the horizontal line corresponding to the equilibrium

surface tension value. Moreover, the surface excess (!) can be calculated by using

the Gibbs adsorption equation:

" = #
1

z RT

d$

dlnc
     (6.1)

where z = 1 for nonionic surfactants or ionic surfactants in the presence of excess

electrolyte, and z = 2 for 1:1 ionic surfactants; the minimum area per molecule

(A) can be calculated with the following equation:

A =
1

"
     (6.2)
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6.2 Maximum bubble pressure

The dynamic surface tension was measured with a maximum bubble pressure

tensiometer. With this instrument air is blown through a thin capillary into the

solution in which the dynamic surface tension is to be measured. Bubbles are

formed at the opening of the capillary and when the bubble radius equals the

capillary radius the pressure reaches its maximum value. The surface tension can

then be determined from the Young-Laplace equation (6.3)

" =
#P $ R

2
     (6.3)

where !P is the pressure difference between the gas bubble and the liquid and R

is the radius of the bubble. The surface tension as a function of time is recorded

by changing the lifetime of the bubble by varying the airflow rate. The method

has been described in more detail by Miller et al.64.

6.3 Foam scan

The foamability and foam stability have been measured by using a foam scan

equipment. The ability of a liquid to generate foam is measured by monitoring

the increasing volume of the foam formed by sparging with a controlled gas flow

and the stability is determined by measuring the volume and drainage rate as a

function of time after sparging has stopped. The foam scan instrument is based

on a conventional foaming column with a diameter of 3.6 cm and maximum

foam volume of 170 ml, which is attached to the cuvette containing the surfactant

solution. Foam is created by forcing air through a glass frit (pore size 10-16 µm),

placed in the bottom of the cuvette. The foam volume is measured with real time

image analysis. The column has four pairs of electrodes attached at different

positions, which provide information about the conductivity of the foam. The

amount of water present in the foam is measured indirectly with electrodes that

register the liquid level in the cuvette. Disadvantages of the foam scan

instrument are the necessity of having electrolyte in the liquid to ensure

conductivity and the lack of bubble size measurement.
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6.4 Atomic force microscopy

Construction of the AFM

The atomic force microscope (AFM) was developed 1986 by Binning et al. to be

able to image non-conducting surfaces65. Imaging with the AFM is performed

with a tip, affixed to a cantilever mounted on a chip, that scans the surface. The

deflection or oscillation amplitude of the cantilever is kept constant by a

feedback loop by moving the scanner in the z-direction; the topography image is

created from the scanner movement. The tip must be very sharp to get a good

resolution and a correct picture of the sample surface; it must also be hard, to

resist wear. Tip-less cantilevers are available, the use of these will be described

later. The cantilever is usually manufactured in silicon or silicon nitride and

single beam cantilevers are typically around 100 � 250 µm in length, 30 � 40 µm

in width and 1 � 2 µm thick. The cantilever can be coated with some reflective

material, i.e., gold or aluminium, on the opposing side to the tip to get better

reflection of the laser beam onto the detector. The deflection of the cantilever

during the measurement is detected with an optical lever with a segmental

photo-detector. The cantilever is irradiated with a laser beam, and the reflection

goes through a mirror in to the photo-detector, where the normal bending is

registered as {(A+B)�(C+D)} and the lateral twisting as {(A+C)-(B+D)}. Figure 6.1

depicts the principal construction of the AFM.

The laser must be properly aligned at the end of the cantilever, opposite the tip,

and the mirror adjusted to get as high signal as possible in to the detector. The

deflection (or oscillation) of the cantilever is determined by the setpoint value.

The cantilever is stationary while the underlying surface moves by a

piezoelectric tube scanner. Five independently operating piezo electrodes move

Figure 6.1 Schematic principles of the AFM.
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the scanner with extreme precision in the xyz-directions. The piezoelectric

material expands and contracts proportionally to an applied voltage. The

position of the scanner during imaging is regulated with a feedback loop

controlled by the gains. The gains determine how fast the scanner responds to a

topography change and should be optimised so that the setpoint value is kept

constant. The force applied to the cantilever is calculated from Hooke�s Law: F =

k ! d, where F  is the force, k is the spring constant and d is the cantilever

deflection.

Calibration of the cantilever

In order to get a quantitative value from the force and friction measurement the

cantilever must be calibrated. There are several ways of performing the

calibration. The simplest is by estimating the geometry of the cantilever; this is a

quick and easy way since only the dimensions of the cantilever must be

determined 66-68. One other way is to measure the deflection of the cantilever after

adding a sphere with a known mass to the end of the cantilever69. The method of

attaching a sphere is also used in a dynamic calibration method. Instead of

monitoring the deflection of the cantilever, the resonance frequency is

measured70. With this method, the cantilever is tuned and the resonance

frequency (") is measured, after that a tungsten sphere is attached to the end of

the cantilever by a small amount of ointment, and the new resonance frequency

is measured. Plotting the added mass versus (2#")-2 should give a linear plot,

where the slope gives the spring constant (k). The normal spring constant can

also be obtained by measuring the thermal noise71-73. The Sader thermal noise

and the Cleveland added weight methods are used for normal calibration in this

work. A summary and more detailed description of some of the calibration

methods can be found in ref74 and ref 75 has compared two geometric with two

thermal calibration methods.

In relation to publications of normal spring constant calibration, comparatively

little has been published on calibration of the torsional spring constant. Usually

the normal spring constant must be known as the torsional spring constant is

related to the normal spring constant. Ogletree et al. describe an in situ method

of experimentally measuring the combined response of the lateral force signals

and the deflection sensor76. By comparing lateral force signals on surfaces with

different slopes, the lateral response is obtained. Two other methods determine

the torsional spring constant by directly twisting the cantilever, either by gluing
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Figure 6.2 Schematic picture of the torsional calibration procedure, by pressing a tipless

cantilever against the tip of a second, inverted cantilever mounted on the surface. When the tip is

pressed against the tipless cantilever the laser spot changes position on the photodiode and the

change is used for the calculation of the frictional calibration factor.

a glass-fibre to the end of the cantilever and measuring the twist as it comes into

contact with the surface or by pressing the cantilever against the tip of a second

cantilever glued upside down on a smooth surface (Figure 6.2)77, 78, both of these

methods are used in this work. The friction calibration factor (! f) is then

calculated as !f = k"#"L"$Vvert/$Vlat where # is the deflection sensitivity, L is the

length of the glass fibre or the distance from the centre of the cantilever to press

point end, $Vvert and $V lat is the change in vertical and lateral voltage signals

respectively. The torsional spring constant can also be calculated from theoretical

formulae, once the normal spring constant is known79-81. The calibration

procedure typically takes as long time as the experiments themselves for the

calibration methods used here, and it is a very important part of performing

force and friction experiments with the AFM.

Force curve measurements

Surface forces can be measured with the AFM in air or liquid environment and

by using a tip-less cantilever the colloidal probe technique82 can be applied. In

the colloidal probe technique, a bead of colloidal size (1-20 µm in radius*) is

glued to the cantilever. This technique renders it possible to choose the material

of the probe, as long as it is roughly spherical.

                                                  

*In Paper III beads with radius between 15 - 20 µm were used, whereas smaller spheres (radius 5-
8 µm) were used in the following papers. The smaller spheres have lower roughness, which leads
to a decreased friction force, since the friction force is affected of the roughness of the used
substrates.
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Figure 6.3 a) Depicts a force graph showing displacement of the piezo versus deflection of the

cantilever. The measurement is performed with a silica probe against a hydrophobised silica

surface in 1 mM NaCl at pH 10. b) Shows the normalised force graph with F/R versus separation

of the tip and surface. The approach curve shows a repulsive force at longer distance (30 nm) and

a jump in to contact at shorter distance, in addition a strong adhesion is obtained on retraction

from the surface.

The surface forces are recorded as the deflection of the cantilever as it comes into

contact with the surface, versus the movement of the scanner in the z-direction

(Figure 6.3a). If the surfaces show attractive interaction the tip (or probe) will

jump into contact at close separations and the tip will stay in contact with the

surface as the piezo moves the surface away from the tip. At a certain force, the

energy stored in the deflected cantilever is greater than the adhesion, the

surfaces spring apart and the cantilever jumps back to its undeflected position

again (Figure 6.3b). If repulsion exists between the two surfaces the cantilever

will deflect away from the surface upon approach. The z-sensor movement of the

scanner and deflection of the cantilever must be transformed to separation of the

surfaces (nm) versus force applied (nN). This transformation is done in several

steps83. First, the compliance gradient is taken from the steepest linear position of

the graph and the position for zero deflection is determined, then the contact

position can be calculated from the intercept of the constant compliance and zero

deflection. The piezo displacement is converted to apparent separation by

subtracting the contact position and deflection from the piezo displacement and

the deflection is converted to F/R by {(deflection (V) � zero deflection (V)) /

compliance gradient (V/nm)} ! {spring constant (N/m) / radius of the tip (m)}.

In this thesis all force measurements have been performed with the colloidal

probe technique.
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Friction measurements

The AFM can also be used to measure friction forces between two surfaces by

laterally scanning (perpendicular to the length of the cantilever) the surfaces

with the tip or probe and the torque of the cantilever is detected. In the friction

force measurements in this thesis, the cantilever only moves in the lateral

direction, i.e., the probe scans at the same line on the surface. Since the probe

scans the surface in the same way as when imaging, gains are used to get good

overlap in the height trace and retrace lines. A friction-load measurement is

usually carried out by automatically increasing the load and then decreasing it to

the start value. The data obtained from the lateral scanning of the surface must

be converted from Volts to Newtons. The load is obtained by multiplying the

applied load (V) with the normal spring constant (N/m) and the deflection

sensitivity (m/V) and the friction force is obtained by multiplying the lateral

deflection signal (V) with the lateral spring constant (Nm/V) and dividing by the

height of the bead (m) (which acts as a lever arm). Figure 6.4a) shows eight

friction traces at a single load and b) the corresponding friction-load plot at

various applied loads.
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Figure 6.4 a) Eight friction loops measured with a cellulose bead sliding on a alkyd resin in 1 mM

NaCl at pH 10 at an applied load of 53 nN. b) Friction force against load (!) and unload ("),

each marker is the mean value from eight friction loops; the slope gives the friction coefficient.



32

6.5 Quartz crystal microbalance

The piezoelectric quartz crystal microbalance (QCM) is an ultrasensitive

weighing device consisting of a thin disk of a single quartz crystal with metal

electrodes deposited on each side of the disk. The crystal is made to oscillate at

its resonance frequency and any changes in mass added to, or removed from,

will induce a frequency shift !f, which is related to the changes in sensed mass.

The Sauerbrey equation84 (6.4), which relates the frequency shift (!f) to the

difference in sensed mass (!m) (which includes the adsorbed mass and the

solvent incorporated within the layer), can be applied to calculate the adsorbed

amount.

"m=#C
" f

n
     (6.4)

where C is the characteristic constant for the crystal (C = 0.044 mg m-2 Hz-1) and n

is the shear wave number and equals 1 since the fundamental frequency is used.

The QCM experiments were performed with an Attana 100 sensor, equipped

with a flow-through system and a 5-µl sensing chamber. 10-MHz silica crystals

(Attana) as well as hydrophobised silica crystals were used. The QCM crystals

were mounted in the instrument, and the system was allowed to equilibrate in

water until a stable baseline was obtained. The surfactant solution was then

injected to the sensor (sample size: 50 µL), and frequency data were collected at

ambient temperature. The system runs water as the background; therefore, the

surfactant solution was gradually replaced by water when no more injections of

surfactant were done. Changes in the frequency were monitored by frequency

logging using Attester 1.1 (Attana) and were recorded as the corresponding

frequency shifts.



33

7 Materials

7.1 Surfactants

One anionic and two nonionic surfactants were used in this work. The anionic is

a highly purified sodium salt of oleic acid (cis-9-octadecenoic acid; purity 99.4%)

and the nonionics are two different polyether types, the hexa-ethyleneglycol

mono n-dodecyl ether (C12E6) and hexa-ethyleneglycol mono n-tetradecyl ether

(C14E6). Both the nonionics were >99% pure.

It has been previously established that weakly hydrolysable surfactants such as

the sodium oleate has different monomer and dimer forms at different pH and

concentration ranges. It has been reported that true monomeric oleate solutions

are obtained only in the basic pH range; acidic pH solutions are turbid due to

stable fine dispersions of various oleate species86. Above pH 5, the ionised forms

are dominant and various associative interactions can occur between the

different ionic and molecular oleate species. Thus, under appropriate conditions

(at concentrations below cmc) the oleic acid RCOOH and the oleate ion RCOO-

can interact to form a range of complexes such as the acid soap (RCOO)2H
-, the

dimer (RCOO)2
2-, the acid soap salt (RCOO)2HNa and the acid dimer (RCOOH)2.

Figure 7.1 shows a distribution diagram for oleic acid at different pH and the

equilibrium equations. These oleate species must play a significant role in

determining the surface tension, since they have marked differences in surface

activity and their concentration is dependent on surfactant concentration and

pH.

Nonionic surfactants have often either polyether or polyhydroxyl as the polar

head group and the most common type is the one with a polyether group. They

are synthesised by polymerisation of ethylene oxide to a hydrocarbon chain.

Their structure is described by the abbreviation CnEm where n is the number of

carbon atoms in the hydrocarbon chain, commonly between 8-16, and m is the

number of ethylene oxide units, usually between 4-10. One characteristic feature
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RCOOH(l) RCOOH(aq) pK1 = 7.6

RCOOH(aq) RCOO - + H+ pK2 = 4.95

2RCOO- (RCOO)2
2- pK3 = -4.0

RCOO- + RCOOH (RCOO)2H- pK4 = -4.95

Na+ + (RCOO)2H- (RCOO)2HNa pK5 = -9.35

K1

K2

K4

K5

K3

Figure 7.1 Oleate species distribution diagram85 as a function of pH at a total oleate concentration

of 0.02 mM and equilibrium equations86 between the oleate species.

of micellar CnEm surfactant solutions is that they phase separate on heating. This

phase separation is commonly referred to as clouding. The cloud point

represents the temperature at which a 1% aqueous surfactant solution becomes

cloudy due to the phase separation. The CnEm surfactants can also be

characterised by their HLB value, the hydrophile-lipophile balance, and it can be

calculated from the size of the hydrophilic to the hydrophobic part of a

surfactant (HLB=weight% ethylene oxide/5). In many applications the nonionic

surfactants are chosen according to their HLB values, which are 11.8 for C12E6

and 11.1 for C14E6.

All water used in the experimental studies has been purified in a Millipore RiOs-

8, MilliQ PLUS 185 system.

7.2 Substrates

For the AFM measurements several different surfaces have been used, as

described below.

Alkyd resin

Drying oils have been used as binders since prehistoric times87 and were the

most commonly used binder during the 19Th and early 20Th centuries. Their use

has decreased but they are still found in some applications, i.e., raw material for

other binders such as alkyd resin, which is considered to be a synthetic drying
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oil. Naturally occurring oils are triglycerides of which some are drying, but

many are not. The drying occurs through autoxidation and cross-linking where

the active group that initiates drying is the diallyic group (-CH=CHCH2CH=CH-

). The alkyd resin used in this work (Setalin V496, Akzo Nobel Resins) is based

on linseed oil with the composition of fatty acid as follows (in weight%) : 10%

saturated, 22% oleic, 16% linoleic and 52% linolenic, where linoleic and linolenic

acids have one and two diallyic groups per molecule, respectively. However, to

increase the drying speed, 5 weight% of a mixed metal drier (Octa-Soligen® 141Z,

Borchers), were added to the alkyd resin. This mixture was applied to a freshly

cleaved mica sheet glued to an AFM-stub and then placed in an oven at 70°C for

15 minutes to get a smoother surface and faster hardening. The alkyd resin has a

contact angle of around 75° for pure water.

Cellulose

Paper contains around one million fibres per gram. In addition to fibres, paper

also contains different kinds of filling material such as calcium carbonate and

kaolin clay. The filling materials improve the optical properties of the paper and

the printability. The fibres are composed of cellulose which is a linear polymer

composed of glucose monomers. The cellulose polymer is arranged in bunches

and forms micro fibrous elements consisting of alternating crystalline and

amorphous areas. Cellulose spheres (Kanebo Co.) were used as colloidal probe

in the AFM and also as the opposing surface in papers II and V. The spheres are

prepared by the viscose process and are of type II cellulose with a crystallinity

between 5 - 35%. The cellulose spheres swell in water; this swelling is difficult to

monitor since the refractive index for cellulose changes and become closer to that

of water, however, a swelling of approximately 20% is estimated88. In addition,

cellulose becomes charged in water solution, the sign of the charge cannot be

directly obtained from force measurements but earlier measurements showed

that the repulsive force increases with increasing pH which is highly suggestive

of a negative charge of the cellulose surface89, 90. Titration of pulps also show a

negative surface charge91.

Muscovite mica

Mica is an aluminosilicate mineral with the ideal formula KAl2(AlSi3)O10(OH)2.

The crystal structure makes it possible to cleave mica along the crystal plane
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giving molecularly smooth sheets. The mica surface acquires a high negative

surface charge (about 2.1!1018 charges per m2) when in contact with water as the

potassium ions on the basal plane dissolve. The negative charge arises from the

fact that some of the silicon ions are replaced by aluminium in the silicate lattice.

Silica

Flat silica wafers spontaneously oxidise on exposure to air or water and a SiO2

layer of a thickness between 10 to 30 Å is formed. A thicker oxide layer is usually

desired which is obtained by thermally treating the wafer until a layer of around

300 Å is reached. The silica surface is partially composed of silanol groups (-Si-

OH), which render the surface hydrophilic. When immersed in water the silanol

group can act both as proton donor and proton acceptor where the iso-electric

point is around pH 2. The surface charge is therefore determined both by the pH

and the ionic strength of the solution. Before use, the silica wafers were cleaned

in a mixture of 25% HCl, 30% H2O2 and H2O (1:1:5 by volume) at 75 °C for 5

minutes, rinsed in plenty of water, and then cleaned in a mixture of NH3 (25%),

H2O2 (30%) and H2O (1:1:5 by volume) at 75 °C for 5 minutes, then rinsed in

water again and stored in filtered ethanol before use. The silanol groups also

provide the possibility of modifying the surface. Silica can be made hydrophobic

by reaction with different types of alkylchlorosilanes. In this work the

hydrophobisation was carried out (after cleaning the silica as describe above) in

a closed container with vapour of (3,3-dimethylbutyl)-dimethylchlorosilane for

15 hours followed by thoroughly rinsing with filtered ethanol. The contact angle

for the hydrophobised silica is 90 ° and it was used within two days after

silanation.

Spherical silica particles (Sigma-Aldrich) have been used as colloidal probes in

the AFM.

Surface Roughness

The surface roughness has been measured with imaging AFM on the alkyd resin,

mica and cellulose spheres using contact mode for the alkyd resin and mica and

tapping mode for the cellulose sphere. Both the alkyd resin and mica are very

smooth with root mean square roughness (rms) of about 1.2 and 0.6 nm

respectively measured over a scan size of 10 µm, while big cellulose spheres
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(diameter around 30-40 µm) have a considerably higher rms between 17 and 25

nm measured over a scan size of 3 µm, whereas smaller cellulose spheres

(diameter around 10 µm) are smoother with a rms of 10 nm. The rms for silica

and hydrophobised silica are 0.53 and 0.32 nm respectively92.
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8 Summary of results

8.1 Effect of pH on the critical micelle concentration for sodium oleate

In Paper I, the critical micelle concentration (cmc) was measured for sodium

oleate at different pH (using borate buffers) since the different oleate species

present at different pH and concentrations must play a significant role in

determining the surface tension and cmc, given that they have marked

differences in surface activity and their concentration is dependent on surfactant

concentration and pH. Figure 8.1 shows the surface tension isotherms in the pH

range 7 � 13, and it can be seen that the cmc and the equilibrium surface tension

values differ slightly at different pH of the solution. One of the measurements is

performed without buffer (at pH 10 set with NaOH) and a different surface

tension reduction is obtained. For this measurement, two distinct inflexions in

surface tension reduction are seen at increasing surfactant concentration. The

second inflexion is assumed to be where the cmc is reached. The anomalous

behaviour of the surface tension graph is believed to be due to formation of

premicellar aggregates of different oleate species85, 93.
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Figure 8.1 Equilibrium surface tension for sodium oleate at different pH set with borate buffers

as a function of concentration at 24°C. The solid square is measured in 1 mM NaCl and the pH is

set with concentrated NaOH.
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Table 8.1 pH dependence on the cmc and surface area for sodium oleate!

pH cmc

10-5 (M)

!

10-6 (mol/m2)

Area

(Å2/molecule)

7 2.1 6.6 25

8 2.6 6.1 27

9 5.9 4.4 37

10 6.3 4.4 37

11 6.1 4.0 41

12 9.0 3.9 42

13 3.5 4.3 39

10 40 3.2 51

In Table 8.1 the cmc and the surface area per molecule, calculated with equation

(6.2), are listed. The variations in cmc depend on the presence of different species

of oleate in aqueous solution and the degree of ionisation of the adsorbed

molecules. The highest cmc is obtained at pH 12, which is the buffer with the

lowest ionic strength. When using buffers to regulate the pH, the ionic strength

is an order of magnitude higher* than when using NaOH, which is reflected in

the considerably higher cmc (4"10-4 M) obtained when NaOH was used to set the

pH. This clearly indicates the influence of the ionic strength on the cmc for ionic

surfactants. However, the variations in cmc using the buffers is more likely an

effect of the oleates behaviour at different pH than due to a difference in ionic

strength for the different buffers, since the ionic strength is relatively high for all

buffers. The surface area for oleate in the solution without buffer is calculated

from the first slope of the graph, where it is assumed that only monomers are

present in solution. The obtained surface areas are surprisingly low at pH 7 and

8. This may indicate that highly surface-active oleate complexes are formed in

this pH range but it can also be related to the high ionic strength in the solutions.

The electrostatic repulsion between the anionic head groups will be screened,

thus the surface area is expected to be lower.

                                                  

!The areas per molecule in Table 8.1 differ from those reported in Paper I, since a more accurate
procedure for obtaining the slope was used in calculating the area per molecule. The values in
Table 8.1 are therefore probably more accurate.

* The ionic strength in the buffer solutions varies from 50 to 230 mM if the borate ions are only
charged with �1 and from 170 to 760 mM if the borate ion is completely dissociated, which is not
likely.
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8.2 Dynamic surface tension measured with sodium oleate

Not only the equilibrium surface tension is of interest in characterising surfactant

properties. Since flotation is a dynamic process, the dynamic surface tension

should also be taken into consideration. A freshly formed air bubble with high

surface tension has a higher collecting efficiency than aged bubbles further up in

the cell7. By measuring the dynamic surface tension the diffusion rate of the

surfactant to the air � liquid interface can be determined. The dynamic surface

tension was investigated both at room temperature and at elevated

temperatures, since the flotation is usually carried out at temperatures between

40 � 60°C94. In order to obtain data within the short time scales used for dynamic

surface tension measurements it was necessary to use fairly concentrated oleate

solutions. In addition, the deinking is performed at concentrations above cmc.

The influence of the temperature on the dynamic surface tension is shown in

Figure 8.2a. It can be seen that the surface tension decreases more rapidly within

the shorter time scales with an increase in temperature from 20 to 60°C, i.e., the

surfactant is accumulated faster at the air-liquid interface at elevated

temperature. This effect is particularly pronounced in the beginning of the

experiment, when the lifetime of the bubble is less than 0.5 seconds, i.e., the

increase in temperature causes a more rapid adsorption to the air-water

interface(the surface activity of the surfactant increases) and a shorter micellar

lifetime. The dynamic surface tension was also measured at pH 11, but no

significant difference could be observed.
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Figure 8.2 Dynamic surface tension as a function of a) bubble lifetime and b) time-1/2 for a 3 mM

sodium oleate solution at pH 10 (set with buffer) at a range of temperatures, where the symbols

(!), (!), ("), (#) and (+) denote temperatures of 20, 30, 40, 50 and 60 °C.
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Table 8.2 Temperature and concentration dependence of the effective diffusion coefficient

for sodium oleate at 3 mM in pH 10 buffer

Deff (10-11 m2/s)

T (°C) 1 mM 2 mM 3 mM 4 mM

20 0.9 0.3 0.6 0.2

30 1.5 2.0 1.2 0.5

40 1.2 15 2.8 3.5

50 1.4 16 10 12

60 2.7 20 22 14

The effective diffusion coefficient is a composite quantity that describes the

transport of oleate to the interface. It has contributions from monomer diffusion

as well as from micellar diffusion and breakdown at the sub-surface region. In

order to calculate the effective diffusion coefficient for the oleate, plots of surface

tension as a function of time�1/2 were constructed with the data obtained from the

dynamic surface tension measurements. As can be seen in Figure 8.2b the plots

are reasonably linear at the longer time scales (low t�1/2) and the linear regions

intercept the surface tension axis giving a value of the equilibrium surface

tension, in satisfactory agreement with the equilibrium values shown in Figure

8.1. The effective diffusion coefficient was determined by using equation (4.2)

and the slopes of the plots in the longer time scale. The concentration used when

calculating the effective diffusion coefficient was the total bulk oleate

concentration. The values of the effective diffusion coefficients obtained at pH 10

are shown in Table 8.2. The temperature appears to be more important, in the

diffusion to the air-water interface, than increasing the concentration. This is an

important finding since it is desirable to reduce both chemical consumption and

the process temperature during deinking.

8.3 Synergism between mixed surfactant systems

Since the flotation deinking is carried out with mixed surfactant systems, the

synergism between sodium oleate and two nonionic surfactants were

investigated in Paper II. The synergism can be determined by measuring the cmc

for the mixed surfactant solution and the interaction parameter, called the !-

parameter, can be calculated using the equations presented in chapter 3.1.
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Further, the foam behaviour was studied for both pure surfactant systems and
for mixtures, to investigate if synergism could be seen also in the foaming
performance.

Figure 8.3 shows how the cmc changes with the composition of the surfactant
mixtures. The deviation from the ideal theory is larger when sodium oleate
(NaOl) is mixed with C12E6 compared to when it is mixed with C14E6. However,
even a low mole fraction of C14E6 in the solution gives a large reduction in cmc,
since the nonionic has a one decade lower cmc than the fatty acid. The
interaction is defined as attractive (negative !-parameter) since the cmc is lower
for the mixtures than for the pure surfactants. The !-parameter is calculated by
using equation (3.4) and equals ! = -2.7 for the C12E6:NaOl mixture and ! = -3.0
for the C14E6:NaOl mixture. The calculated !-parameters suggest a slightly
stronger interaction between C14E6 and sodium oleate than for the C12E6 and
sodium oleate, but the graphs in Figure 8.3 show that the C12E6:NaOl mixture
give a greater deviation from the ideal theory, which is implicative of stronger
interaction. In addition, a greater surface tension reduction is obtained at lower
total surfactant concentration, which is advantageous during the repulping step,
since the efficiency of releasing ink particles from the fibres is higher at lower
surface tensions.
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Figure 8.3 Cmc as a function of the mole fraction of the nonionic surfactant in the solution for a)

C12E6:NaOl (! = -2.7 ) and b) C14E6:NaOl (! = -3.0). The circles are the measured values; the solid

line represents a fit to regular solution theory, and the dashed line represents the ideal case (! =

0). The measurements are performed at pH 10 (set with buffer) at 23 °C.
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8.4 Foaming properties for pure and mixed surfactant systems

The foamablilty and stability was investigated for both pure surfactants (sodium

oleate (NaOl), C12E6 and C14E6) and for the mixtures used previously, to examine

if the synergism seen in the equilibrium surface tension measurements also

occurs in the foaming behaviour.

Pure surfactant systems

The foamability equals the foam volume immediately after the generation of the

foam, it was found to be almost independent of concentration and type of

surfactant. All solutions gave almost the same maximum foam volume (± 5%)

after a fixed time of sparging. However, the foam stability was dependent on

concentration; the foam volume had decreased with about 33 % 400 seconds after

the airflow was switched off for all surfactants at the lowest concentration (4!10-5

M) while the foam formed from the highest concentrations (2!10-4 M) only had

decomposed by about 20% for the nonionics and 8% for the NaOl. During the

airflow period it was observed by visual inspection that the size of the bubbles

varied according to sparging time and surfactant concentration. In the initial

stage of sparging, small bubbles were formed for all concentrations tested,

around 1 to 2 mm in diameter. However, after some time of sparging, bubbles up

to 2 cm separated by thin liquid films were formed in the bottom of the column,

when using the lowest surfactant concentration tested. This is suggestive of

depletion of surfactants in the solution since the two highest concentrations gave

foams with small bubbles during the whole bubbling time. In addition, both

NaOl and C12E6 showed improved foaming performance (with respect to smaller

bubble size) at concentrations above their cmc value, this was not the case with

C14E6 for which all used concentrations are above the cmc. In fact, foam produced

from the 4!10-5 and 6!10-5 M C14E6 solutions gave the largest fraction of big

bubbles.

The foam can also be characterised by the amount of liquid in the foam. When

much water is present in the foam, the film lamellae separating the bubbles are

thicker and the film is more resistant against rupture. The amount of liquid

present in the foam at the end of sparging and at 100 seconds after the airflow is

switched off were also used as a measure to describe the stability of the foam.

Figure 8.4 shows the water content at the end of sparging, which increases

linearly with the concentration and follows the order C12E6 > NaOl ! C14E6. The
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Figure 8.4 Volume of liquid in the foam at the time when the sparging stops (open symbols) and

100 seconds after the end of sparging (closed symbols) as a function of concentration for the

surfactants (E) NaOl, (!) C12E6 and (!) C14E6. The measurements are carried out at pH 10 (set

with buffer) and 23 °C.

remaining liquid in the foam 100 seconds after the end of sparging is also shown

and follows the order NaOl > C12E6 > C14E6. Consequently, the most stable foam

is formed from sodium oleate. From Figure 8.4 it can be seen that no liquid

remains in the foam formed from the lowest surfactant concentrations, after the

airflow was switched off; foam is still present but the lamellae separating the

bubbles are very thin so the water content could not be detected.

Mixed surfactant systems

Mixtures of C12E6:NaOl and C14E6:NaOl were also tested at a total concentration

of 2!10-4 M over a range of compositions. This concentration is well above the

cmc for both mixtures. Synergism in foaming is defined as when the foam

volumes for the mixed systems are greater than for the pure surfactants95. This

was not observed for these systems; however, the foam formed from the

mixtures was somewhat more stable than for the pure systems. Slightly more

foam remained in the column 400 seconds after the airflow was switched-off

than for the pure systems at the same concentration, only about 8% of the total

foam volume had decomposed, which equals the value for pure sodium oleate.

Further, the water content of the foams were determined and related to the mole

ratio of surfactant in the solution. For both systems, the liquid content of the

foam is higher at mole fractions of CnE6 above 0.3 than for the pure surfactants.

However, the liquid content 100 seconds after sparging has stopped is less
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dependent on the composition of the surfactant mixture. It was therefore difficult

to explain the synergism in the foaming behaviour and to obtain a direct

correlation between synergism in the foamability and synergism in micelle

formation. According to the definition (larger foam volume), there is no

synergism in foaming, but if the foam is characterised by the water content some

of the mixtures showed synergism. However, in the deinking process, the fibre

loss increases when the foam has a high liquid content, it could therefore be

beneficial with less water in the foam, since these mixtures still showed a strong

synergistic effect regarding surface tension reduction at concentrations below the

cmc.

8.5 AFM measurements using the colloidal probe technique

Adsorption to the air � liquid interface is by no means the only important

parameter for understanding deinking. Thus, to continue with more advanced

systems, the solid-liquid interface was investigated by using the AFM and the

colloidal probe technique measuring how the normal surface forces and lateral

sliding friction forces were affected by adding surfactant to the fluid cell. In

Paper III the nonionic surfactant C12E6 was used and in Paper IV the influence of

sodium oleate was studied. Surfaces that were used are a printing ink alkyd

resin, cellulose, mica, hydrophobised silica and silica. In Paper V a more

fundamental study was performed in air at different humidities using cellulose

and model substrates.

Force and friction using C12E6

The normal surface force measurement using the alkyd resin and a cellulose

bead at different concentrations of C12E6 showed no quantitative change in the

force as the concentration of the surfactant increased (see Figure 8.5). A repulsive

electrostatic interaction is found for all concentrations of the nonionic surfactant

on approach. On retraction from the surface, a very small adhesive force of less

than �0.1 mN/m was seen for the surfactant free solution and in the 0.1 cmc

solution that disappears when the concentration of C12E6 increases. Since this

small adhesion is present on retraction of the cellulose from the alkyd resin,

some attractive force (van der Waals or overlap of the electric fields between the

surfaces) is present at low surfactant concentrations, which is masked by the
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Figure 8.5 Normal force measurements for the alkyd resin-cellulose system at different

concentrations of C12E6 measured in 1 mM NaCl and pH 10 (set by NaOH), where (!) denotes

surfactant free solution and (x), ("), (!) and (+) denote concentrations of 0.1, 0.5, 1 and 10 cmc

respectively (the forces were measured on approach). (!) denote the surfactant free solution on

separation of the surfaces. The inset shows F/R in a logarithmic scale for surfactant free solution

and 10 cmc where the biggest deviation in the double layer force is observed. The lines are fits of

DLVO theory to the data where the solid and dashed lines represent constant charge and

constant potential respectively. The parameter used in the analysis were " = -20 mV (cellulose)

and -13 mV (alkyd) for the surfactant free solution and " = -20 mV (cellulose) and -6 mV (alkyd)

for the 10#cmc solution, $-1 = 9.1 nm and the Hamaker constant 8#10-21 J.

electrosteric repulsion on close separations that is visible when plotting F/R on a

logarithmic scale. The logarithmic scale also reveals a long-ranged double layer

force. The fitting to the DLVO theory does not give the sign of the charge but

since cellulose obtains a negative charge in water89-91 the alkyd resin must also be

negatively charged, otherwise the double layer force would of course be

attractive. The charges on the alkyd resin originate from the various fatty acids

that it is composed from and oxidation residues formed during the drying

process. From measurements performed on a symmetric cellulose-cellulose

system, the following conclusions were drawn: C12E6 does not adsorb to

cellulose. The change in potential for the alkyd-cellulose system is therefore

caused by adsorption of C12E6 to the alkyd resin surface. The magnitude of the

surface potential at the alkyd surface is reduced by 7 mV in going from solution

without surfactant to 10 cmc. The reduction in potential implies adsorption of

the nonionic surfactant to the alkyd resin.
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Normal surface force measurements with the cellulose bead against mica also

showed a repulsive interaction on approach but no change in the interaction

could be detected at increasing surfactant concentration. However, the friction

force was reduced for both the alkyd resin and the mica surface at increasing

surfactant concentration, though the reduction in the mica case is much less than

for the alkyd resin which can be seen in Figure 8.6. The friction force decreases

when the concentration increases, clearly indicating that the surfactant

influences the lateral sliding of the cellulose across the two surfaces. When using

the alkyd resin, the friction coefficient is reduced by 25 % already at 0.1 cmc and

continues to decrease with increasing concentration. However, after 1 cmc the

friction coefficient levels off and is only reduced by 8 % in going from 1 to 10

cmc. A maximum in adsorption is likely to occur around the cmc with no further

build-up above this point, therefore the minute reduction after the cmc is to be

expected. The mica surface, on the other hand, only shows a small reduction of

friction force up to 1 cmc, which is possibly due to very little adsorption of the

surfactant to either surface. However, at 10 cmc a big reduction in the friction is

observed which could be evidence for adsorption to the mica surface under

dynamic conditions. The friction reduction for both surfaces at increasing

surfactant concentration is probably due to a more rigid surfactant layer at the

surface, which would imply that the friction is in the boundary lubrication

regime. The friction coefficient in the absence of surfactant is lower for mica than

for the alkyd resin, which most possibly is because of the fact that mica is

smoother than the alkyd resin. Since the friction force follows Amontons� law,
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Figure 8.6a) Friction against load for a cellulose bead scanning over a) the alkyd resin and b)

mica at different concentrations of C12E6, at a scan size of 10 µm and scan rate 1 Hz (tip velocity

20 µm/s), where (!, !) denote surfactant free solution and (", "), (!, "), (#, #), and (#, $)

denote concentrations of 0.1, 0.5, 1 and 10 cmc respectively (closed symbols for loading and open

for unloading). The friction coefficients obtained from the linear fits are listed in Table 8.3.
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the friction coefficient was determined from the slope in the friction/load graph,
where all are listed in Table 8.3.

Only a small hysteresis is present between the load and unload traces which is
an indication of no plastic deformation of the surfaces, and also that any
boundary film present retains its integrity. When sliding over the alkyd resin, a
very small friction force can be discerned at zero applied load for some of the
solutions indicating a small adhesion force, which was present also in the normal
force measurements. The adhesion disappears with increasing concentration /
adsorption of the surfactant to the alkyd resin. The adsorbed layer apparently
removes the attractive force, which is present between the alkyd resin and
cellulose. No adhesion is present for the mica case, neither in the normal surface
force measurements or the friction. The lateral friction force is obviously much
more sensitive to changes in the surface chemistry than the normal surface force,
since both systems show a marked change in friction force on addition of C12E6.

Normal surface force and lateral friction measurements have also been
performed with a symmetric cellulose system, using two cellulose beads with
approximately the same radius, at different concentrations of C12E6. For this
system, no coherent relationship between the surfactant concentration and
normal surface forces or the sliding friction could be detected. This further
speaks for no adsorption of C12E6 at the cellulose surface. In addition, the friction
measurements showed scatter in the obtained friction coefficient, which is
doubtless related to the surface roughness of the spheres (rms values between
17-25 nm) since different friction coefficient values were obtained for different
spheres. The mean value of the friction coefficient from measurements with three
different cellulose spheres is listed in Table 8.3.
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Table 8.3 Friction coefficients for the cellulose bead sliding over three different surfaces

(where 0 cmc indicates surfactant free solution)

Friction coefficientConcentration

times cmc Alkyd Mica Cellulose (mean value,
three cellulose spheres)

0 1.06 0.65 1.14

0.1 0.79 0.63 0.80

0.5 0.65 0.59 1.02

1 0.47 0.56 0.97

10 0.43 0.36 0.89

Force and friction using sodium oleate

Normal surface force and lateral friction measurements were also performed at

different concentrations of sodium oleate. Cellulose was once again used as bead

material for the colloidal probe and alkyd resin and mica were used as surfaces.

In addition, a pure model system consisting of silica bead and a hydrophobised

silica wafer was also investigated.

The normal surface force curves for the alkyd resin �  cellulose system again

showed repulsive interaction, which increased when the oleate was present. The

solution without any surfactant showed an attractive van der Waals force at

close separation, and a small adhesive force of -0.1 mN/m on retraction from the

surface, both of which disappear when surfactant is introduced. That, together

with stronger repulsion at increasing concentration indicates adsorption of oleate

species to the alkyd resin. It is assumed that oleate does not adsorb to the

cellulose bead at any concentration96. In the solution without any surfactant the

surface potential was found to be -15 mV for the alkyd resin and ! = �20 mV for

cellulose, as determined from the previous study. (The potential is �2 mV lower

for the alkyd resin compared to the earlier study, which is well within the

margin of error.) At 10 cmc a much greater electrostatic repulsion is obtained; the

surface potential for the alkyd resin has decreased to �50 mV. The large increase

in repulsion suggests that the oleate is more closely packed at the alkyd surface

rendering the surface much more negative in charge.
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In the mica-cellulose system, it would be expected that no adsorption should

take place to either of the two surfaces, since both of them are negatively charged

and consequently the force plots should lie on top of each other. This is the case

for the surfactant free solution, 0.015 and 0.1 cmc solutions, but the 1 and 10 cmc

plots deviate slightly. This is an unexpected result and indicates that sodium

oleate does modify the surface of the mica at higher concentrations, this is

addressed more when discussing the friction behaviour for the mica-cellulose

system.

Figure 8.7a shows the lateral friction force for cellulose sliding over the alkyd

resin at increasing concentrations of the sodium oleate. The slight curvature at

lower loads in the surfactant free solution and the small friction force at zero

applied load is associated with the adhesive force seen for this solution in the

normal surface force plot. The lateral friction force against applied normal load

for cellulose sliding on mica is shown in Figure 8.7b. The friction force is much

less compared to the friction force measured at the alkyd resin. In both cases the

friction force broadly follows Amontons´ law, thus the friction coefficient is

obtained from the slope of the friction-load curve. The friction coefficients in the

various solutions are listed in Table 8.4.
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Figure 8.7 Friction force against load for a) the alkyd-cellulose system and b) mica- cellulose at

different concentrations of sodium oleate measured in 1 mM NaCl and pH 10 (set by NaOH) at a

sliding velocity of 10 µm/s (scan size 5 µm, scan rate 1 Hz) where (!, !) denote surfactant free

solution and  (", "), (#, #), (!, ") and (#, $) denote concentrations of 0.015, 0.1, 1 and 10 cmc

respectively (closed symbols for loading and open for unloading).
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Table 8.4 Friction coefficients for cellulose sliding on alkyd resin and mica (where 0 cmc

indicates surfactant free solution)

Friction coefficientConcentration

times cmc Alkyd Mica

0 0.87 0.37

0.015 0.74 0.50

0.1 0.71 0.50

1 0.61 0.48

10 0.33 0.41

The friction coefficient, using the alkyd resin, has only decreased with 30%

(compared to the surfactant free solution) in the 1 cmc solution, and with a

further 46% in going from 1 to 10 cmc. It is therefore apparent that a higher

concentration is needed for oleate to form a full boundary-lubricating layer with

a well-defined sliding plane. This is a significantly different result to the C12E6

case where it was seen that the friction did not decrease much more after 1 cmc.

If the value of the cmc used for the oleate were actually too low, then the

reduction at 10 cmc might be expected when considering single species

adsorption. This seems unlikely to be the case, since the second break point in

the surface tension curve (measured in 1 mM NaCl and at pH 10 set by NaOH)

has been used, and the error in this value is certainly not more than 10%. Add to

this the fact that adsorption to hydrophobic surfaces usually reaches its

maximum well below cmc, the conclusion can only be reached that either

adsorption continues to increase above the apparent cmc, or that bulk effects

become important. However, the large change in surface potential in going from

1 to 10 cmc also suggests a much more closely packed layer so the second of

these possibilities is rejected. The fact that no such dramatic change in friction

properties is observed above the cmc for a hydrophilic surface, also confirm this.

In the mica case, the lowest friction coefficient is unexpectedly obtained for the

solution without any surfactant. The friction coefficient (Table 8.4) increases

when surfactant is introduced and is reduced slightly again at the concentration

10 cmc, though it is still larger than for the surfactant free solution. The increase

in friction coefficient when sodium oleate is present could be due to some

limited adsorption of oleate species to mica increasing the effective roughness,

which would lead to higher friction force. The small reduction in friction at 10

cmc could be caused by the presence of micelles in the annulus around the
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contact zone having some lubrication effect. However, it cannot be ruled out that

adsorption does occur to the mica surface. Adsorption of oleate species to

anionic oxide surfaces has consequently been investigated with QCM, the results

of which are discussed following the silica results in this section.

Normal surface force and lateral friction measured with silica -  hydrophobised silica

To model whether the interactions measured so far can simply be understood in

terms of a hydrophilic surface interacting with a hydrophobic one, or if the

properties of the respective substrate are important; measurements were

performed with a hydrophobised silica wafer (abbreviated as hf-silica) and a

silica bead. The normal surface force curves show a repulsive double-layer force

at all concentrations of the sodium oleate.  However there is also a long-ranged

attractive force at shorter separations that causes the surfaces to jump into

contact, in all cases except the 10 cmc solution which shows a repulsive

interaction all the way up to hard wall contact. The jump into contact for the

surfactant free solution occurs at a longer distance then the DLVO theory

predicts, indicating the presence of a strong non-van der Waals attraction, which

could be related to the very long-ranged attractive hydrophobic forces seen for

both symmetric hydrophobic systems as well as for asymmetric hydrophilic /

hydrophobic systems.

When sodium oleate is introduced there is adsorption to the hf-silica, indicated

by a stronger repulsion and a higher force barrier before the cantilever jumps

into contact. The surfactant presumably adsorbs with the tail towards the surface

and the head group pointing out to the solution, making the surface more

negative in charge. However, at 1 cmc a big reduction in repulsion is seen which

strongly suggests that there is some sort of aggregation at the surfaces, either

surface ordering97 or direct adsorption of uncharged oleate species. In addition to

the long-ranged attraction, adhesion is observed for all concentrations, apart

from the 10 cmc solution. The very strong adhesion could be the result of a

vapour bridge forming when the surfaces are in contact.

The lateral friction force is shown in Figure 8.8; the behaviour in this case is very

different to the previous cases. All concentrations, except the 10 cmc, show a

very strong adhesion, characterised by a jump to a large value of the friction

force for small applied loads, and the unloading arm extends well into the

adhesive (negative applied load) quadrant. Thus, the friction force depends both
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Figure 8.8 Friction force against load for hf-silica � silica at different concentrations of sodium

oleate measured in 1 mM NaCl and pH 10 at a sliding velocity of 10 µm/s (scan size 5 µm, scan

rate 1 Hz) where (!, !) denote surfactant free solution (", "), (#, #), (!, ") and (#, $) denote

concentrations of 0.015, 0.1, 1 and 10 cmc respectively (closed symbols for loading and open for

unloading).

on the externally applied load together with an additional, extra intrinsic load

due to the adhesion. The adhesion disappears for the 10 cmc solution and the

friction force is reduced. At 10 cmc, the friction is assumed to be in the boundary

lubrication regime, since it was not possible to press out any adsorbed surfactant

and achieve an adhesive regime, and since the normal surface force was

repulsive at all separations.

In spite of the fact that the friction does not follow Amontons� behaviour, the

friction coefficients can be calculated as the local gradient using the load data.

The friction coefficients are very low and do not vary much for the different

concentrations (Table 8.5). The friction coefficient for the 10 cmc solution is

within the same range as the other concentrations, but apparently in a different

lubrication regime.
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Table 8.5 Friction coefficients for silica sliding over hydrophobised silica determined

from the slope of the load data (where 0 cmc indicates surfactant free solution)

Concentration

times cmc

Friction coefficient

0 0.13

0.015 0.14

0.1 0.069

1 0.12

10 0.11

Adsorbed amount of sodium oleate to silica and hf-silica measured with the QCM

Since some of the force and friction results appeared to imply the possibility of

adsorption of the oleate to both silica surfaces, it was investigated with the QCM.

Adsorption is detected as a resonance frequency shift in the fundamental

frequency. Figure 8.9 shows the recorded frequency shift for both silica and a

silanated silica crystal when sodium oleate is introduced to the cell. In both cases

a frequency shift is obtained which is evidence of adsorption of oleate to both

surfaces, though a bigger frequency shift is registered for hf-silica compared to

silica. The frequency shift increases as the concentration of the sodium oleate is

-70

-60

-50

-40

-30

-20

-10

0

0.1 1 10

F
re

q
u
e
n
c
y
 s

h
if
t 

(H
z
)

Concentration times cmc

Figure 8.9 Frequency shift at different concentrations of sodium oleate measured with silica (!)

and hydrophobised silica (!) at pH 10 and 1 mM NaCl. The lines are only included to guide the

eye.
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increased, indicating that in both cases the adsorption increases with

concentration. The frequency shift can be converted to sensed mass, expressed in

mg/m2, by using equation (6.4) and the sensed mass is listed in Table 8.6. In

addition, the surfactant coverage of the surface (also listed in Table 8.6) can be

calculated by using the sensed mass and the area per molecule obtained from the

surface tension measurement in 1 mM NaCl and at pH 10 set with NaOH. It is

not possible to be sure that the adsorbed material is adsorbed as a monolayer,

nor that the area at the air-water interface is the correct one to use in the

calculation, but it provides a useful estimate.

In all cases the sensed mass is higher on the hydrophobic surface by a factor of

two or more. At the lowest surfactant concentration it is clear that less than a

monolayer is present, on both surfaces. For the hydrophobic case the numbers

imply more than bilayer coverage from 1 cmc while more than monolayer

coverage appears to be achieved at 10 cmc for the untreated case, if the area per

molecule from Table 8.1 is used. The apparently large adsorbed amounts are due

to two possibilities. Firstly, the above estimates are based on the fact that only

surfactant contributes to the mass change � in practice water will also be

associated to different degrees depending on the adsorption density. Secondly

the surface area per molecule is erroneous if in fact several oleate species are

present at the surface. The initially surprising adsorption to silica is most

probably related to the presence of uncharged oleate species at pH 10 which may

adsorb via a hydrogen bonding mechanism.

Table 8.6 Sensed mass and surface coverage (1 implies full coverage if each oleate species

occupies an area of 51 Å2) on silica and hf-silica

Sensed mass (mg/m2) /

Surface coverage

Concentration

times cmc

Silica Hf-Silica

0.1 0.34 / 0.35 0.60 / 0.60

1 0.80 / 0.81 2.2 / 2.2

10 1.3 / 1.3 2.7 / 2.8
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Effect of capillary condensation on friction force using model and cellulose substrates

A more fundamental friction study was performed in Paper V. The effect of the

relative humidity on adhesion and friction force were investigated for a

symmetric cellulose � cellulose system, and the effect of surface roughness were

investigated by measuring friction with model substrates using a silica colloidal

probe, and silica, hydrophobic silica and mica surfaces.

When using the model surfaces at high humidity (64% RH), the same behaviour

as for silica � hf-silica in the sodium oleate solution was obtained (Figure 8.8)

despite the fact that the measurements were performed in air. The friction jumps

straight to a large value indicating an adhesive contact between the surfaces.

Thus, the friction force depends both on the externally applied load plus an

additional intrinsic load due to the adhesion. In addition, a significant hysteresis

is observed between the load and unload data. This is highly suggestive that the

mechanisms in the two cases are related � in both cases there is a condensate

present. In Paper IV we surmise a condensate of vapour around the contact in

liquid, whereas in Paper V we have a condensate of liquid around the contact in

air.

The observation that friction is dependent on surface roughness is confirmed in

Paper V. The friction coefficients, obtained from the load data, are almost the

same for silica and hf-silica but much less for mica, which is a clear indication

that the surface roughness is critical in the determination of the friction

coefficient, since silica and hf-silica have higher roughness than mica. The same

bead was used for all three surfaces, so the roughness of the bead was kept

constant. However, the pull-off force is approximately the same for silica � silica

and silica � mica, whereas it is considerably smaller for silica � hf-silica. As the

adhesion is due to capillary condensation this seems reasonable, since silica and

mica have similar contact angles with water (silica 0°, mica 0 � 7°), whereas hf-

silica has a contact angle of around 80°. The driving force for capillary

condensation is reduced on the hf-silica and the geometry on the condensate will

lead to a smaller area covered by the drop, which results in less adhesion

compared to the other surfaces.
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Figure 8.10 Adhesion as a function of relative humidity between two cellulose beads. The arrow

indicates changes with increasing conditioning time. At 55% RH the adhesion increased

somewhat after a friction measurement had been performed.

The friction and adhesion for the symmetric cellulose system was seen to depend

strongly on the relative humidity. The adhesion increased significantly at a

threshold value of around 55% RH as can be seen in Figure 8.10. The increase in

adhesion above the threshold occurs when the radius of the condensate grows

sufficiently large that it is able to flood the asperity contacts.

The friction force also increased as the humidity increased. Figure 8.11 depicts

friction against load for the cellulose � cellulose system and as can be seen, the

friction force increases significantly as the humidity changes. There is also a large

hysteresis present between the loading and unloading arms, the biggest is

obtained at the non-equilibrated measurement at 55% humidity. This hysteresis

is analogous to that observed for silica, mica and hydrophobic silica mentioned

above. The lowest friction and least adhesion were observed at humidities below

55%. At 80 % RH, which is well above the threshold seen in adhesion, the friction

force showed its highest value and the unloading arm continues long in to the

adhesive regime, i.e., large negative applied load. A low friction force was

obtained again at low humidities after measurements at high humidity,

indicating that with long enough equilibration time the condensate is reversible.

In addition, the pull-off force was independent of the applied load but

dependant on the time in contact, supporting the view that the condensate may

grow with time.
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Figure 8.11 Friction against load between two cellulose beads performed at 7% RH (!), 55% (!),

80% ("), 55 % after being at higher humidity (") and 7% after being at higher humitidy (#).

The friction coefficient increased with relative humidity for the cellulose,

indicating that a capillary condensate is operative. However, much lower friction

force and adhesion values were obtained compared to the model surfaces

indicating that the capillary condensate has not flooded the complete contact

area, which is consistent with the higher roughness of the cellulose.

Finally we note that the threshold value corresponds very well with the onset of

reduction in paper strength. This shows that any increased strength in the paper

associated with the increased adhesion at the contacts is more than offset by

changes in material properties caused by the uptake of water. However it is

highly suggestive that the water uptake occurs via condensation around fibre

joints rather than directly into the fibre matrix.
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9 Concluding remarks

In the thesis it has been shown that the pH and ionic strength influence the

equilibrium surface tension and cmc of aqueous solutions of the weakly

hydrolysable sodium oleate. In addition, dynamic surface tension measurements

using sodium oleate at concentrations well above the cmc in the alkali pH range

demonstrated that the surface tension decreases rapidly with increasing

temperature in the short time scales. From these experiments, the effective

diffusion coefficient of oleate could be calculated and it was established that the

temperature has a more pronounced influence on the transport of the oleate

species to the air-water interface, compared to increasing the concentration. The

equilibrium and dynamic surface tensions are especially important parameters

in the flotation process since the bubble size and foam stability is strongly

influenced by the surface tension of the solution. A low surface tension is needed

to release the ink particles from the fibre. It is also desirable to reduce the

chemical consumption.

Mixtures of the sodium oleate and ethoxylated nonionic surfactants (C12E6 and

C14E6) were studied to evaluate synergistic effects on surface tension and

foaming. The synergistic effect, calculated from the regular solution theory, was

most obvious in the surface tension measurements and most pronounced for the

mixture with C12E6:NaOl, which has a larger deviation from the ideal behaviour

than the C14E6:NaOl mixture. A surface tension reduction can be obtained at

lower surfactant concentrations when using the mixtures, which in turn implies

that the surfactant concentration needed in the flotation process is lower when

using the mixtures. It was more difficult to fully explain the synergistic effect in

the foaming experiments because no differences in total foam volume at a given

gas flow rate could be observed, which is the definition of synergism in foaming.

However, the water content of the foam was higher for the mixtures at mole

fractions of CnE6 above >0.3. Foams with high water content is not necessarily

beneficial during deinking since fibres can be entrapped in the water in the foam

and then be removed from the pulp.

The AFM measurements in aqueous environment using alkyd resin (model ink)

and cellulose showed adsorption of both C12E6 and oleate to the alkyd resin. The

adsorption was detected as changes in the repulsive normal surface force but

also from the change in lateral friction force and friction coefficient at increasing
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concentration of the surfactants. Adsorption of surfactants to the ink surface

prevents redeposition to the cellulose fibres in deinking. No adsorption of C12E6

or sodium oleate could be detected on the mica surface from the normal surface

force measurement, but the lateral friction force had decreased significantly at

the highest concentration of C12E6, indicating adsorption under dynamic

conditions. Most interestingly the friction force increased slightly when sodium

oleate was present, which was interpreted as a limited adsorption of some oleate

species to the mica surface increasing the effective roughness, which would lead

to higher friction force. The influence of the roughness on the friction force was

investigated with model surfaces (silica, hydrophobisd silica and mica) and the

friction force was seen to increase dramatically when the surface was rougher.

The adsorption of oleate to anionic surfaces was investigated with the QCM

using a silica crystal, and it was seen that the sensed mass changed at increasing

concentrations of aqueous sodium oleate solutions. Apparently some other

oleate species than the oleate ion contributes to the sensed mass, possibly

molecular or low charged species. From a fundamental perspective it would be

very interesting to investigate the morphology of the various oleate species and

their surface orientation, which could be done with the Vibrational Sum

Frequency Spectroscopy. The sensitivity of the lateral force to the presence of

surfactant suggests that shear may be the dominant mechanism for deinking,

rendering the normal force, or classical adhesion, less important.

The mechanisms of friction for highly hydrophobic surfaces in liquid appear to

be complicated by the formation of vapour bridges, possibly harvested from

nanobubbles, although the forces themselves are consistent with established

theories of the hydrophobic interaction. Interestingly, significant support to the

suggestion that the friction is evidence for a growing vapour bridge is provided

by the data for capillary condensation. The hysteresis behaviour was highly

analogous when a liquid bridge formed between the surfaces, and there was

clear evidence for its growth with time. At another level, the condensation

results suggest that the uptake mechanism of water, which results in lower paper

strength, is in fact driven by the formation of condensates around the fibre

contacts.
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