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ABSTRACT

Adsorption on solid surfaces from solution is a fundamental property of a surfactant. It might

even be the most important aspect of surfactant behavior, since it influences many

applications, such as cleaning, detergency, dispersion, separation, flotation, and lubrication.

Consequently, fundamental investigations of surfactant adsorption are relevant to many areas.

The main aim of this thesis has been to elucidate the adsorption properties, primarily on the

solid/water interface, of a particular class of polyhydroxyl based surfactants: the alkyl

glucosides. By the use of ellipsometry, the equilibrium and kinetic aspects of adsorption on

titanium dioxide with respect to structural effects has been studied. Furthermore, the effects of

small amounts of cationic surfactant additives on the adsorption on silica have been

investigated. The results have been compared with similar studies for other nonionic

surfactants.

We have found that the surfactant structure has a strong effect on the adsorption properties.

An increase in the surfactant chain length increases the cooperativity of the system. An

increase in the head group polymerization decreases the cooperativity and the plateau

adsorbed amount at equilibrium. The effect of surfactant structure on the adsorption kinetics

depends on the concentration relative to the cmc, while the there is a decrease in the rate of

desorption with increasing hydrophobic chain length independent of the concentration. The

adsorption/desorption process is concluded to be diffusion driven, as suggested by the model

used. When comparing these results with studies on ethylene oxide based surfactants, we

conclude that the two types of surfactants exhibit similar trends on surfaces onto which they

adsorb.

Adsorption from binary surfactant solutions is even more interesting than adsorption from

single surfactant solutions, since it brings us one step closer to the systems used in

applications. In addition, adsorption from a mixture can be very different from adsorption

from any of the single surfactants in the mixture. Alkyl glucosides alone do not adsorb on

silica, but addition of small amounts of a cationic surfactant to the alkyl glucoside solution

allows for adsorption on silica. A comparison between the adsorption and bulk properties has

shown that mixed micellization explains most, but not all, effects of the coadsorption

properties. Changing the pH in the mixed systems reveals that a surfactant with a pH-

dependent charge and the ability to adapt its charge to the environment, e.g. a surface,

enhances the adsorbed amount over a wider range of pH values than a purely cationic

surfactant.

It is well known that alkyl glucosides and ethylene oxides adsorb differently on different

types of hydrophilic surfaces. As a consequence, replacing ethylene oxides with alkyl

glucosides might not be all straight-forward; however, we have shown that the effect of the

surface can be eliminated by the use of a cosurfactant.
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SAMMANFATTNING

Adsorption på fasta ytor ur en lösning är en grundläggande egenskap hos en tensid. Det är

kanske till och med den viktigaste aspekten av tensiders beteende, eftersom den påverkar

många tillämpningar, exempelvis rengöring, dispergering, separation, flotation och smörjning.

Följaktligen är grundläggande undersökningar av tensidadsorption relevanta för många

områden.

Det huvudsakliga syftet med denna avhandling har varit att förklara adsorptionsegenskaperna,

framför allt på gränsytan mellan fast yta och vatten, hos en klass sockerbaserade tensider:

alkylglukosider. Genom ellipsometri har jämvikts- och kinetikaspekter av adsorption på

titandioxid med avseende på effekter av tensidstruktur studerats. Dessutom har effekten av

små tillsatser av katjoniska tensider på adsorptionen på kisel undersökts. Resultaten har

jämförts med liknande studier för andra nonjoniska tensider.

Vi har sett att tensidstrukturen har en stark påverkan på adsorptionsegenskaperna. En ökning

av tensidens kedjelängd ökar kooperativiteten hos systemet. En ökning av huvudgruppens

polymerisation minskar kooperativiteten, samt den adsorberade mängden vid jämvikt på

adsorptionsplatån. Tensidstrukturens effekt på adsorptionskinetiken beror på koncentrationen

relativt cmc, medan vi ser en minskning i desorptionshastigheten med ökande kedjelängd

oberoende av koncentrationen. Adsorptions/desorptionsprocessen är diffusionsdriven, enligt

den modell vi använt. När dessa resultat jämförs med studier på etylenoxidbaserade tensider,

kan vi dra slutsatsen att de två tensidtyperna uppvisar liknande trender på ytor som de

adsorberar på.

Adsorption från binära tensidlösningar är än mer intressant än adsorption från lösningar med

en tensid, eftersom vi kommer ett steg närmare tillämpade system. Dessutom kan adsorption

från blandningar skilja sig väsentligen från adsorptionen av de enskilda tensiderna i

blandningen. Alkylglukosider adsorberar inte på kisel, men genom att tillsätta små mängder

katjonisk tensid till en alkylglukosidlösning kan adsorption på kisel erhållas. En jämförelse

mellan adsorptions- och bulkegenskaperna visar att blandmicellbildning förklarar de flesta,

men inte alla, effekter av samadsorptionsegenskaperna. Ändringar av lösningens pH i

blandsystemet visar att en tensid med en pH-beroende laddning och förmågan att anpassa sin

laddning till omgivningen, t.ex. en yta, kan öka den adsorberade mängden över ett bredare

pH-intervall än en rent katjonisk tensid.

Det är välkänt att alkylglukosider och etylenoxidbaserade tensider inte adsorberar likadant på

samma typer av hydrofila ytor. Till följd av detta är det inte helt enkelt att byta ut

etylenoxidbaserade tensider mot alkylglukosider. Vi har dock visat att effekten av ytan kan

elimineras genom att använda en hjälptensid.
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SUMMARY OF PAPERS

The Papers included in this thesis treat adsorption properties of surfactants. The main focus

has been on alkyl polyglucosides on the solid/water interface, measured experimentally by

null ellipsometry. The equilibrium and dynamic adsorption properties have been related to

structural effects and compared with those of polyethylene oxide based surfactants in Paper I

and II, while the effect of a cosurfactant has been investigated in Paper III-V. For the binary

systems, the air/water interface has also been studied, in order to correlate the adsorption with

mixed micellization.

PAPER I

In this Paper the equilibrium adsorption properties of pure alkyl glucosides on titanium

dioxide were investigated by means of adsorption isotherms measured with null ellipsometry.

It was shown that the adsorption process was clearly dependent on both head group

polymerisation and chain length. When increasing the head group size from one to two

glucose units, the plateau adsorbed amount is decreased, due to the increased head group size.

The magnitude of the decrease suggests that the head groups are not completely attached to

the surface. An increase in chain length on the other hand does not affect the plateau adsorbed

amount, but the cooperativity of the adsorption process is slightly increased. In addition, the

absolute concentration at which adsorption occurs is decreased, though the adsorption starts at

the same concentrations relative to cmc for all chain lengths. For all surfactants, the plateau

adsorbed amount corresponds to head group areas that are consistent with bilayer aggregates.

PAPER II

To further compare alkyl glucosides with polyethylene oxide based surfactants, the kinetic

adsorption properties of alkyl glucosides were explored. Using three different alkyl

maltosides, it was found that the adsorption kinetics of alkyl glucosides on titanium dioxide

are very similar to those of polyethylene oxide alkyl ethers on silica. The kinetic process

depends strongly on bulk concentration and surfactant structure. The adsorption kinetics

depend on the concentration both above and below cmc and the rate of adsorption increases

with increasing bulk concentration. At relative surfactant concentrations below cmc, the

adsorption is faster for a surfactant with shorter hydrocarbon chain length, while above the

cmc, the kinetics are faster for a surfactant with longer hydrocarbon chain length. The rate of

desorption decreases with increasing surfactant chain length. Both the adsorption and

desorption are initially changing linearly with time. With support from the theoretical

calculations, it can be concluded that the adsorption process is primarily diffusion driven.
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PAPER III

In this Paper the equilibrium adsorption on silica from binary surfactant mixtures of alkyl

glucosides and amine oxides was studied, or primarily the effect on adsorption of adding

small amounts of amine oxides to the alkyl glucoside solution. The surfactants chosen were

dodecyl maltoside (C12G2) and dodecyl dimethyl amine oxide (DDAO). As expected, small

amounts of DDAO clearly enhanced the adsorbed amount. While C12G2 alone does not adsorb

on silica, it adsorbs from the mixture. Above the cmc of the mixture, a bilayer is formed,

strongly dominated by C12G2. A minimum concentration of DDAO is required to induce

adsorption. This is most obvious for systems with high C12G2 concentration. In addition,

when increasing the C12G2 concentration in mixtures with low DDAO content, a maximum in

the adsorbed amount is found when the C12G2 concentration reaches cmc. Both the existence

of a maximum and the required minimum concentration are explained by amine oxides being

incorporated in micelles, hence desorbed from the surface.

PAPER IV

To verify whether the adsorption enhancing property of amine oxides on alkyl glucosides is

specific, or if other cationic surfactants will perform similarly, we studied the equilibrium

adsorption on silica from binary surfactant mixtures of C12G2 and dodecyl trimethyl

ammonium bromide (DTAB). Not surprisingly, small amounts of alkyl ammonium bromide

clearly enhanced the adsorbed amount, indicating that DTAB promotes the adsorption of

C12G2. Above the cmc of the mixture, a bilayer is formed, that seems to be strongly

dominated by alkyl glucosides, as determined from the adsorbed amount, which is close to

that for a bilayer of C12G2, but clearly exceeds that of a bilayer of DTAB. Similarly to the

amine oxides, it was found that a minimum concentration of DTAB is required to induce

adsorption, as well as the presence of a maximum in the adsorbed amount when increasing

the C12G2 concentration in mixtures with low DTAB content, though not as prominent.

Furthermore, the effect of pH was investigated. It was found that when the pH value was

decreased to 4 no adsorption could be detected, even for DTAB concentrations as high as

10% of the cmc. This is attributed to the low silica surface charge, requiring larger amounts of

DTAB in bulk solution to reach a sufficiently large adsorbed amount to induce C12G2

adsorption. In contrast, at pH 9, adsorption from the mixed system is observed, but it is

initiated at higher DTAB concentrations than at the intrinsic pH and the adsorbed mass at the
plateau is lower, close to that of pure DTAB. This, in combination with the high surface
charge density of silica at this pH, suggests that the amount of DTAB in the adsorbed layer is

larger than at the intrinsic pH.
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PAPER V

The effect of pH was further explored by looking at the effects of pH on adsorption from

mixtures of C12G2 and DDAO. While DTAB has the same positive charge at any pH, the

ionization of DDAO is clearly dependent on the solution pH. As a result, there are two factors

affecting the changes in adsorption that are pH regulated: surface charge density and

surfactant charge. We found that the effect of pH is very pronounced, both an increase and a

decrease in pH requires higher bulk concentrations of DDAO for adsorption to occur. At pH
9, the bulk degree of ionization of DDAO is low; hence the adsorption isotherm is shifted to

higher DDAO concentrations, but the shape is still similar to that at the intrinsic pH. The
plateau adsorbed amount reaches slightly higher amounts than at the intrinsic pH, which
could be attributed to the higher surface charge density of the silica substrate. At pH 4, even

though the bulk degree of ionization of DDAO is high, the adsorption is lower than at the
intrinsic pH at the same DDAO concentrations. This is suggested to be due to the lower
surface charge density, allowing for less DDAO adsorption. Furthermore, it is noted that the
use of DDAO as adsorption promoter is advantageous over DTAB when working at a wide

range of pH values.
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1 INTRODUCTION

1.1 General introduction

A characteristic property of surfactants is their tendency to aggregate in solution or at

interfaces. This leads to micelllization in aqueous solutions and to structural surface films on

air/liquid and solid/liquid interfaces. The property emerges from the different solubility

properties of the hydrophilic and hydrophobic parts of the surfactant and, for adsorption on

the solid/liquid interface, an affinity between at least one of the surfactant parts to the surface.

Many processes that we encounter on a daily basis can be controlled by knowledge of

adsorption properties. This comes from surfactant adsorption being a major part of several

applications, such as cleaning, detergency, dispersion, separation, flotation, and water-based

lubrication.1,2 Most studies on surfactant adsorption have been devoted to single surfactant

systems. Nevertheless, from the application point of view, adsorption from surfactant

mixtures is of particular interest, since in most applications surfactants are used in

combination with other surfactants or surfactants are mixed with polymers. The obvious

reason for this is that producing monodisperse surfactants is often too expensive, but in

addition to this, many surfactants show synergistic behavior together with other surfactants or

polymers, making the use of multi-component systems favorable. Consequently, one of the

main challenges in adsorption studies is to extend the knowledge from fundamental studies on

single surfactant systems to multicomponent systems, thereby approaching the applied

systems.

Polyhydroxyl, or sugar based surfactants is a very broad class of surfactants, since the only

common denominator is that their hydrophilic part consists of sugar units. These units are for

example starch, sucroses and glucoses. The hydrophobic part in turn is most commonly an

alkyl chain, which can be linked to the hydrophilic head group by various different bonds,

such as ether, ester, amine or amide bonds. A particular class of the polyhydroxyl based

surfactants are the alkyl polyglucosides. Their hydrophobic part is an alkyl chain, usually

derived from fatty alcohols and the hydrophilic part a number of glucose units, derived from

carbohydrates such as starch.3 They are commonly used in products such as manual

dishwashing detergents, all-purpose cleaners, laundry detergents, and personal care products.

The reason for their frequent use in consumer products are, besides their good performance

properties, that they are considered dermatologically safe and have excellent ecological and

toxicological properties and can be derived completely from renewable resources.4,5 The

properties of sugar based surfactants: structure, synthesis, chemical and surfactant properties

as well as applications, and in particular of alkyl polyglucosides, have been the subject in

several excellent reviews over the last couple of years.6-13
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1.2 Background and aim for this thesis

This thesis work has been performed within the VINNOVA Competence Centre for

Surfactants Based on Natural Products (SNAP). Initially it belonged to the Polyhydroxyl

surfactants program and later to the Industrial applications program. The main goal of the

centre is to build, from an industrial need, a long-term knowledge and experience regarding

new environmentally safe surfactants derived, entirely or partly, from natural products. One

of the aims of the centre has been to investigate the properties of polyhydroxyl based

surfactants, in particular to couple basic knowledge with functions like emulsification,

wetting, foaming, dispersing, penetration, and adsorption.

The main aim of this thesis has been to investigate the adsorption properties of alkyl

glucosides at the solid-liquid interface, and to obtain the same knowledge and understanding

of these surfactants as of polyethylene oxide based surfactants. This includes studies of the

effect of surfactant structure changes, changes of substrate and in the surrounding media, e.g.

changes in temperature, pH and salt concentration. When this project started there were only a

few studies reporting on the equilibrium adsorbed amount14-16 and none on the kinetics of

adsorption and desorption of these surfactants. However, the bulk properties of the

surfactants,17-21 as well as their adsorption behavior on the air/liquid interface had been

reasonably well investigated.22-28 Where applicable, the adsorption properties at the solid-

liquid interface have been correlated with surfactant behavior in bulk and adsorption at the

air-liquid interface. From a scientific point of view, the adsorption properties of alkyl

polyglucosides is of particular interest since they have shown a different preference towards

hydrophilic surfaces than polyethylene oxide surfactants. Polyethylene oxide alkyl ethers

adsorb on silica, in amounts corresponding to bilayer structures above cmc, but on metal

oxides such as alumina, titania and hematite, the adsorbed amount is much less than a

monolayer, even at concentrations above cmc.29,30 Alkyl glucosides on the other hand show

the opposite behavior.14 This difference is yet to be explored and more research is needed to

understand this difference.

As the project progressed, there was an increasing interest in the adsorption behavior of alkyl

glucosides in combination with other types of surfactants. The objective was to see whether

the adsorption of alkyl glucosides on silica could be enhanced by the addition of other

surfactants. The cosurfactants chosen for this investigation were amine oxides and ammonium

bromides. The reasons for choosing these surfactants were that synergistic behavior on the

surface tension of the mixtures had been observed31 and that the surfactants display more or

less cationic properties. Amine oxides are also considered to be environmentally friendly

surfactants.
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2 THEORETICAL BACKGROUND

2.1 Surfactants

Surfactants are amphiphilic molecules consisting of one polar, or hydrophilic, part and one

non-polar, or hydrophobic, part. These two parts have very different solubility properties,

where the polar part is soluble in polar media such as water, while the non-polar part prefers a

non-polar media such as air or oil. This duality of the surfactants makes them accumulate at

interfaces, thereby decreasing the surface tension, enabling emulsification, adsorption and

desorption. Surfactants are normally classified with respect to their polar parts, or headgroups,

as anionic, cationic, nonionic or zwitterionic. Surfactants belonging to the latter class contain

both an anionic and a cationic charge under normal conditions. Within the nonionic class we

find, among others, the alkyl polyglucosides and the polyethylene oxide based surfactants.

2.2 Surfactants in solution

Besides accumulating at interfaces, a characteristic property of surfactants is that as their

concentration in solution increases, they start to form micelles or various other aggregates, as

illustrated in Figure 2.1. The concentration at which aggregation begins is called the critical

micelle concentration, cmc. This concentration can be considered analogous to the saturation

concentration for simpler molecules, but instead of phase separation, the surfactants create

microphases, micelles, in the solution in which the hydrophilic parts of the surfactants

encapsulate the hydrophobic parts. It should however be remembered, that in contrast to the

saturation concentration, the cmc is not a distinct concentration, rather a narrow interval over

which micelles appear in a large concentration. The encapsulation process is a result of the

hydrophobic effect, a phenomenon related to the hydrocarbon chain – water contact. When a

solute is inserted into water, the bonds between the water molecules will be distorted or

destroyed. If the solute is hydrophilic, new strong bonds are formed that compensate well for

this. For a hydrophobic solute such as a hydrocarbon there is no such compensation. Since

water molecules have a very strong free energy of attraction for themselves, they prefer

structuring themselves in order to keep the hydrogen bonds in distorted forms to disrupting

them. This causes an unfavorable decrease in entropy of the system. For surfactants, the

association of the hydrocarbon tail into micelles releases the water molecules into a less

ordered state, thus increasing the entropy of the system and hence the free energy.32 While the

hydrophobic effect is driving the micelle formation, the repulsion between the hydrophilic

head groups opposes it. The balance between these forces controls the micellar size.

Similarly, surfactants also form lyotropic liquid crystalline phases with water and/or another

amphiphilic substance and can form solutions containing large amounts of both oil and

water.33



Theoretical Background

4

Figure 2.1 Illustration of some common surfactant aggregate structures, from left to right:

micelles, hexagonal, lamellar, reverse hexagonal and, reverse micelles. Different types of

bicontinuous structures are found as intermediates.

The structures formed in solution depend on the nature of the surfactant and the solution

properties, such as solvent, concentration, and temperature. Most commonly, binary

(temperature vs. concentration) phase diagrams are used to depict these effects. For

adsorption studies, phase diagrams are interesting since bulk properties often can be used to

predict surface properties, e.g. surface aggregation structures. However, it is also clear that the

interaction with the surface affects the structures formed, and under the same solution

condition different surfactant structures are formed on different surfaces.

2.2.1 Mixed micelle formation

When two surfactants are present in a solution, mixed aggregates are formed and the cmc

becomes a function of the surfactant composition. For binary mixtures of only slightly

differing surfactants, the cmc depends linearly on the composition, but for many surfactant

mixtures this is not the case. Therefore, a theory based on regular solution theory for mixed

micelles has been developed to predict the cmc of surfactant mixtures.34 According to this

theory, the mixed cmc, cmcmix, of a surfactant mixture can be related to the composition in

bulk and in the micelles as:

cmcmix i = cmcixi
m f i

m (2.1)

cmcmix = x1
m f1

mcmc1 + x2
m f2

mcmc2 (2.2)

where  is the mole fraction of the surfactant in bulk, x1
m and x2

m are the mole fractions of the

surfactants in the micelles and f1
m and f2

m are the activity coefficients of the surfactants in the

micelles. The activity coefficients of the surfactants can be estimated from the following

expression

fi
m = exp (xi

m )2[ ] (2.3)

The parameter  is an interaction parameter, quantifying the net interaction between the

surfactant species in the micelle. Positive  values imply a net repulsion between the two
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surfactants while negative  values imply a net attraction. For the ideal case of no net

interaction,  = 0, and fi
m = 1.

When a system deviates from ideality, synergistic interactions are possible. In general,
synergism in a mixture is defined as an improvement in a certain property compared to that
attained by either of the pure surfactants. Synergism in mixed micelle formation is defined as

micelle formation at concentrations lower than the cmc values of either surfactant in the
system. The basic requirements for synergism to exist are35 (i) that  must be negative and (ii)

that

ln cmc1 /cmc2( ) < (2.4)

In practice, this means that surfactants with small differences in their cmc exhibit synergistic

behavior more easily since a less negative  value is required according to equation 2.4.

It is worth noting that this model is a simplification of the real system and actually insufficient

for many systems, since regular solution theory does not capture all the intricacies of the

association process. A more correct description would require sophisticated modeling of the

type reported by Bergström36 and Blankschtein.37,38 Nevertheless, the simplified approach

taking here captures the essential elements, and is sufficient for our purposes when studying

the mixed systems in Paper III – V.

2.3 Adsorption from solution

Adsorption, in particular on the solid/liquid interface, might be the most important aspect of

surfactant behaviour. It is defined as the process through which a molecule is stuck to the

interface. As already mentioned, adsorption plays a critical role in several applications.

Adsorption at the air/water and oil/water interfaces are important parameters when

formulating emulsions and foams, while adsorption at the solid/water interface controls

phenomena such as wetting, adhesion, cleaning, detergency, dispersion, flotation, and water

based lubrication.1,2 Depending on the application, surfactant adsorption might be a desired or

an unwanted effect. In particular surfactant mixtures can be advantageous to use when

optimizing the adsorption properties, since surfactants in mixtures can show both synergistic

and antagonistic effects. Fundamental research papers on adsorption from mixtures, in

particular on the hydrophilic solid/liquid interface, are nevertheless still few.39-44

2.3.1 Equilibrium adsorption on the air/liquid interface

The surface tension, , is defined as the increase in Gibbs free energy per unit increment in

area, or the amount of work it takes to form the interface area. It is intimately linked with the

surfactant adsorption on the air/liquid interface, since surfactant adsorption reduces the

surface tension. Both the surface tension and the surfactant adsorption exhibit a discontinuity

in the slope as the concentration reaches the cmc of the surfactant, as illustrated in figure 2.2.

This corresponds to reaching an adsorption plateau just after the cmc. The reason for this
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plateau comes from solution thermodynamics. The surfactant adsorbing at the same time as

the first micelle is formed has to have the same chemical potential as the surfactants in the

micelle for the system to be at equilibrium. A surfactant molecule added to the system above

the cmc must go into formation of new micelles, since any new micelle has the same chemical

potential as the first, while for a surfactant to adsorb at the interface above cmc, the chemical

potential needs to be increased. When the plateau is reached, the surfactants on the air/liquid

interface normally form monolayers.
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Figure 2.2 Typical equilibrium surface tension vs. surfactant concentration, illustrated for

C12G2.

Surfactant adsorption on the air/liquid interface is primarily controlled by the hydrophobicity

of the surfactant, giving rise to the hydrophobic effect, described previously for the aggregate

formation of surfactants in solution.

Thermodynamic treatments of surface phenomena are normally carried out using the Gibbs

model.45 It divides the system into three parts: the volumes of the two bulk phases and the

infinitesimally thin dividing surface. This model assumes that the thermodynamic properties

remain constant up to the dividing surface, while in reality; they change gradually over the

boundary region. Nevertheless, by using general thermodynamic relationships, one of the

most useful models in surface chemistry, the Gibbs adsorption isotherm, is obtained

d = i

i

dµi (2.5)

where  is the adsorbed amount at the interface and µ is the chemical potential of molecule i.

For a single surfactant in aqueous solution, equation 2.5 reduces to

d = 1dµ1 + 2dµ2 (2.6)
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where the subscripts 1 and 2 represent water and surfactant respectively. Furthermore, the

Gibbs dividing plane can be arbitrarily defined, usually so that 1 = water = 0. For a nonionic

surfactant below cmc, the chemical potential can be expressed in terms of the concentration,

c2, of the surfactant as µ2 = µ2 + RT lnc2. This gives us the simple form of the adsorption

isotherm, which is useful to employ on surface tension data to obtain the adsorbed amount at

the air/liquid interface

2 =
1

RT

d

d lnc2
(2.7)

In equation 2.7 the approximation that the activity is equal to the concentration, which

normally is well funded for nonionic surfactants, has been used. For mixtures of two

surfactants, the thermodynamics become more complex, but from equation 2.5 it is possible to

derive Gibbs adsorption isotherms for binary nonionic surfactant systems with one surfactant

concentration constant,

1 =
1

RT

d

d lnc1

 

 
 

 

 
 
T ,c2

(2.8)

and with constant ratio between the surfactant concentrations.

Tot =
1

RT

d

d lncTot

 

 
 

 

 
 
T ,c1 / c2

 (2.9)

This means that for a series of surface tension isotherms, it is possible to obtain information

both on the total adsorbed amount, as well as the surface composition.

2.3.2 Equilibrium adsorption on the solid/liquid interface

On the solid/liquid interface, the hydrophobic effect is complemented by the surfactant-

surface interaction in determining the adsorption process. Surfactant-surface interactions

include electrostatic, dispersion, hydrophobic forces, and more specific interactions including

hydrogen bonding and Lewis acid-base interactions. The major factors to modify these

interactions are the surface polarity and the charge of the surfactant head group. For example

the adsorption of non-ionic surfactants differs largely from that of ionic surfactants because of

the absence of electrostatic interactions. Due to this, they normally exhibit weak surfactant-

surface interactions on hydrophilic surfaces and the nature of the water structure at the

solid/liquid interface will be of particular importance for the adsorption process.46

The adsorption at the solid/liquid interface most commonly characterized by the adsorption

isotherm, where the adsorbed amount at equilibrium is set in relation to the bulk solution

concentration at equilibrium. The information obtained from the isotherm is the maximum

amount of surfactant that can be adsorbed, as well as the affinity of the surfactant for the

surface.
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Hydrophobic substrates

Adsorption on hydrophobic substrates is a non-cooperative process and monomers start

adsorbing at low concentrations. When full coverage is reached, the amount adsorbed

corresponds to a surfactant monolayer or surface structures in the form of hemimicelles. The

adsorption process on hydrophobic substrates is most commonly described using the

Langmuir adsorption isotherm

max

=
Kc

1+ Kc
(2.10)

where max is the adsorbed amount at full surface coverage, c is the bulk concentration and K

is an equilibrium constant. This equation is valid under the conditions that the surface is

homogeneous, the surfactants adsorb in a monolayer, there are no surfactant-solvent or

surfactant-surfactant interactions, and the surfactant and solvent molecules have the same

cross-sectional area. The first two conditions are reasonable, but the second two are not.

Fortunately, however, they give opposite deviations from the Langmuir equation; hence good

fits are often obtained. This equation can also be used to characterize the adsorption on the

air/liquid interface. In Figure 2.3 the adsorption isotherm of a nonionic surfactant on a

hydrophobic surface is compared with that on a hydrophilic surface.

0

0.5

1

0.1 1 10

c / cmc

Γ
 / 
Γ p

Hydrophilic

Hydrophobic

Figure 2.3 A schematic illustration of the differences in the adsorption isotherms of a

nonionic surfactant on hydrophilic and hydrophobic interfaces. The adsorbed amount is

normalized to the plateau amount and the concentration is normalized to the cmc.

Hydrophilic substrates

On hydrophilic surfaces, it is normally the surfactant head group that is responsible for the

surfactant-surface interaction. Therefore, there are differences between the adsorption

mechanisms of ionic and nonionic surfactants. Nevertheless, the adsorption isotherms for

ionic and non-ionic surfactants on surfaces to which they have an affinity are similar.
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The adsorption process of surfactants on hydrophilic surfaces can be described using a three-

region isotherm. In the first region, at low surfactant concentrations, it is the surfactant-

surface interaction that is responsible for the adsorption and the surfactants adsorb as isolated

molecules. This region is normally referred to as the Henry’s law region and the isotherm has

a linear slope that is best seen in a log-log plot. The adsorption in this region is low for most

surfactants, though non-ionic surfactants with long ethoxy chains have shown quite

substantial adsorption even in this region, leading to adsorption isotherms more resembling

those on hydrophobic surfaces.47,48 For ionic surfactants, the adsorption occurs primarily

through an ion-exchange mechanism, consequently it requires oppositely charged surfactants

and surfaces. Nonionic surfactants, such as alkyl glucosides and polyethylene oxides are

primarily suggested to adsorb through hydrogen bonding.48,49

As the concentration increases, approaching the cmc, there is a sharp increase in the slope of

the adsorption isotherm and the second region is entered. This increase is an indication of the

onset of cooperative effects between the adsorbed molecules consisting of the formation of

micelle-like aggregates of the adsorbed surfactants. For both ionic and nonionic surfactants

the adsorption process in this region is dominated by lateral surfactant-surfactant interactions.

The concentration at which this adsorption region is reached is called the critical surface

aggregation concentration (csac), and for polyethylene oxide alkyl ethers this concentration

has been found to be between 0.6 and 0.9 times the cmc and the cooperativity is decreasing

with increasing ethoxy chain length.50 The cooperativity, in terms of the free energy

difference between a surfactant in a micellar-like aggregate at the surface, µads
0 , and a

surfactant in a free micelle, µmic
0 , can be estimated as

µads
0 µmic

0 = kT ln
csac

cmc

 

 
 

 

 
 (2.11)

In Paper I, we have defined the csac as the concentration at which the slope of the adsorption

isotherm intercepts with the x-axis, when comparing the cooperativity of the different alkyl

glucosides according to equation 2.11. When modeling the adsorption kinetics in Paper II,

csac was calculated from the kinetic model.

The third region is the plateau adsorption region and it is generally entered approximately at

the cmc of the surfactant. As for the adsorption at the air/liquid interface, this break in the

adsorption isotherm corresponding to a plateau comes from solution thermodynamics, since it

is energetically more favorable for a surfactant to go into the formation of new micelles rather

than adsorbing at the interface above cmc. When full coverage is reached, the surfactants

form bilayers or micellar structures on the surface. The type of structures formed partly

depend on the bulk structures formed by the surfactants, but by the use of AFM it has been

shown that surfaces can induce a different packing symmetry than that in solution.51,52
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Adsorption from surfactant mixtures

When it comes to adsorption from surfactant mixtures, it is necessary to take into account the

changes in the cmc with changes in composition. Furthermore, above the cmc, mixed

micellization has an effect on the adsorption process. For adsorption from mixtures of

surfactants with similar properties, i.e., obeying ideal mixing, the adsorbed amount from the

mixtures will fall between that of the individual surfactants. In contrast, adsorption from

mixtures of surfactants that deviate from ideal mixing is usually greater than that of either

component. For adsorption from multicomponent systems, the adsorbed amount and

composition in the adsorbed layer will change with changes in the total concentration above

the cmc of the mixture. Naturally, this goes for the surfactant ratios in micelles and monomers

as well. The reason for this is that at low concentrations, surfactants with low solubility will

adsorb out of the solution, but at concentrations above the mixed cmc of the solution, these

surfactants will be preferentially incorporated into mixed micelles. As a consequence, the

adsorption isotherm for a surfactant mixture normally displays a maximum in the adsorbed

amount rather than leveling off around the cmc of the mixture. This behavior is in contrast to

adsorption from single surfactant solutions, where no significant change in the adsorbed

amount is observed above the cmc.

2.3.3 Adsorption kinetics

When discussing surfactant adsorption, the effects of adsorption kinetics are often neglected,

though they play an important role in many applications where time is a factor, e.g. in

industrial laundry processes and high-speed lubrication. Furthermore, knowledge of

adsorption kinetics can add to the information obtained from the equilibrium adsorption for

elucidating the mechanisms of surfactant adsorption.

Most models for adsorption kinetics are developed for the adsorption process at the air/liquid

interface, as a consequence of the many methods available for measuring kinetics at this

interface. However, with the development of high time resolved ellipsometry in combination

with a methodology for measuring thin adsorbed films on layered substrates,53 measurements

of the adsorption kinetics at the solid/liquid interface have been more accessible. About a

decade ago, Tiberg developed a model for analyzing the adsorption of nonionic surfactant

adsorption on solid surfaces, based on experimental investigation of polyethylene alkyl ethers

on silica.54 This model was further developed and extended to binary nonionic surfactant

systems by Brinck.55,56 In the discussions on adsorption kinetics in Paper II, we have chosen

to use the original, somewhat simpler, model by Tiberg to describe the kinetics of alkyl

glucoside adsorption on the titanium dioxide surface. A brief description of the kinetic

process and the base for the model is given below, but for the main part of the theoretical

discussions, we refer to Paper II and the original publication.54
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The model is formulated to describe the conditions in an ellipsometric setup, where the

surface is placed vertically in a cuvette with a magnetic stirrer on the bottom of the cuvette.

These conditions render a stagnant layer outside the surface with a thickness of . Within this

layer, the transport of surfactants is assumed to occur by means of diffusive flow, while flow

in the bulk occurs through convection. In bulk, both the monomer and the micellar

concentrations are assumed to be constant. This is illustrated in figure 2.4. The adsorption and

desorption is considered to be a two-step process, where one step is the diffusion from the

bulk to the subsurface located immediately outside the oxide/water interface of surfactants in

monomer and micellar form, and the other step is transport from the subsurface to the surface

and consecutive adsorption. The distance between the subsurface and the surface, 1, is

approximately 5 nm, corresponding to the thickness of the adsorbed layer.

Subsurface Stagnant layer Bulk

δ δ1

Figure 2.4 Schematic illustration of the solution profile outside the surface. Monomers and

micelles are transported between the bulk and the subsurface through the stagnant layer by

means of diffusive flow.

According to Tiberg, 54 the evolution of a adsorption-desorption cycle for nonionic surfactants

can be divided  into five different kinetic regimes, two for the adsorption process, one for the

plateau region at equilibrium, and two for the desorption process, in which the time-evolution

of the adsorbed amount are different.

In the first adsorption regime, just after injection of surfactant, the adsorption increases

linearly with time, due to a local concentration equilibrium, which is keeping the chemical

potential at the surface constant. The bulk concentration is also constant, since the amount of

surfactant at the surface is negligible compared to that present in the bulk solution. The rate of

adsorption depends on the bulk concentration both above and below cmc. The second

adsorption regime features a decrease in the adsorption rate, due to crowding of the surface

micelles, ultimately reaching equilibrium conditions at an adsorption plateau. When rinsing
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with water is initiated, the desorption process starts as soon as the bulk surfactant

concentration reaches cmc. In the first desorption regime, the adsorbed amount decreases

linearly with time, with a rate proportional to the surfactant concentration just outside the

adsorbed layer. This concentration is kept constant at csac through the local equilibrium

between the surface micelles and the surrounding monomers. Naturally, as the number of

micelles on the surface decreases, the monomer flow from the surface will eventually be too

low to keep the surfactant concentration constant outside the surface. In this second

desorption region, the desorption rate will instead depend on the diffusion rate of the

surfactant monomers from the surface. This diffusion is probably similar to the dissociation of

micelles in solution, but slower, since the monomer diffusion flow is restricted by the surface.

If the monomer and micellar concentrations in the stagnant layer adjust quickly to steady-state

values, and then vary very slowly with time as the adsorbed amount increases, it is found that

the adsorbed amount varies linearly. For the parts of the adsorption-desorption cycle where

this is true, i.e. the initial adsorption and desorption, simple relationships of the adsorption

and desorption rates are found, which depend on the diffusion coefficients of monomers,

Dmon, and micelles, Dmic, the concentration in bulk, Cb, and the monomer and micellar

concentrations in the stagnant layer, cmon and cmic, respectively.

For the initial adsorption regime we find at Cb < cmc that d /dt is

d

dt
=

1

1

Dmon Cb csac( ) (2.12)

The corresponding expression for Cb < cmc is

d

dt
=

1

1

Dmon cmc csac( ) + Dmic Cb cmc( )( ) (2.13)

In the initial desorption regime we can write d /dt as

d

dt
=

1

1

Dmoncsac (2.14)

By combining these equations with experimental data from kinetics measurements and

surfactant bulk properties, we can calculate Dmic, csac and  for the system.

For the final desorption region, the following simple relationship between the desorption rate

and the rate of micellar dissociation is found

d

dt
= k (2.15)

where k- is the micellar dissociation rate constant.
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3 SYSTEMS

3.1 Substrates

The solid substrates used throughout the research work have been solid flat slides with low

surface roughness, suitable for ellipsometry studies.

3.1.1 Silica

The silica slides are built from silicon wafers covered with a 30 nm silicon dioxide layer.

Theoretically, the silicon has a complex refractive index of N = 4.5 – 0.1i and the oxide has a

real refractive index of n = 1.5 at 532 nm.57 These values correspond well with the ones

measured in the experiments. For these slides, the surface roughness, as expressed by the Ra
value (average surface roughness), is typically around 0.5 nm, obtained from AFM. After

cleaning using the standard RCA method, which includes a basic and an acidic rinsing

step,58–60 and RF-plasma treatment, the surfaces are completely wetted by water. The

isoelectric point (iep) of silica is around pH 2, and the surface becomes negatively charged as

pH is increased. Typical values of the surface charge, , of silica in 10 mM NaCl are

= – 0.3 µC/cm2 at pH 5, = – 0.9 µC/cm2 at pH 6, and = – 6.9 µC/cm2 at pH 9.61 This

means that the surface is negatively charged at pH 6, where most measurements have been

performed. Above approximately pH 10, the silica surface is dissolved.62 A fully

hydroxylated silica surface contains 4.6 OH-groups/nm2.63

3.1.2 Titanium dioxide

The titania slides are built from silicon wafers covered with a 150 nm thick titanium layer.

The titanium oxidizes spontaneously in air, mainly forming amorphous titanium dioxide.64,65

The oxide grows over a period of two months, reaching a thickness of 3.5 nm, after which it

stops growing. Titanium has a complex refractive index of N = 1.86 - 2.56i at 532 nm.57 For

spontaneously oxidized titanium dioxide, reported values of the refractive index around

n = 2.2 – 2.5 have been found at 590 nm.66 The measured values for titanium and titanium

dioxide in the experiments agree well with these literature values. The titanium slides have a

higher surface roughness than the silica slides, with an Ra value of around 4 nm.64 This is still

smooth enough to obtain accurate measurements of the adsorbed amount; however, measured

values of the thickness may be uncertain.67 The cleaning procedure is slightly different from

that of the silica slides. Since the RCA cleaning method removes metal contaminants, only

RF-plasma was used. As reported in Paper I, ESCA measurements show that this is sufficient

to remove carbon contaminants. Furthermore, these surfaces are also completely wetted by

water. A fully hydroxylated titanium dioxide surface in the anatase structure contains 12-14

OH-groups/nm2, i.e. significantly more than the silica surface.68 The iep for titanium dioxide

depends on the crystal structure, and values between pH 4 and pH 5 for rutile and pH 6 and

pH 7 for anatase have been reported.69 This gives the oxide surface a neutral to slightly

negative charge around pH 6, where all measurements have been performed.
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3.2 Surfactants

All surfactants have been used in aqueous solutions at concentrations ranging from 0.01 to 5

times the cmc of the individual surfactants. This study has been devoted to single surfactants

as well surfactant mixtures, investigating the effect of cationic additives to sugar based

surfactants. The main focus has been on the class of nonionic sugar based surfactants called

alkyl polyglucosides. Two different cationic surfactants have been used to enhance the

adsorption of alkyl polyglucosides on hydrophilic silica: alkyl amine oxides and alkyl

ammonium bromides. In addition to the studies on alkyl polyglucosides, some comparisons

with polyethylene oxide surfactants have been performed. The surfactant structures are shown

in Figure 3.1 and some basic properties are listed in Table 3.1.
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Figure 3.1 Structures of some of the surfactants used in this thesis.
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3.2.1 Sugar based surfactants

The sugar based surfactants used are alkyl glucosides with different chain lengths and head

group sizes. They are commonly referred to as CnGm, where n corresponds to the number of

carbons in the hydrocarbon chain and m corresponds to the number of glucose units, or the

head group polymerization for commercial surfactants. In solution, these surfactants show the

same structural trends as the polyethylene oxides when changing the chain length. Increasing

the chain by two carbon units decreases cmc with a factor of about 10, while a change in the

degree of headgroup polymerization seems to have a very limited effect. In this study,

glucosides (m = 1) with chain lengths 8 and 10, and maltosides (m = 2) with chain lengths 8,

10, 12 and 14 have been used. An interesting property of the alkyl glucosides in bulk is that

their phase behavior is strongly independent of temperature changes, which contrasts to he

strong temperature dependence of polyethylene oxides. The liquid crystalline phases formed

by these surfactants are stable over a wide range of temperatures, in particular for the alkyl

maltosides. The alkyl maltosides have a higher solubility than the corresponding alkyl

glucosides and they do not show any phase separation in the lower concentration regime, as

the alkyl glucosides do. There are also effects of the alkyl chain length. For the glucosides,

the phase separation region widens and the lyotropic transition temperature increases with

increasing chain length. For both glucosides and maltosides the concentration at which the

lamellar phase is induced decreases with increasing chain length.21 Some examples of binary

phase diagrams of a polyethylene oxide and two alkyl glucosides, illustrating the differences,

are found in Figure 3.2.18,70

Figure 3.2 Binary (temperature vs. concentration) phase diagrams of C12E5 (left), reprinted

from reference 70 by permission of The Royal Society of Chemistry, and C8G1 (middle), and

C10G1  (right), reprinted with permission from reference 18. Copyright (1998) American

Chemical Society.
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3.2.2 Polyethylene oxide based surfactants

A common class of polyethylene oxide based surfactants: polyethylene oxide alkyl ethers,

have been used for comparison with the adsorption properties of the alkyl glucosides. These

surfactants are commonly named CnEm, where n corresponds to the number of carbons in the

hydrocarbon chain and m corresponds to the number of ethylene oxides in the head group.

When it comes to bulk properties, polyethylene oxide alkyl ethers have very rich phase

diagrams and are strongly affected by temperature changes,71 as illustrated in Figure 3.2,

mainly due to the strong temperature dependence of the interactions between water and

ethylene oxide. Water changes from a good to a bad solvent with increasing temperature.72 At

lower temperatures the ethylene oxide layer prefers to swell to high water content resulting in

a preferred curvature towards oil. At higher temperatures the ethylene oxide layer prefers a

lower water content and the film thus tends to curve towards water. In addition, as the

temperature increases, the number of gauche conformations in the alkyl chains increases

enhancing the lateral repulsion on the apolar side. This temperature effect is shown by the

lower consolute boundary, or cloud point, that these surfactants display. Furthermore, the cmc

of polyethylene oxide alkyl ethers decreases with increasing temperature.

3.2.3 Alkyl amine oxide

The alkyl amine oxide used was dodecyl dimethyl amine oxide (DDAO). The alkyl amine

oxide is an amphoteric surfactant, its degree of ionization being dependent on pH. At low pH

the majority of the surfactants are cationic, while at high pH they are mostly zwitterionic. In

addition, changes in DDAO concentration affects the intrinsic pH of the solution. This is the

pH value found in a water solution of the surfactant without controlled pH, i.e. determined

only by the surfactant concentration. As the surfactant concentration increases from very

dilute to cmc, the pH increases from pH 6 to pH 7, causing a decrease in the degree of

ionization. Changes in pH affect cmc, micelle conformation and aggregation numbers, as well

as the surface tension at the air/liquid interface. While the degree of ionization consistently
decreases and the the hydrodynamic radius of the micelles increases with increasing pH,

DDAO displays a maximum in the micellar aggregation number and a minimum in cmc for

pH values corresponding to a degree of ionization of 0.5.73-75 This surfactant has

previously shown synergistic effects with alkyl polyglucosides.26,31 One particular property of

amine oxides is that the degree of ionization, as for any weak ionic surfactant or polymer, is

different next to a surface as compared to in bulk solution.76-78 Next to an oppositely charged

surface the degree of ionization is higher than in bulk, whereas it is lower than in bulk next to

an uncharged surface.
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3.2.4 Alkyl ammonium bromide

The alkyl ammonium bromide used was dodecyl trimethyl ammonium bromide (DTAB), a

cationic surfactant, whose individual adsorption properties have been thoroughly investigated

previously. On silica, the adsorption isotherm resembles the Langmuir type at high pH, while

it is S-shaped at low pH.79 The adsorbed mass at the plateau is increased with increasing pH

due to the increasing charge of the silica surface. Addition of salt decreases the cmc, and

increases the plateau adsorbed amount, in particular at low pH, thereby reducing the

differences in the plateau adsorbed amount at different pH values.80,81

Table 3.1 Basic properties of the surfactants used in this study. All values are measured at

ambient temperature and intrinsic pH of the solutions, pH  6 for all surfactants but DDAO,

for which pH increases from 6 to 7 with increasing surfactant concentration. cmc, a/w is the

adsorbed amount at the air/water interface at cmc. cmc, s/w is the plateau adsorbed amount

at the solid/water interface, where the solid is titanium dioxide for the alkyl glucosides and

silica for the other surfactants.

Surfactant M

(g/mol)

cmc

(mM)

dn/dc

(ml/g)
cmc, a/w

(µmol/m2)

cmc, s/w

(µmol/m2)

C8G1 292.38 22a 0.146 4.37a 7.9

C8G2 454.4 19b 0.146 3.95b 6.5

C10G1 320.43 2.0c 0.153 4.15c 8.0

C10G2 482.6 2.0c 0.146 3.39c 6.9

C12G2 510.63 0.15d 0.142 3.32d 6.7

C14G2 538.6 0.015e 0.142 - 6.9

C12E5 406.6 0.064 0.131f - 5.7g

DDAO 229.41 2.5 0.155 4.1 7.8

DTAB 308.35 15 0.147 -
a
Reference 25, 

b
Reference 21, 

c
Reference 26, 

d
Reference 23, 

e
Reference 22, 

f
Reference 82, and

g
Reference 50.
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4 EXPERIMENTAL TECHNIQUES

A few different experimental techniques have been employed to investigate the substrates and

the adsorption properties of the surfactants. The adsorption at the air-liquid interface has been

studied using tensiometry, while the adsorption at the solid-liquid interface has been studied

by ellipsometry. The titania surfaces have been examined with respect to surface roughness

using Atomic Force Microscopy (AFM), and with respect to chemical composition using

Electron Spectroscopy for Chemical Analysis (ESCA) to determine their usefulness for

ellipsometric measurements. A brief description of the techniques is provided in this chapter,

together with references for more details.

4.1 Tensiometry

There are several available techniques for measuring surface tension: static methods such as

capillary rise and pendant drop, dynamic methods such as the maximum bubble pressure

method and detachment methods such as the Wilhelmy plate and drop weight method.  In this

work, surface tension has been measured with a method similar to the Wilhelmy plate

method: the du Noüy ring method, to investigate the adsorption properties at the air-liquid

interface. The equipment was a KSV Sigma 70 tensiometer (KSV Instruments Ltd., Helsinki,

Finland) equipped with an automatic dispenser. A schematical drawing of the measurement

principle is shown in Figure 4.1.

R

F

Figure 4.1 Schematic picture of the measurement principle for du Noüy ring tensiometry

The detachment force in this method is related to the surface tension by

=
F

4 R
(4.1)

where F is the pull on the ring and R is the radius of the ring. The correction factor, , allows

for corrections due to the non vertical direction of the tension forces and for the complex
shape of the liquid meniscus around the ring formed at the point of detachment. It includes

among other parameters the ring thread diameter.83
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4.2 Measuring adsorption at the solid/liquid interface

As for the air/liquid interface, the techniques to measure the adsorption at the solid/liquid

interface are abundant. The simplest method by far is the depletion method used in dispersed

systems. Surfactant is added to a dispersion, the system is left to equilibrate, after which the

solids are separated and finally the equilibrium surfactant concentration in the solution is

measured and the adsorbed amount, , is calculated from

=
c0 c( )V
masp

(4.2)

where c and c0 are the equilibrium concentration and the concentration before adsorption, V is

the solution volume, m is the particle amount and asp the specific area of the particles. The

advantages of this method are its simplicity and sensitivity to adsorption at low concentrations

and insensitivity to impurities due to the large surface area. Disadvantages on the other hand

are that the method is time consuming, it can be difficult to separate the particles from the

solution, which is required for most analyzation techniques, and finally, only equilibrium

adsorbed amounts are obtained.

4.2.1 Ellipsometry

To overcome some of the problems associated with the depletion method, measurement

techniques based on the adsorption on macroscopic surfaces have been developed. One of

these techniques is the optical method ellipsometry, which is based on changes in the

ellipticity of polarized light upon reflection at a substrate. Ellipsometry has proven to be very

powerful, since it can measure the adsorbed amount as well as the thickness and refractive

index of the adsorbed layer. Even more interesting is the possibility to monitor the adsorption

process in situ, i.e. adsorption kinetics can be measured. The disadvantages are primarily the

requirements on the substrates and ambient media. The substrates need to be smooth and

reflective and the ambient media needs to be transparent. A large difference in refractive

indexes between the substrate, the adsorbing substance and the ambient media is also

preferable. Furthermore, due to the small surface area, it is sensitive to impurities. In this

work, null ellipsometry has been employed to investigate the adsorption properties of the

surfactants on the solid/liquid interface. A brief description of the technique and some

underlying optics is given below. For a more extensive description the books by Azzam84 and

Tompkins67 are recommended.

Optical base

Light may be treated as a transverse electromagnetic wave. In order to completely describe

this wave, the moment-to-moment direction of the wave needs to be specified. This

description corresponds to the polarization of light. Polarized light can then be considered as

two superimposed plane waves, which are perpendicular to each other.

If the waves are traveling along the z-axis, the x- and y- components of the electromagnetic

vector as a function of time, t, and direction, z, are described as
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Ex = E0xe
i( t+ x )e i nz / c (4.3 a)

Ey = E0ye
i( t+ y )e i nz / c (4.3 b)

where  is the angular frequency, n the refractive index of the medium, c the velocity of light

in vacuum, E0x and E0y are the amplitudes and x and  y are the phase angles of the wave

components. When light is traveling through a material with a complex refractive index, N =

n  + ik, equation 4.3 is slightly altered and the amplitude will no longer be constant, but

decaying exponentially.

When discussing reflected light it is convenient to define the light waves in relation to the

plane of incidence. Thus the wave oscillating in parallel with the plane is denoted, EII, and the

wave oscillating perpendicularly to the plane, E .

When light is reflected at an interface, changes generally occur in the phase and amplitude of

the waves. The differences between the amplitudes and phases of the incident (i) and reflected

light (r) are denoted  and , respectively, and are defined as

tan =
EII

r EII
i

E r E i
   and   = II

r
II
i( ) r i( ) (4.4)

 and , often referred to as the ellipsometric angles are related to the ratio between the

overall complex reflection coefficients of the parallel and perpendicular light components, RII
and R , respectively according to

RII
R

=
EII

i EII
r

E i E r
= tan ei (4.5)

With the aid of Maxwell’s theory and equations 4.4, and 4.5 the relationship between  and 

and the incident and reflecting waves can be described as a function of the wavelength of the

light, , the angle of incidence, 0, and the optical characteristics of the system

tan ei =
RII
R

= (  , 0,  optical parameters) (4.6)
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Figure 4.2 Reflection and transmission of a plane parallel, EII, and a plane perpendicular,

E , electromagnetic wave at an interface.

For reflection at a single interface such as illustrated in Figure 4.2, the optical parameters are

the refractive indexes of the ambient, n0 and the substrate, N2, since the overall reflection

coefficients of the parallel and perpendicular component are related to these parameters

through the Fresnel equations

RII = rII
02

=
EII
02 r

EII
02 i =

N2 cos 0 n0 cos 2

n0 cos 2 + N2 cos 0

(4.7 a)

R = r02 =
E 02 r

E 02 i =
n0 cos 0 N2 cos 2

n0 cos 0 + N2 cos 2

(4.7 b)

where rII and r , are the reflection coefficients for a single interface. The angle of refraction,

2, is eliminated by the use of Snell’s equation. Equation 4.6 has also been derived for a

multilayer structure, such as the ones illustrated in Figure 4.3.85,86 In this case RII and R  will

be functions of the reflection coefficients at each of the different interfaces: r0f, rf1, and r12,

which all are given by similar expressions to equations 4.7 a and b. The optical parameters are

then the optical characteristics of all the layers, including that of the ambient media.

Substrate characterization

When using equation 4.6 in the Papers, the adsorbed layer is modeled as being a

homogeneous planar film characterized by its thickness, df, and refractive index, nf. The

substrate is modeled as a two-layer structure, where the bulk material is represented by its

complex refractive index, N2 = n2 – ik2 and the oxide layer by its thickness, d1, and refractive

index, n1. This leaves us with a four-layer model for the adsorption process, including the

ambient media, represented by its refractive index, n0, as illustrated in Figure 4.3.
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Figure 4.3 Model for the surface, left, and surface with adsorbed layer showing the reflection

at the different interfaces.

By choosing a two-layer substrate, besides the obvious advantage of being able to properly

model spontaneously oxidizing surfaces, optimization of the optical contrast is enabled.87

However, when characterizing such a substrate, two independent values of  and  are

required, according to equation 4.6, i.e. two individual measurements have to be performed.

Traditionally, this has been done using light at two different wavelengths, but it has been

shown that by studying the bare substrate in two ambient media, air and water, equally good,

or better values of the optical properties of the surface are obtained.88 This is the method we

have chosen in all experiments.

Since the model assumes that all interfaces are plane parallel, the effect of surface roughness

on the ellipsometric parameters needs to be taken into account. First, a distinction between

microscopic and macroscopic roughness has to be made. Macroscopic roughness, i.e. the

length scale of the irregularities is greater than the wavelength of light gives problems with

scattering and decreases the overall level of intensity, but has no significant effect on the

accuracy of the measurements. Microscopic roughness, where the length scale of the

irregularities is much smaller than the wavelength of light is more difficult to treat, since the

light will interact with the surface as a whole and consequently, the light reflected from the

parts of the surface that are not aligned properly will also be taken into account. In practice,

the rough section is treated as an equivalent effective medium between the substrate and the

ambient. The effect will differ between substrates. For dielectric, or near-dielectric substrates,

the deviation from ideality due to roughness is similar to that of an oxide layer, for metals, the

effect on  and  is extremely limited if the roughness is smaller than 40 nm, and for films,

the accuracy in thickness will normally be in the range of the roughness.67 For surfactant

adsorption, where the adsorbed layer thickness is in the range of 3 – 5 nm, a surface

roughness of 0.5 nm on silica has been found to be low enough to give reasonable measures

of the adsorbed layer thickness.53
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Instrument and measurement

The ellipsometer used in this study, is a Multiskop (Optrel GdBR, Berlin, Germany), with

horizontally aligned measurement arms with an angle of incidence of 68°, equipped with a

532 nm laser and set up according to the PCSA arrangement, as illustrated in Figure 4.4.89

The particular experimental conditions for each setup are described in the corresponding

Papers (I-V). The light source is a laser and a polarizing prism, ensuring circularly polarized

light. The light transmitted from the light source is first linearly polarized in the polarizer,

than the compensator introduces a /2 phase shift, giving elliptically polarized light. At a

certain ellipticity the light will become linearly polarized when reflected at the surface of the

substrate. Then it passes through a second polarizer, called analyzer, which then can

extinguish the light. Finally, the detector registers the intensity of the remaining light. In order

to find the characteristic polarization of the sample, the polarizer and analyzer angles are

changed, while the compensator is kept at a fix angle, usually ± /4. The angular positions of

the polarizer and analyzer and the corresponding light intensity registered by the detector are

registered in a computer and from these positions  and  are determined when the detector

registers a minimum in the light intensity.

Figure 4.3 A schematic (not to scale) description of the ellipsometric setup, showing the light

path (grey arrows) and data collection (black arrows), as well as the polarization of light

during a measurement. The components are: L = light source, P = polarizer, C =

compensator, A = analyzer, D = detector.

The adsorbed amount

There are several models available to calculate the adsorbed amount, , from the optical

properties of the film.90-92 In all Papers, we have used the model by de Feijter90

 =
(n f n0)

dn /dc
df (4.8)

where n0 is the refractive index of the ambient media, nf and df are the refractive index and the

thickness of the adsorbed layer and dn/dc is the refractive index increment of the surfactant

solution. The errors obtained for nf and df during evaluation are significantly larger than the

errors in the adsorbed amount, due to that the errors in n and d are coupled and they largely
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cancel out when calculating the adsorbed amount.93 The model assumes a constant refractive

index increment over the entire concentration range, which can give rise to some errors at

high concentrations. These errors are, however, not significant for our systems. Furthermore,

proper use of this model for the binary surfactant systems in Papers III-V would require

knowledge of the composition at the surface for every concentration, in order to correctly

evaluate a mixed dn/dc. However, since the variation between the values of dn/dc for the

individual surfactants in this study is small, averaged values, assuming a 50/50 %

composition, of this parameter have been employed. The estimated error compared to using

any of the individual surfactant dn/dc values is less than 2%.

4.3 Atomic Force Microscopy (AFM)

AFM94,95can be used for imaging, chemical mapping and force spectroscopy. The instrument

used in this work to investigate the TiO2 surfaces used in Paper I and II was a Multimode

Nanoscope IIIa AFM (Digital Instruments, Santa Barbara, CA, USA). By means of the

Tapping Mode operation, a visual description of the surface roughness and structure is

obtained. With AFM, details in the nm-range are easily detectable. Furthermore, numerical

measures of the roughness can also be calculated; here the surface roughness is described by

the Ra- and Rq-values and the surface area difference. The Ra-value is the average surface

roughness and Rq-value is the root-mean-square average of the deviation from a plane fit to

the surface and they are calculated according to the following equations

Ra =
1

L
z(x)

0

L

(4.5)

Rq =
1

L
z(x)2dx

0

L

(4.6)

where z(x) is the vertical deviation from a plane fit of the surface in the point x and L is the

length of the distance measured.

 Another property that can be obtained is the surface area difference, which is the difference

between the real area of a rough surface, Areal, which the surfactant recognizes, and the

measured projected area, Aproj. This difference can be significant for rough surfaces and in

Paper I and II the surface area of the TiO2 substrates was recalculated using this method.



Experimental Techniques

25

4.4 Electron Spectroscopy for Chemical Analysis (ESCA)

With ESCA,96 the chemical composition of surfaces is obtained. The analysis depth is

2 – 10 nm, depending on the substrate, where metals are in the lower range. The technique

investigates the relative amount of different elements and their chemical environment on the

surface. The measurement principle is that a sample, placed in ultra high vacuum, is irradiated

with well-defined X-ray energy resulting in photoelectron emission. By analyzing the kinetic

energy of these photoelectrons, their binding energy can be calculated, thus giving their origin

in relation to the element, the electron shell and even the bonding environment. In this project,

ESCA was performed to determine the chemical composition of the TiO2 surfaces used in

Paper I and II, partly to verify that the upper surface layer is titanium dioxide and partly to

show that the chosen cleaning procedure leaves a clean surface as result, without damaging

the original surface. The instrument used was a Kratos AXIS HS X-ray photoelectron

spectrometer (Kratos Analytical, Manchester, UK).
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5 RESULTS AND DISCUSSION

5.1 Equilibrium adsorption of alkyl glucosides on the solid/water interface

In Paper I, the equilibrium adsorption properties of a series of monodisperse alkyl glucosides

were analyzed. The aim of this study was to investigate the effects of surfactant structure on

the adsorption properties. Since previous studies of the adsorption of alkyl polyglucosides on

different surfaces had shown that they adsorb well on metal oxides, while to a very low extent

on silica, we chose to work with titanium dioxide surfaces as adsorbents. This oxide, as

opposed to e.g. aluminum oxides or iron oxides produced in similar ways, will give a stable

surface when immersed in water. Due to the roughness of this surface, all numerical values of

the plateau adsorbed amounts are recalculated with respect to the real surface area. However,

the graphs show the original calculations, where the adsorbed amount is calculated with

respect to the projected surface area, which is smaller than the real surface area.

General features of the isotherm

In Figure 5.1, the adsorption isotherm of C10G2 on titanium dioxide is shown, displaying the

adsorbed amount and the area per molecule. An adsorption plateau is reached at cmc, with an

adsorbed amount of 6.9 µmol/m2 (corrected for the surface roughness), corresponding to an

area per molecule of 0.24 nm2. This value is clearly too small for being a monolayer, but

recalculating it to 0.48 nm2 assuming bilayer structures, it fits well with the corresponding

area per molecule at the air/water interface of 0.49 nm2.26 Nevertheless, a close-packed

micellar hexagonal array is also possible, giving similar apparent areas per molecule. In

addition, the adsorption cooperativity, represented by the free energy difference between a

surfactant in an aggregate at the surface and a surfactant in a free micelle equals – 0.78 kT,

which is in the same range as that of the polyethylene oxide alkyl ethers on silica, for which

this parameter is approximately – 0.5 kT.50
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Figure 5.1 Adsorption isotherm showing the adsorbed amount and the corresponding area

per head group at the surface for C10G2, assuming monolayer adsorption.
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Effect of surfactant structure

The structural changes investigated are head group polymerization and alkyl chain length

increase. From Figure 5.2, showing the difference between C10G1 and C10G2, it is apparent

that an increase in the head group polymerization from glucoside to maltoside reduces the

cooperativity and the adsorbed amount slightly. The change in adsorbed amount is consistent

with that at the air/water interface. It is too small to assume that both sugar units in the

maltoside bind to the surface; instead they are directed almost vertically from the surface.

This is a different behavior compared with the polyethylene oxide alkyl ethers, where the

ethylene oxide chain binds completely to the surface, thus showing a linear dependence

between the area per molecule and the head group polymerization.97
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Figure 5.2 Comparison between the adsorbed amounts of C10G1 (filled circles) and C10G2

(open circles) on titanium dioxide, illustrating the effect of head group polymerization on

adsorption.

Changes in alkyl chain length have other effects on the adsorption, illustrated in Figure 5.3 for

a series of alkyl maltosides. The cooperativity, or the slope of the adsorption isotherm, is

slightly increased with increasing chain length. This is likely to be the result of increasing

hydrophobic interaction as the chain length increases. The absolute concentration at which the

adsorption plateau is reached is decreased with increasing chain length as a result of the

different cmc of the surfactants, since the isotherms almost overlap when the concentration is

scaled with the cmc. Furthermore, the plateau adsorbed amount and consequently the area per

molecule are relatively independent of the chain length as is the case for the air/water

interface. Numerical values of the adsorbed amounts of all surfactants in this study are found

in Table 5.1.
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Figure 5.3 Adsorption isotherms of C8G2, (filled diamonds), C10G2, (open circles),

C12G2,(filled squares), and C14G2 (open triangles) on titanium dioxide, illustrating the effect

of the chain length on adsorption. The arrows indicate the cmc of the surfactants. For C8G2 a

linear extrapolation of the slope, whose intercept with the x-axis is used as a definition of

csac, is also indicated.

Table 5.1 Calculated values of the adsorbed amounts, area/molecule assuming a bilayer

structure, critical surface concentration aggregations and free energy difference of monomers

in micelles in bulk or on the surface, *relative the projected surface area, ** relative the real

surface area.

Surfactant cmc* / **

(µmol m-2)

A/mol.* / **

(nm2)

cmc

(mM)

csac

(mM)

µ0

C8G1 8.7 / 7.9 0.38 / 0.42 22a

C8G2 7.5 / 6.8 0.44 / 0.49 19b 7.5 -0.93 kT

C10G1 8.8 / 8.0 0.38 / 0.42 2.0c

C10G2 7.6 / 6.9 0.44 / 0.48 2.0c 0.92 -0.78 kT

C12G2 7.4 / 6.7 0.45 / 0.50 0.15d 0.076 -0.67 kT

C14G2 7.6 / 6.9 0.44 / 0.48 0.015e 0.011 -0.35 kT

The cmc values are taken from 
a
Reference 25, 

b
Reference 21, 

c
Reference 26, 

d
Reference 23, and

e
Reference 22.
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Temperature effects

In Paper I, we found an interesting effect of the temperature on the adsorption of one of the

surfactants, C10G1. At 25°C, the plateau adsorbed amount reached differed significantly

between measurements, and the average value of the plateau amount markedly exceeded that

of a bilayer, as shown in Figure 5.4.
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Figure 5.4 Adsorption isotherms of C10G1 at 25 °C (open symbols and dotted line) and 30 °C

(filled symbols and solid line). Each set of symbols corresponds to a single isotherm.

This was not seen for any of the other surfactants. The initial assumption was that the

solubility gap between 0.1 and 19 w% (cmc = 0.7 w%) displayed in the phase diagram of

C10G1
18 was the origin of the differences, since the concentration in the stock solution used

was in this range. However, a change in the method of addition to pump solution into the

cuvette at the desired concentrations, did not improve the consistency in the plateau adsorbed

amounts. In another study it was found that C10G1 has a lyotropic transition temperature

around 25°C, below which the solution mainly contains surfactant in crystalline form.21 This

suggests that we might have precipitation rather than adsorption at the lower temperatures.

Our results for adsorption at 30°C, also presented in Figure 5.4, confirm this, as the adsorbed

amount at this temperature level off at an amount corresponding to bilayer structures and with

a much better reproducibility between measurements.

Precipitation is also supported by the fact that the other surfactants, whose lyotropic transition

temperature lies below 0° C, do not show any temperature dependence, as demonstrated here

by C12G2 in figure 5.5. Worth noting is that C14G2 has an even higher lyotropic transition

temperature than C10G1, but for this surfactant, the adsorption isotherm does not display the

same peculiarities as C10G1. This could be explained by the slow crystallization rate of C14G2,

which roughly corresponds to 2 days at room temperature.
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Figure 5.5 Adsorption isotherm of C12G2 at 25°C (open squares) and 30°C (filled diamonds).

Alkyl glucosides compared with ethylene oxides

In this thesis work, we have not addressed the question on the origin of the different surface

affinities of alkyl glucosides and ethylene oxide based surfactants. It has been suggested that

the difference is due to the crystal structure of the surface, but this is unlikely since our results

on amorphous titanium dioxide in Paper I correspond well with results from measurements on

crystalline titanium dioxide.14 Another suggested explanation to the low adsorption of alkyl

glucosides on silica has been that they are much more hydrated than the ethylene oxides and

consequently prefer being in the bulk.16 This explanation does however not explain why the

adsorption situation is opposite on metal oxides. The answer lies perhaps not in the level of

hydration, but in the structure of hydration around the molecules. Measurements of the

hydration of polyethylene oxide alkyl ether and alkyl glucoside head groups at the air/liquid

interface using vibrational sum frequency spectroscopy (VSFS) have shown dramatic

differences between the surfactants.98 Water molecules associated with the alkyl glucosides

either form strong ice like bonds with the sugar group or, in close proximity to the alkyl

chain, are found as non-hydrogen bonded species. A major part of the water molecules

associated with the ethylene oxides form either weak hydrogen bonds with the ethoxy groups,

but some molecules form even stronger, structured bonds. As for the alkyl glucosides, water

molecules in close proximity to the alkyl chain are found as non-hydrogen bonded species.

Comparisons of the water structuring at titanium dioxide and silica surfaces show that both

surfaces have water molecules directly adjacent to the substrate in unordered state, and

tetrahedrically ordered water molecules aligned by the interfacial electric field, though in

different proportions. The titanium dioxide surface has more unordered, liquid-like water, at

the interface, while the silica has more ordered, ice-like water.99,100 It apparently seems like

the more ordered structure at the silica surface correlates with the more ordered structure

around the ethoxy group of the ethylene oxides.
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5.2 Adsorption and desorption kinetics of alkyl glucosides

The adsorption and desorption kinetics of three different alkyl maltosides were investigated in

Paper II. This study has focused on the effect of concentration and surfactant structure, on the

kinetics, as well as to compare the results with the adsorption kinetics of polyethylene oxide

alkyl ethers.

In Figure 5.6, an adsorption/desorption curve of C10G2 is shown. Surfactant stock solution is

added just prior to t = 140 s, giving a bulk solution concentration corresponding to 2 cmc, and

the adsorption process is monitored and allowed to equilibrate. When the plateau value has

been reached, rinsing is initiated at t = 2000 s. Though the kinetics of this surfactant are fast,

it can be observed that the initial adsorption and desorption seem to progress linearly, as has

previously been reported for ethylene oxide based surfactants.54
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Figure 5.6 Adsorption-desorption cycle for C10G2. The bulk concentration during adsorption

is 2 cmc. Stock solution is added at t = 140 s and rinsing is initiated at t = 2000 s.

Adsorption kinetics

The effect of concentration on the adsorption kinetics is illustrated in Figures 5.7 and 5.8 for

C10G2 and C12G2. It is clear that the kinetics depend on the concentration both above and

below the cmc, as is the case for ethylene oxide based surfactants. The initial adsorption rate

is primarily linear, and increases steadily with the concentration. Furthermore, it has been

found to fit the model suggested by Tiberg54 for ethylene oxide based surfactants.

A peculiar feature is the adsorption peak observed for some concentrations of both

surfactants. This is suggested either to be an effect of concentration gradients in bulk or by

that the optical model cannot account for the initial inhomogeneous build-up of the adsorbed

layer. Both explanations are supported by the fact that we do not see this adsorption peak for

the higher concentrations. When the bulk concentration is increased, one would intuitively

expect even higher concentration gradients; however, the adsorption rate is rapid enough to
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cover such effects. Moreover, the build-up of the adsorbed layer becomes less inhomogeneous

with increasing bulk concentration. However, no completely satisfactory explanation to the

phenomenon has been found.
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Figure 5.7 Measured adsorption kinetics of C10G2 at five different concentrations: left graph

2 cmc (open circles), cmc (filled squares); right graph 0.8 cmc (open diamonds), 0.5 cmc

(filled diamonds) 0.25 cmc open squares).
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Figure 5.8 Measured adsorption kinetics of C12G2 at five different concentrations: left graph

2 cmc (open circles), cmc (filled squares), 0.8 cmc (open diamonds); right graph 0.5 cmc

(filled diamonds) 0.25 cmc open squares).

The most apparent difference found when comparing the two different surfactants is that the

difference in the rate of adsorption between them depends on the relative concentrations. At

bulk concentrations below cmc, the adsorption rate is higher for C10G2 than for C12G2, while

the rate of adsorption is lower for C10G2 than for C12G2 at concentrations at or above cmc. The

difference at low concentration is concluded to be due to the higher total concentration of

C10G2 giving a larger flux of molecules to the surface. This fits well with the model, for which

the adsorption rate is shown to be proportional to Cb – csac, according to equation 2.12, which

is valid for bulk concentrations between csac and cmc.

The difference in cooperativity between the surfactants is too small to account for the

difference in the adsorbed amount above cmc. From the shape of the surfactant isotherms,
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seen in Figure 5.3, it is suggested that the surfactants adsorb primarily as micellar aggregates,

since the adsorption below csac is very low. This type of adsorption is also supported by the

model, which allows for micellar transport, both by direct adsorption and by releasing

monomers to the surface, as part of the adsorption process. Therefore, an explanation for the

difference in adsorption rates above cmc could be found by investigating the micellar

association and dissociation rates, which for the model used can be done for the desorption

kinetics.

Desorption kinetics

For the desorption kinetics, we initially see a linear decrease in the adsorbed amount. After

some time, the rate of desorption decreases and takes an exponential form. In terms of

structures, we see that the desorption rate is increased with decreasing chain length. Figure

5.9 shows the desorption kinetics of two of the surfactants studied in Paper II, C10G2 and

C12G2. We have noted that the trends are similar to those found for ethylene oxides.
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Figure 5.9 Measured desorption kinetics of C10G2 (open circles) and C12G2 (open squares)

from a plateau at 2 cmc. Rinsing is initiated just prior to t = 2500 s.

Additionally, in Paper II the rates of adsorption and desorption have been used to calculate

some of the parameters involved in the process. From the initial rate of desorption, the

thickness of the stagnant layer outside of the surface has been calculated. For our system,  is

around 10-4 m or slightly lower, which corresponds well with other ellipsometric studies,

resulting in values ranging from 2.5 to 100 µm. We have also obtained csac, as a function of

the initial adsorption and desorption rates and the bulk concentration. For C10G2,

csac = 1.0 mM, and for C12G2, csac = 0.076 mM. These values are close to those estimated

from the adsorption isotherm and show the same trends with respect to surfactant chain

length. Finally, the micellar diffusion coefficients, Dmic, have been obtained from the initial

rate of adsorption for bulk concentrations above cmc. This requires knowledge of the

monomeric diffusion of alkyl glucosides, that for C8G1, C9G1, and C10G1 have been found in
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literature to be 3.4 – 4.0  10-10 m2s-1.17,18 Using Dmon = 4.0  10-10 m2s–1 gives us a value of

Dmic = 1.1  10-10 m2s-1 for C10G2 and Dmic = 1.5  10-10 m2s-1 for C12G2. These values are in

the same area of magnitude as Dmic for the adsorption process of ethylene oxides in the same

type of experiment.54

For the later part of the desorption process, the adsorbed amount is exponentially decaying.

From equation 2.15, the micellar dissociation rate, k- can be calculated for the different

surfactants. For C10G2 k- = 0.069 s–1, and for C12G2 k- = 0.0068 s–1. This corresponds to mean

micellar half-lives of 10 s and 100 s respectively. Since the lifetime of the C12G2 micelles is

found to be on the order of one magnitude larger than the lifetime of the C10G2 micelles, there

is a higher probability that the C12G2 micelles will adsorb before breaking up, which is

suggested to be the reason for the difference in the adsorption rates shown for surfactant

concentrations above cmc.

5.3 Adsorption from binary surfactant mixtures

One of the particular features of alkyl glucosides found in this study, as well as previous ones,

is that they do not adsorb on silica to any significant extent. Since surfactants can behave

differently in mixtures, than in single surfactant solutions, it would be interesting to study the

effects of a cosurfactant on the adsorption properties of alkyl glucosides, in particular on

silica. In Paper III-V, we have studied two different co-surfactants to determine their effect on

the adsorption properties of alkyl glucosides on silica. All binary systems have been studied

by keeping one of the surfactant concentrations constant, while increasing the other. The

results will be presented in increasing order of complexity, starting with the cationic/non-

ionic binary system at intrinsic solution pH and finishing with the amphoteric/nonionic

system at different solution pH.

5.3.1 Effect of cosurfactants at intrinsic pH

First, the adsorption from the binary systems was studied without controlling the pH of the

system. For the binary system of DTAB and C12G2, this corresponds roughly to a pH value of

5.8, while the pH value of DDAO and C12G2 depends on the concentration of DDAO and

varies from 5.8 to 7 between low concentrations and cmc.

In Paper IV we investigated whether DTAB could be used to induce adsorption of C12G2 on

silica. Adsorption isotherms have been measured by increasing the concentration of DTAB in

a solution with a fixed concentration of C12G2, as illustrated in Figure 5.10 for three different

concentrations of C12G2. From these isotherms it is clear that when DTAB is added to a

solution of C12G2, surfactant adsorption is observed at bulk concentrations of DTAB much

below that at which DTAB alone adsorbs in large quantities (which is at c = 5-10 mM), and

that the maximum adsorbed mass for the mixtures is close to that obtained for pure C12G2 on

titanum dioxide, shown in Paper I, but significantly higher than that obtained for pure DTAB

on silica.80
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Figure 5.10 Isotherms of  vs. total concentration for cC12G2 = constant at 0.5 cmc (filled

triangles), cmc (open circles), and 2 cmc (filled circles); cDTAB increasing.

The data in Figure 5.10 further demonstrates that adding DTAB does not initially increase the

adsorbed amount, but a critical concentration needs to be reached before adsorption occurs for

the solution of C12G2 at concentrations at or above cmc, suggesting that we have an

incorporation of DTAB in mixed micelles. In this case the cooperativity is similar to that of

pure C12G2 on titanium dioxide while the systems with C12G2 concentrations below cmc

display a less cooperative adsorption. The maximum adsorption, about 3.5 - 4 mg/m2, is

reached at a DTAB concentration of 0.04 – 0.1 mM, which is only a small fraction of the cmc,

0.3 – 0.7%. The system with C12G2 at a concentration below cmc reaches the plateau at a

lower DTAB concentration and also gives the lowest plateau value, however, the differences

in plateau adsorbed amount between the different C12G2 concentrations are not very large.

Furthermore, the adsorption plateau for the system with the lowest C12G2 concentration is

reached at a total concentration well below that of cmc for either of the surfactants, suggesting

that the adsorption process is very synergistic.

The results for DDAO and C12G2 reported in Paper III are similar to those for DTAB and

C12G2. The major difference is that the effect of the concentration of C12G2 is much more

pronounced, as illustrated in Figure 5.11. This could be a result of the more similar cmc

values for these two surfactants. The effect of C12G2 concentration reveals that at low DDAO

concentrations, the adsorbed amount exhibits a maximum around the cmc for C12G2, above

which it decreases due to incorporation of DDAO molecules into mixed micelles. The

adsorption plateau for this system is reached at approximately 0.1 mM, corresponding to

0.04 cmc of DDAO, for all concentrations of C12G2.
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Figure 5.11 Isotherms with cC12G2 = constant at four different concentrations: 0.25 cmc (open

triangles), 0.5 cmc (filled triangles), cmc (open circles), and 2 cmc (filled circles); cDDAO

increasing.

In Paper III and IV, the suggested adsorption mechanism for both binary systems is that

electrostatic attraction causes small amounts of cationic surfactant species to adsorb to the

surface at low bulk concentration. The tails of these surfactants will then act as hydrophobic

anchoring sites for the C12G2 surfactants that adsorb through hydrophobic interactions. The

layer is, based on the large adsorbed mass, suggested to be a dense bilayer dominated by

C12G2. Otherwise the adsorbed mass would significantly exceed that of a bilayer.

In Figure 5.12, the adsorption of C12G2 on titanium dioxide and of C12G2 in the presence of

0.1 mM DDAO on silica are compared. It can be seen that there is a slight maximum in the

adsorbed amount for C12G2 in the presence of 0.1 mM DDAO before the plateau amount is

reached at a concentration very close to that for C12G2 on titanium dioxide, which can be

explained by incorporation of DDAO in mixed micelles above the cmc of the mixture.

Furthermore, the cooperativity of the two processes is similar, though not identical. In the

mixed system, there is still a critical concentration required for inducing adsorption. This

leads to a higher bulk concentration for the mixed system before adsorption is initiated and

consequently, the cooperativity will be increased.
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Figure 5.12 Adsorption isotherms of  vs. total concentration comparing the adsorption on

two different substrates: C12G2 on titanium dioxide (filled circles) and C12G2 in the presence

of 0.1 mM DDAO on silica (open circles).

Since it is impossible to treat adsorption from mixtures without mentioning mixed

micellization, we have also measured the surface tension isotherms for the systems studied in

Papers III and IV. From these measurements, the mixed cmc and the interaction parameter as

a function of the bulk composition have been calculated. In Figure 5.13, the resulting mixed

cmc for the two mixed systems are shown, together with fits for ideal mixing,  = 0, and

regular mixing. For C12G2 and DTAB, the best overall fit for the interaction parameter is

 = – 2.2, and for C12G2 and DDAO  = – 2.3, which for both systems indicates a net

attractive interaction, but no real synergism for the mixed micelle formation, since that would

require a value of > 3.91 for C12G2 and DTAB, and a value of > 2.4  for C12G2 and

DDAO, according to equation 2.4. It should be noted that the beta value is becoming

increasingly negative with an increasing fraction of C12G2 in the solution, which suggests that

the regular solution model used does not sufficiently cover all aspects of the interaction.
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Figure 5.13 Mixed cmc for the binary systems of C12G2 and DTAB, left, and C12G2 and

DDAO, right. The dotted line corresponds to ideal mixing and the solid line to the best fit of

the -parameter for each system.

5.3.2 Effects of changes in pH on the coadsorption

Adsorption of ionic surfactants on polar surfaces is strongly affected by changes in the

solution pH. As a consequence, it is natural to expect large effects also on the adsorption from

binary mixtures of cationic and non-ionic surfactants. Furthermore, for surfactants such as

amine oxides, even the bulk properties are affected.

As already mentioned, in Paper IV we found that DTAB can promote the adsorption of C12G2

on silica at the intrinsic pH, approximately pH 6. In the same study, we continued the

investigation towards controlled pH. C12G2 alone does not adsorb significantly on silica in the

interval 4 > pH > 9, while the plateau adsorbed amount of DTAB increases with increasing

pH. For the binary system we instead see a maximum in the plateau adsorbed amount at the

intrinsic pH, compared with pH 9 and pH 4, as illustrated in Figure 5.14. At pH 4, we see

hardly any adsorption, even at DTAB concentrations as high as 1.5 mM (10% of the cmc),

while at pH 9 the adsorption is initiated at higher DTAB concentrations than at the intrinsic

pH. The adsorbed mass at pH 9 levels off at a lower plateau value than at pH 6, which is

suggested to be due to increased amount of DTAB in the adsorbed layer, since and the mass

obtained is close to the plateau value for pure DTAB, though that is obtained at higher DTAB

concentrations.
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Figure 5.14 Adsorption of DTAB and C12G2 at pH 4 (open circles), pH 6 (open diamonds)

and pH 9 (open squares). The concentration of C12G2 is 2 cmc.

We suggest that the extremely low adsorption at pH 4 is caused by the low surface charge

density of silica that results in a very limited DTAB adsorption at the concentrations applied.

It is likely that at an even higher DTAB concentration we would eventually observe

adsorption. In contrast, at pH 9, the surface charge is so large that DTAB most likely

dominates in the inner part of the adsorbed layer, consequently giving a lower adsorbed mass

at saturation. This is supported by the fact that the adsorption isotherm starts to increase at

DTAB concentrations closer to those observed in the adsorption isotherm for pure DTAB, and

the maximum amount only slightly exceeds a complete DTAB bilayer, i.e. 2 mg/m2.101 There

is nevertheless still an effect of C12G2, since the adsorption plateau is reached at a

concentration below that for pure DTAB. In all situations, the initial adsorption mechanism is

still electrostatic attraction.

To increase the complexity of the system, DTAB was replaced with DDAO in Paper V. This

means that not only is the surface charge density pH dependent, but also the ionization of the

cosurfactant. Consequently differences in the adsorption isotherm are expected. As illustrated

in Figure 5.15, that is also the situation. At pH 4, the adsorption process is initiated at higher

concentrations of DDAO than is observed at the intrinsic pH. In addition, the cooperativity of

the adsorption process is much weaker and the plateau amounts are not as high as for the

intrinsic pH. At pH 9, the affinity of DDAO to silica is expected to be weaker than at the

intrinsic pH. As can be seen from Figure 5.15, the adsorption begins at a significantly higher

DDAO concentration, but seems to increase more rapidly with increasing DDAO

concentration than the adsorption at the intrinsic pH. It also slightly exceeds the amount

adsorbed at the intrinsic pH when reaching the plateau

Using the knowledge from the measurements with DTAB as adsorption promoter instead of

DDAO enables us to explain the adsorption processes at the different pH values for DDAO.
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The strong adsorption observed at pH 4, in contrast to DTAB, demonstrates that the non-

electrostatic affinity between DDAO and silica is significantly higher than between DTAB

and silica. It seems likely that this is a consequence of the ability of DDAO to lose its charge

upon adsorption. As a result, the adsorption of DDAO at low pH is not electrostatically

driven, rather it is driven by a non-electrostatic affinity between DDAO and the surface. This

mechanism is facilitated by the charge regulating capacity of DDAO and it is suggested that

mainly nonionic DDAO species adsorb despite the low fraction present in bulk solution.

Furthermore, the adsorbed layer consists of both C12G2 and DDAO, since the adsorption from

the mixture with C12G2 is higher than the adsorption of pure DDAO at this pH. The fact that

the onset of adsorption occurs at higher DDAO concentration than at the intrinsic pH is a

consequence of a decreased DDAO affinity to the surface at the lower pH value, and

consequently higher bulk concentrations need to be reached in order to achieve enough

hydrophobic nucleation sites to induce adsorption of C12G2. The low plateau adsorbed mass at

pH 4 demonstrates that the adsorption of DDAO is less than at higher pH and not enough to

induce a C12G2 adsorption that results in a full bilayer structure.

The similarity in adsorbed mass between pH 9 and the intrinsic pH, suggests that the adsorbed

layer again is dominated by C12G2. The fact that adsorption process is initiated at higher
concentrations of the cosurfactant at pH 9 than at the intrinsic pH is suggested to be due to the
low degree of ionization of DDAO, which makes it less attracted to the charged silica surface
than the permanently cationic DTAB. The difference between the DDAO initiation

concentrations at pH 4 compared with pH 9 could be due to differences in balance between
the degree of ionization of DDAO in bulk and the surface charge density of silica at the two
pH values.
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Figure 5.15 Adsorption of DDAO and C12G2 at pH 4 (filled circles), pH 6 (filled diamonds)

and pH 9 (filled squares). The concentration of C12G2 is 2 cmc.
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A comparison of the effects of the two different adsorption promoters used under different

conditions is listed in Table 5.2, and illustrated in Figure 5.16.

Table 5.2 Comparison between the effects of DDAO and DTAB as adsorption promoters for

C12G2 at different pH values and 2 cmc C12G2. The saturation concentration, csat, is the

concentration of the adsorption promoter needed to reach the adsorption plateau.

Adsorption

promoter

pH csat (mM) csat/cmc sat (mg/m2)

DTAB 4 > 2 > 0.17 0

DDAO 4    0.33    0.13 2.8

DTAB intrinsic (  5.8)    0.06    0.005 3.8

DDAO intrinsic (  5.8 –

6.3)

   0.1    0.04 3.8

DTAB 9    0.69    0.06 2.4

DDAO 9    0.53    0.21 4.1

The comparison is made in terms of the saturation concentration, i.e. the concentration of the

adsorption promoter needed to reach the adsorption plateau, and the adsorbed amount at this

concentration. The figure clearly illustrates that at pH 6, DTAB is the better adsorption

promoter in terms of the relative saturation concentration, csat/cmc, due to its higher ionic

charge, while the plateau adsorbed amount, sat, is roughly the same for both surfactant

combinations, since it is dominated by C12G2. At pH 4, DDAO is the better adsorption

promoter, both in terms of csat/cmc and sat, since the surface charge is too low for cationic

adsorption. At pH 9, DTAB is the better adsorption promoter in terms of csat/cmc, due to the

higher ionic charge, but DDAO is the better adsorption promoter in terms of sat, since the

concentration of C12G2 in the adsorbed layer can be higher for the less ionic system.

Moreover, a notable feature in Table 5.2 is that the saturation concentration is in a close

range, apart from the value for DTAB at the intrinsic pH, suggesting that an absolute amount

of the promoting surfactant is required to induce adsorption. As a consequence, DTAB would

be the better choice for inducing adsorption at neutral pH, while DDAO would be the better

choice for inducing adsorption in a system where pH will be altered.
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Figure 5.16 Adsorption of DTAB + C12G2 (open symbols) and DDAO + C12G2 (filled

symbols) at pH 4 (circles), pH 6 (diamonds) and pH 9 (squares). The c (C12G2) = 2 cmc..
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6 CONCLUSIONS AND FUTURE OUTLOOK

We have seen in Paper I and II that the adsorption properties, both equilibrium and kinetic, of

alkyl glucosides in single surfactant systems depend strongly on the surfactant structure. An

increase in the alkyl chain length increases the cooperativity of the adsorption process and

decreases the rate of desorption. An increase in the head group polymerization decreases the

maximum adsorbed amount. This latter difference is nevertheless small, consequently it is

evident that the alkyl maltosides do not adsorb with the entire head group parallel to the

surface. The adsorption kinetics of the alkyl glucosides seem to be diffusion driven and

adsorption kinetics are strongly dependent on the bulk concentration both above and below

the cmc. In general, both the equilibrium and kinetic adsorption characteristics onto substrates

they adsorb on are similar to those of the polyethylene oxide alkyl ethers.

The, in my opinion, most interesting conclusions are those drawn from the binary surfactant

systems described in Paper III-V. We have shown that small amounts of a surfactant that

adsorbs on silica, e.g. a cationic surfactant, can be used to induce adsorption of alkyl

glucosides on silica. Particularly useful are the differences between the purely cationic

surfactant and the cationic/zwitterionic surfactant as adsorption promoters. At neutral or high

pH, as the silica surface is strongly negatively charged, thereby a purely cationic surfactant is

most effective as adsorption promoter, both in terms of concentrations required and in terms

of maximum adsorbed amount reached. However, at low pH, they do not adsorb to any

significant extent at low concentrations and consequently no adsorption of alkyl glucosides

can be induced. Instead, alkyl amine oxides have proven to be useful as adsorption promoters

at low pH. While requiring larger concentrations, both in terms of absolute amounts and

relative to the cmc, to induce adsorption at high pH, they have the ability to adjust their

charge in relation to the surface and therefore adsorb over a wider range of pH values,

rendering adsorption also at low pH. As a consequence, for applications where a wide pH

range is required, amine oxides will definitely be the better choice for promoting the

adsorption of alkyl glucosides. Conversely, using the cationic alkyl ammonium bromide, pH

regulation can be used to control the adsorbed amount.

There are, nevertheless, still unanswered questions concerning the specific adsorption of

nonionic surfactants on solid surfaces. As of today, the best explanation for the adsorption

mechanism of alkyl glucosides on metal oxides is hydrogen bonding, but there is still neither

any satisfactory explanation to the selective adsorption displayed when comparing metal

oxides and silica, nor to the difference between alkyl glucosides and ethylene oxides. As

discussed in this thesis, there are strong indications, based on vibrational sum frequency

spectroscopy measurements, that differences in the water structuring at the interfaces and

around the surfactants could be the reason for this, but further research is still needed for a

conclusive statement.
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The work presented in this thesis could continue in a number of different ways; both directed

towards applications, as well as to further exploring the effects of surface and bulk properties

on the adsorption properties.

I would like to see this project continue towards more applied studies, for example by

measurements where the cleaning properties of the surfactant systems are under evaluation.

This could be done with ellipsometry and/or surface force measurements, favorably

expanding the selection of substrates for ones more resembling real situations, such as

chromium or cellulose. Another choice would be to study the friction reducing properties of

the surfactants, in particular the mixed systems, using AFM, possibly also relating the

adsorbed structures to the ones in bulk. Already, the surface selective adsorption properties of

the alkyl glucosides have been evaluated for iron mining purposes.

Adsorption kinetics is an intriguing subject and it would be really interesting to develop a

model for the adsorption from a binary system of a nonionic and an ionic surfactant. This

would enable us to further explore the adsorption mechanisms of binary surfactant systems by

experimental and theoretical comparisons. Naturally, the equilibrium adsorption properties

would benefit from a complementary study using the depletion technique to elucidate the

composition in the adsorbed layer.

As we have seen from all the adsorption studies, the bulk properties have a significant effect

on the adsorption properties, particularly notable in the work on decyl glucoside in Paper I

and the studies of mixed systems in Papers III-V. To further explore this I suggest that the

phase diagrams of the ternary systems with alkyl glucosides and amine oxides and water, and

alkyl glucosides and ammonium bromides and water are investigated.
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