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Abstract

The adsorption mechanisms of surfactants at the solid-liquid interface are of
high relevance for the modification of the interfacial properties in many appli-
cations. Especially the adsorption behavior of mixtures of different types of
surfactants is of great importance as surfactant mixtures are preferably used in
many products. Only few studies were reported for mixed surfactant systems

at different surfaces.

In the present study, the adsorption process of the anionic surfactants sodium
dodecyl sulfate (SDS), sodium secondary alkyl sulfonate (SAS) and sodium do-
decyl benzene sulfonate (SDBS) , the nonionic surfactant fatty alcohol ethoxy-
late (FAE) and their mixtures on non-polar surfaces (carbon black and graphite)
was investigated using a combination of adsorption isotherms, calorimetry and
atomic force microscopy (AFM) in order to propose a model for the adsorption

of mixtures.

In addition to this, a comparison was done between the adsorption parameters
and the stabilization behavior of solid particles by mixtures of different anionic
surfactants having main structural differences and the nonionic surfactant.
The combination of these three methods for the systematic study of mixed
surfactant systems rather than single surfactants is the new approach of this

study.
The first method used which is the study of the adsorption isotherms revealed

differences between the adsorption isotherms of the single surfactants and the
surfactant mixtures. The obtained adsorption isotherms at the carbon black-
water interface for the anionic surfactants were quite similar especially for
SDBS and SAS and could be described using the Langmuir model whereas
for the nonionic surfactant FAE, the adsorbed amounts were higher than the
values given by the Langmuir model especially at low concentrations. This
result was related to a stronger interaction between the nonionic surfactant
and the carbon black surface than for the anionic surfactants and a strong

interaction of the molecules of the nonionic surfactant in the adsorbed layer.

Differences were also observed between the adsorbed amounts of the mixed

systems depending on the structure of the anionic surfactant used by mea-



suring independently the concentration of both surfactants in the mixture.
Higher adsorbed amounts were observed for the mixture of the nonionic sur-
factant with the linear anionic surfactant SDS compared to the other anionic
surfactants SDBS and SAS. The concentration ratio of the anionic and the
nonionic surfactant in the adsorbed layer was shifted to the nonionic surfac-
tant in the case of SDS especially at higher bulk concentrations. In contrast
to this, the concentration ratio in the adsorbed layer was shifted toward the
anionic surfactant for SDBS. This represents the most important result gained
from the study of the adsorption behavior of surfactant mixtures which is the
correlation between the structure of the alkyl chain of the anionic surfactant
and the amount of nonionic surfactant adsorbed. Obviously, the linear alkyl
chain anionic surfactant SDS can be displaced by the more strongly adsorbing
and aggregating nonionic surfactant forming a mixed adsorption layer. For
the branched alkyl chain surfactant SDBS and in less extent also for SAS,
this substitution by the nonionic surfactant is not possible to the same extent
and the strong interaction of the anionic surfactant towards the carbon black

surface leads to a preferred adsorption of this surfactant in the mixture.

For the further understanding of the mechanisms involved in the adsorption
process of the mixtures, isothermal titration calorimetry was chosen. This
technique was used to measure the molar enthalpies of adsorption and revealed
differences between the enthalpies of adsorption for the single surfactants as
well as differences between the enthalpies of adsorption for the studied mixed
systems. The anionic surfactants exhibited lower enthalpy values compared
to the nonionic surfactant which has been correlated to the presence of the
charged head group for the anionic surfactants (mutual repulsion between the
charged head groups for the anionic surfactants in the adsorbed layer resulted

in the decrease of the total enthalpy of adsorption).

Another important aspect was also revealed by the enthalpies of adsorption
which is the effect of the chain length of the surfactant. Higher enthalpy values
are observed including data from literature for the single surfactants having
longer alkyl chains which gives a strong indication for a horizontal arrange-
ment of the surfactants at the carbon black surface. At higher concentrations,
the differential molar adsorption enthalpy decreases and comes close to the en-

thalpy of micelle formation. This indicates that the mutual interaction of the
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adsorbed surfactant molecules becomes more important than the interaction
with the surface. This suggests that micellar-like aggregates are formed for
the studied surfactants and mixtures at the surface at higher concentrations.
An additional interesting result shows that the enthalpy of adsorption in the
mixture is governed by the nonionic surfactant as the adsorption enthalpies
measured for the mixtures were comparable to the one measured for the single

nonionic surfactant.

AFM measurements of the mixed surfactant systems on flat graphite surfaces
gave an insight directly into the structure of the adsorption layer and confirmed
the results of the adsorption experiments with carbon black. They show semi-
cylindrical structures except for the single surfactant system of SDBS. For
mixtures of SDBS with the nonionic surfactant, structures of the adsorbed layer
on the graphite surface can be seen, however. The periodicity of the structures
corresponds to the length of two tail-to-tail oriented surfactants on the surface
and differs only slightly for the mixtures, which suggests a homogeneous mixed
adsorption layer. For mixtures of SDBS with the nonionic surfactant, semi-
cylindrical structures of the adsorbed layer on the graphite surface can be
seen in contrast to SDBS alone. This supports the results of the adsorption
isotherms on carbon black with a specific effect of SDBS. The comparison of
the structures in the adsorption layer with the phase behavior in bulk solution
shows that only SDBS did not form semi-cylindrical structures on the surface.
In addition to that, SDBS forms no hexagonal phase of cylindrical aggregates
in the bulk solution. Obviously, there is a correlation between structures of

surfactants on surfaces and their behavior in a liquid.

The stability of solid particles in solution is important for many applications
and a direct correlation of the results of the adsorption measurements with
the stability of the dispersions was possible. The effect of the dodecyl benzene
sulfonate (SDBS) in the mixture was different from the other anionic surfac-
tants: SDBS stabilizes the dispersion in the mixture of surfactants at lower
concentrations than the other anionic surfactants and the nonionic surfactant

alone.
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Zusammenfassung

Der Adsorptionsmechanismus von Tensiden an Phasengrenzen zwischen fes-
ten und fliissigen Medien ist von grofter Bedeutung fiir die Modifikation der
Grenzflicheneigenschaften in einer Vielzahl von Anwendungsgebieten. Dabei
ist das Adsorptionsverhalten unterschiedlicher Tensidmischungen von beson-
derer Wichtigkeit, da diese in verschiedensten Anwendungsfeldern zum Einsatz
kommen. Bislang sind nur wenige Studien durchgefiihrt worden, die sich mit

gemischten Tensidsystemen an verschiedenartigen Oberflichen befassen.

In der hier vorliegenden Arbeit wurden die Adsorptionsprozesse der anionis-
chen Tenside Sodium-Dodecyl-Sulfat (SDS), des Natriumsalzes eines Sekundéren
Alkyl-Sulfonats (SAS) und Sodium-Dodecyl-Benzyl-Sulfonat (SDBS) sowie des
nichtionischen Tensids Fett-Alkohol-Ethoxylat (FAE) als auch deren Mischun-
gen an nicht-polaren Oberflichen (Carbon Black, Graphit) untersucht.

Ziel der Arbeit war es, ein Modell zur Adsorption von Tensidmischungen
vorzuschlagen, das unter Verwendung von Adsorptionsisothermen, kalorimetrischen
Messungen und Untersuchungen mittels Rasterkraftmikroskopie (AFM) abgeleitet

wurde.

Zudem wurden die erhaltenen Adsorptionsparameter und die daraus resul-
tierenden Stabilisierungseffekte auf Feststoffpartikel in Mischungen verschiedener
anionischer Tenside, die deutliche Unterschiede in ihrer Struktur aufweisen, mit

denen des nichtionischen Tensids verglichen.

Erstmalig werden in dieser Arbeit die drei vorgenannten Methoden zur sys-
tematischen Untersuchung gemischter Tensidsysteme miteinander verkniipft,

und nicht nur zur Untersuchung einzelner Tenside herangezogen.

Die Ergebnisse des kombinierten Einsatzes der angewendeten Verfahren lassen
auf einen starken Einfluss der Struktur des anionischen Tensids auf das Ad-

sorptionsverhalten der Mischungen schliefen.
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Latin abbreviations

ag

BET

LAM
liq
L1

max

min

Activity

Specific surface area of adsorbent
Angstrom (107 m)

Specific surface area of solid according
to Brunauer, Emmett and Teller
Concentration

Degree Celcius

Critical micelle concentration
Alkylethoxylate

Heat capacity at constant pressure
Nernst potential

Faraday constant

Fatty alcohol ethoxylate

Gramm

Gas

Hour

Molar enthalpy of reaction

Partial molar enthalpy
Hydrophilic/lipophilic balance
Joule

Adsorption coefficient

Kelvin

Liter

Lamellar phase

Liquid

Micellar phase

Mass

Molecular weight

Maximum

Molecular weight of the hydrophilic part

Minimum
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SDBS
SDS

< & g

w%

Mole number

Newton

Avogadro constant

Nanometer (10 m)

Pressure

Heat effect

Room temperature (295°K, 25°C)
Gas constant

Radius

Sodium secondary alkyl sulfonate
Sodium dodecyl benzene sulfonate
Sodium dodecyl sulfate

Second

Temperature

Time

Volum

Weight percent

Greek Abbreviations

ML @O A RrE A Q=R
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Interfacial tension
Difference

Differential

Adsorbed amount

Micro (10°°)

Surface tension

Degree of coverage
Stoichiometric coefficient

Extent of reaction



Introduction

Dispersions are present everywhere in our surrounding with all its fields as
well as in our bodies. This wide presence of dispersions and their use in many
industrial processes are important reasons for the development of the so-called
dispersion science [1].

Dispersion science has risen-up in the last half century from series of qualitative
descriptions of complex phenomena to a science based on theories that provided
a high reliability of dispersion science as a tool for a better understanding of

complex phenomena involving dispersions.

One important aspect treated by dispersion science is the study of dispersion

stability which is also the fundamental objective of this work.

In fact, dispersions and especially solid-liquid dispersions are heterogeneous
systems which are not thermodynamically stable. Therefore the use of surface-
active agents such as polymers and ions is common for dispersion stabilization
due to their interfacial properties.

However, the mechanism of stability of dispersions using low-molar mass surface-
active agents is not completely understood especially for complex systems de-
spite many studies reported in the literature.

The objective of this work is to give a better understanding of physical-chemical
phenomena for the stability of dispersions using mixtures of low-molar mass
surface-active agents.

This specific target is important as mixed systems find a broader use in appli-

cations than single systems.

Objectives and motivation of this work

The aim of this work is to investigate the physical-chemical phenomena in-
volved for the stabilization of dispersions of hydrophobic solid particles in

aqueous medium using mixtures of low-molar mass surface-active agents.

In a first place, the quantitative measurement of the adsorbed amounts for
the studied surface active agents using depletion measurement methods gives

information about the adsorption isotherms for these systems.

17



The correlation between the experimental results and theoretical models gives

important information about the adsorption layer.

Further study of the thermodynamics of the adsorption process and mainly
the enthalpy of adsorption using isothermal titration calorimetry enables the
correlation of the adsorbed amounts with the enthalpy values which provides

further structural information about the adsorbed layer.

These results are then correlated with the atomic force micrographs for the
studied systems which show a self-assembly of the used surface-active agents

at the hydrophobic solid particle/aqueous medium interface.

In this thesis an introduction to dispersion science gives an overview of the
main theoretical aspects related to dispersion stability and mainly solid /liquid

dispersions.

This part aims at bringing a theoretical background for the study of dispersion

stability which is the basis for the interpretation of the experimental results.

The following chapter is dedicated to the systems studied and the experimental
techniques used with emphasis on isothermal titration calorimetry and atomic

force microscopy.

The results of the experimental study for the single surfactants as well as for
the surfactant mixtures are then presented followed by the chapter discussion
which includes the main findings as revealed by the adsorption isotherms, the

calorimetry study and the atomic force microscopy.

The concluding chapter is concerned with the importance of the results ob-
tained in this thesis for industrial applications and mainly the stabilization of

hydrophobic solid particles in aqueous medium.

18



1 Theoretical part

Since the beginning of the 20" century, many research studies have been ded-
icated to the understanding of the parameters related to the stabilization of
solid-liquid dispersions.

This big interest for dispersion stability and especially the stability of solid-
liquid dispersions is due to their importance in a wide range of applications

such as flotation, detergency, cosmetics etc.

Despite the big number of scientific publications in this field, the basic under-
standing of dispersion stability especially through the adsorption of surfactants
and especially surfactant mixtures at the solid/liquid interface is not yet fully

understood.

This specific aspect of dispersion stability is the main topic of this research

study.
The present chapter will be divided into three sections.

The first section is a general introduction to dispersion and flocculation, here

the main theoretical aspects related to dispersions will be treated.

In the second section “Surfactants as dispersing aids”, a short introduction to
surfactant science will be given. The correlation between surfactant properties

and their function as dispersing aids will be developed.

The last section will be dedicated to the quantitative (adsorption isotherms),
thermodynamic (calorimetry) and the structural aspects related to the adsorp-
tion process at the solid/liquid interface (studied using atomic force microscopy

among other techniques).

1.1 Solid-liquid dispersions

Dispersions [2] are defined as a system of a dispersed phase and a dispersing

medium .

Ostwald [3] proposed a classification based on the state of aggregation of the

dispersed phase and the dispersion medium.

Solid-liquid dispersions are therefore dispersions where the dispersing medium

is a liquid generally water and the dispersed phase is a solid.
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1 Theoretical part

According to Tadros [4], solid-liquid dispersions can be obtained either by
breaking down a solid phase into fine particles of small diameter and mixing
those in a liquid (mainly water) or they could be obtained by crystallization

or polymerization of materials from their molecular level.

These systems are also known as suspensions. Solid-liquid dispersions from

both aqueous and non-aqueous type are encountered in many applications.

In fact, products and processes in the chemical and related industries are in-
volving solid-liquid dispersions for example paints, pigments, printing inks,
paper coatings, cosmetics, ceramics, detergents, food, pharmaceutical formu-

lations and many others.

For solid-liquid dispersions, the particle size range is one of the most important

criteria of classification.

Tadros [4], among others, made an estimation of this range and set the particle
size limit at 1 nm (10 A) which represents the smallest aggregate for which it

is meaningful to distinguish between “surface” and “interior” molecules.

The upper limit is defined as 1000 nm (1pm) which is the upper size where
molecules that are in or close to the surface make significant contributions to

the energy that differ from those made by molecules in the interior.

A detailed description of the most important criteria for the classification of
colloidal dispersions has been done by Voyutsky [5] among which are the de-
gree of dispersion, the state of the dispersed phase and that of the disper-
sion medium, the interaction between the dispersed phase and the dispersion

medium, and the interaction between the particles.

Dobias and von Rybinski [1] described solid-liquid dispersions as being het-
erogeneous systems characterized by the presence of interfaces between the
particles and the dispersed medium which are responsible for the instability
of these dispersions against aggregation causing sedimentation, flocculation or

coalescence.

Two major mechanisms exist for the stabilization of dispersions [1]:
e Electrostatic stabilization

e Steric stabilization

For aqueous systems, the use of surfactants for the stabilization of solid /liquid

dispersions is widely spread and concerns various industrial processes.

20



1.2 Surfactants as dispersing aids

The adsorption of surfactants at surfaces or interfaces has a direct impact on
their physical-chemical properties which is mainly due to the structure of these

surfactants.

The properties of these substances which are responsible for their wide use as

dispersing aids will be treated in the next section.

1.2 Surfactants as dispersing aids

Surfactants are amphiphilic compounds that adsorb at interfaces such as lig-
uid /liquid, solid /liquid and gas/liquid systems.

This is due to the fact that these compounds combine in their structure a
non polar part which is mainly a hydrocarbon chain containing 8 to 18 carbon
atoms and a polar part, as the head-group which can be either from a nonionic,

an ionic (cationic or anionic) or a zwitterionic nature.

A commonly used schematic representation of a low-mass surfactant molecule

is given in figure 1.1.

Hydrophobic ,tail”

AVAVAVA VA VAN

Figure 1.1: Schematic representation of a low-mass surfactant [4]

As already stated above, according to the nature of the hydrophilic head-
group of the surfactant, one distinguishes between ionic (i.e. anionic, cationic

or amphoteric) and nonionic surfactants.

Anionic surfactants and especially the one containing carboxylates, sulfates,
sulfonates and phosphates as polar groups are widely used in application such

us detergents and cosmetic formulations.

In terms of their use in industrial applications and according to market studies
done in this field [6], nonionic surfactants are comparatively less used than

anionic surfactants but do present the same importance for application. The
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1 Theoretical part

commonly used nonionic surfactants do present repeating ethylene oxide units

or carbohydrates in the hydrophilic part of the molecule.

Cationic surfactants, mostly quaternary ammonium compounds, are less used
and are rather incorporated in specific applications such as corrosion inhibitors

or fabric softeners.

Amphoteric or zwitterionic surfactants contain both cationic and anionic groups.
They are preferably used in personal care products as they generally induce

lower skin irritation [6].

Table 1.1 gives some examples of surfactants:

Table 1.1: Classification of surfactants based on the charge of the head-group

Type of surfactant Ilustration Example
Nonionic m PE
Anionic m SDS
Cationic m CTAB
Zwitterionic (Amphoteric) m Betaines

PE = Alkylpolyglycolether
SDS = Sodium Dodecyl Sulfate
CTAB = Cetyltrimethylammonium Bromide

22



1.3 Adsorption at the solid-liquid interface

Another classification is also used and is based on the chemical composition of

the hydrophobic part of the surfactants (fluorinated surfactants for example).

In fact, and as already stated above, the structure of a surfactant consists of
two parts: a hydrophobic or non polar part (tail) and a hydrophilic, polar part
(head-group).

Due to this amphiphilic character, surfactants can adsorb for instance at solid-
liquid interfaces, resulting in a better stabilization of the solid particles in the
liquid medium as schematically presented in figure 1.2 for a hydrophobic solid

surface.

Hydrophobic surface

Figure 1.2: Schematic representation of the adsorption of surfactants at the
solid/liquid interface [1]

For low molar-mass surfactants, the structure is not only restricted to one
hydrophobic tail binding covalently to a hydrophilic head-group but can be
extended to two surfactant molecules bonded together by a spacer which cor-

responds to the so-called gemini surfactants.

1.3 Adsorption at the solid-liquid interface
1.3.1 Basic adsorption parameters and mechanisms

Surface-active agents are mainly characterized by their aggregation in solution

and at interfaces.

23



1 Theoretical part

The aggregation in solution results in micelle formation and the aggregation

at interfaces on the other hand results in surfactant films.

In the presence of solids, the aggregation of surfactants takes place at the

solid-liquid interface.

Different parameters play an important role in the adsorption at the solid-

liquid interface, among which are:

24

1. Solvent type :

e Aqueous or non-aqueous systems
e Presence or absence of electrolytes

e Solubility of adsorbates
2. Surface properties of the solid phase:

e Specific surface also know as BET surface [7]: BET stands for the

initials of the names Brunauer, Emmett and Teller who developed
the so-called BET theory. The BET theory is the basis for the
determination of the specific surface area of a material through the

adsorption of a known gas concentration at its surface

e Porosity
e Polarity
e Solvent spreading
3. Surfactant properties:
e Type (anionic, cationic, nonionic and zwitterionic)

e Hydrophilic/Lipophilic Balance: the so-called HLB is the method

which was first introduced by Griffin [8] and which measures the

degree to which a surfactant is hydrophilic or lipophilic.

HLB according to Griffin is given by the following equation :
My,
HLB = 20— 1.1

My, represents the molecular weight of the hydrophilic portion of

the molecule and M is the molecular weight of the entire molecule

— for HLB < 10 the surfactant is water insoluble
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— for HLB > 10 the surfactant is water soluble

e Chain length

Depending on the nature of the surfactant and according to M. J. Rosen [9],
the adsorption of surfactants at the solid-liquid interface is driven by one of

the following mechanisms:

1. Tonic exchange: adsorption of an ionic surfactant instead of the substrate

counter-ion
2. Ton-pairing: adsorption of surfactant ions on free counter-ion sites
3. H-Binding

4. Adsorption through polarization of n-electrons: interaction of aromatic

groups of the adsorbates and cations of the substrate
5. Adsorption through van der Waals dispersion forces

6. Adsorption through alternating hydrophobic interactions: this mecha-
nism takes place through strong attractive forces between the hydropho-

bic tail of the surfactant and the solid surface

The adsorption of surfactants at the solid-liquid interface has been intensively
studied which constituted a base for the development of the so-called adsorp-
tion models related to the adsorption isotherms, these models were described
among others by von Rybinski et al in their book “Solid-liquid dispersions” [1]

which is one of the references used in this chapter.

1.3.2 Adsorption isotherms

An adsorption isotherm is defined as the relationship between the activity of
the adsorbing substance in the interface layer (a;) and in the liquid phase or

volume phase (a,) at a constant temperature.

For a; or ¢; (for diluted solutions) either the adsorption density (surface con-
centration) I' (mol/m?) or the degree of coverage © = I'/T'ax (Where Tpax =

saturation value for monolayer adsorption) is used.

Most of these adsorption isotherms are originally related to the adsorption
of gases at the solid surface and have been used also for the study of the

adsorption of liquid phases but with limited ranges of applicability.
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1.3.2.1 Henry isotherm The Henry isotherm is applied only for very di-
luted solutions and is derived from the Henry-Dalton solubility law for gases
formulated in 1803.

The Henry equation :

With:

e O — degree of coverage
e K = adsorption coefficient

e ¢ = concentration of the dilute phase

The Henry law can only be applied to ideal systems.

1.3.2.2 Langmuir isotherm This well known isotherm is based on the fol-

lowing considerations:
e Maximum adsorption gives a monomolecular adsorption layer
e Energetically equivalent adsorption sites

e No lateral interactions in the adsorbed layer

The Langmuir adsorption isotherm is described using the following equation:

Fmaa:KC
['= ——— 1.3
(1+ Kc) (13)

With:

e T',.x= maximum adsorbed amount per unit area (mol/m?)
e K = Langmuir constant (m*/mol)

e ¢ = solute concentration (mol/m?)
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1.3 Adsorption at the solid-liquid interface

1.3.2.3 Other models Other models used the Langmuir adsorption isotherm
and developed it by taking into account important aspects during adsorption

which were neglected in the Langmuir isotherm [1] such as:
e The exchange processes (Zuchovikij isotherm)
e Lateral interactions (Frumkin isotherm);

e Multilayer formation (BET isotherm).

1.3.3 Thermodynamics of the adsorption process

Each chemical reaction is accompanied by changes of the free energy.

These changes can be expressed by the reaction enthalpy in the case of a
reaction at constant pressure or by the reaction energy in the case of a reaction

at constant volume.

For reactions at constant pressure, the reaction enthalpy is the sum of the heat
effect (dQ), the electrostatic effect (W) and the mechanical effect (AW pecn)

[10].

dH = dQ + dW oo + AW een (14)

The variation of the enthalpy of a reaction at a temperature T, a pressure P

and for n; compounds can be expressed as follows:

oH oH oOH
dH = | — dT+ | — dP+Y; | — dn; (1.
< or ) Pn; " < opP ) T,n; * (871Z ) T,Pn;+ i ) ( 5)

with:

o (‘g—?)P,m: cp— heat capacity at constant P

o (gf > — h; = partial molar enthalpy at constant T and P
v T,Pn;

For the following chemical reaction of vy moles of the reactant A with vg moles
of the reactant B giving v¢ moles of the product C and vp moles of the product

D:
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va(A) + vp(B) = ve(C) + vp(D) (1.6)

The molarity of the reactants and the products of the reaction can be expressed

as follows:
dn dn dn dn
A BT D e (1.7)
VA Vp Ve VD
with:
e v; — stochiometric coefficient of the compound 1
e £ = extent of reaction
The reaction enthalpy can be then written as follows:

with AHg — reaction enthalpy

The above equations for a reaction at constant pressure give:

dH = dQ + dWaee + AWpnean = cpdT + AHpd¢ (1.9)

For a reaction at constant temperature and pressure, equation 1.9 can be

written as follows:

oH

dH = ANHpdé = <—> dn; (1.10)
ani T,p,nj#

This means that the variation of the reaction enthalpy at constant temperature
and pressure is directly proportional to the concentration or the molarity of

the species involved in the reaction.

Calorimetric measurements are based on this fundamental principle. In fact,
a calorimeter measures the heat of reaction as a function of the concentration

at constant temperature and pressure.
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1.3 Adsorption at the solid-liquid interface

The heat effect in the case of the adsorption of a surfactant at the solid/liquid
interface is called enthalpy of adsorption and is given by the following equation
[11]:

AH,ygy = Y= Qo (1.11)

msQg

With:

e ()., = heat effect measured

e Qg — dilution heat during adsorption

e m, — mass of adsorbent

e a, = specific surface area of adsorbent
The term enthalpy of displacement is used rather than enthalpy of adsorp-
tion because the generated heat effect during adsorption of surfactants at

the solid/liquid interface includes at least the adsorption of the surfactant
molecules and the desorption of the solvent molecules from the adsorbent.
Calorimetry is the method of choice for the determination of the enthalpies
of displacement during the adsorption of surfactants at the solid/liquid inter-
face as well as the determination of the thermodynamic parameters related to
micelle formation [12].

In fact, Paula et al [13] used titration calorimetry to measure the critical micelle
concentration (CMC) and the heat of demicellization (AHgemic) of different
surfactants, among them SDS.

From these data the thermodynamic parameters AGgemic (free energy of demi-
cellization) and ASgemic (entropy of demicellization) were calculated.

These were the first published results on the use of titration calorimetry for
the determination of the micellization parameters of surfactants.

During titration calorimetry, determined amounts of a highly concentrated
surfactant solution (at least 20 times higher than the CMC of the studied
surfactant) are injected in a cell containing a determined amount of water.
The heat of reaction generated by the addition of the surfactant solution is

monitored during the entire experiment.
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For the first injections, the final concentrations in the sample cell are below
the CMC.

Here, the enthalpic effects are due to the demicellization process (dilution of

micelles) as well as the dilution of the corresponding monomers.

When a sharp increase in the curve is observed, this means that the CMC in

the sample cell has been reached.

If more micellar solution is added, the micelles are no longer dissolved and the
heat registered is the heat of micelle dilution, which corresponds to the second

concentration range in the titration curve.
The CMC value is given by the first derivative of the curve.
AHgemic is equal to the enthalpy difference between the two “lines” at the CMC.

Paula et al “s paper has shown that it is possible to measure CMC and AHgemic

in one experiment as presented in figure 1.3:
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Figure 1.3: Calorimetric determination of CMC and AHgepic for Octyl Gluco-
side according to Paula et al [13]

In figure 1.3, the results of the titration of 10 L aliquots of Octyl Glucoside
micelles (270 10 mol/m?) are given. Curve (a) represents the heat flow as a
function of time; curve (b) gives the reaction enthalpy versus the total con-

centration in the sample cell (this curve is obtained by integrating the peaks
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1.3 Adsorption at the solid-liquid interface

of curve (a)) and curve (c) which represents the first derivative of curve (b).

The CMC is defined as the concentration where curve (¢) has a minimum.

1.3.3.1 Surfactant adsorption at interfaces using calorimetry As al-
ready stated above, calorimetry is a powerful tool for monitoring the ther-
modynamics of surfactant adsorption at interfaces. These measurements are
often used to predict adsorption mechanisms and as such deduce the possible
structure of the adsorbed surfactant at the interface. This is done by com-
paring the adsorption calorimetry results (mainly the partial molar enthalpy
of adsorption) with the amounts adsorbed and the micellization enthalpy in
solution. Results published for both hydrophilic [14, 15, 16] and hydrophobic
surfaces |17, 18] show similar features for different surfactants. In fact, the
adsorption was exothermic at very low surface coverages and weakly exother-
mic (or even endothermic) when saturation is reached. The first step (strongly
exothermic adsorption) is considered to be energy driven and is mainly domi-
nated by the surfactant interaction towards the surface due to the low surface
coverage. The second step (weakly exothermic or even endothermic) is consid-
ered entropy driven where the intermolecular interactions are supposed to play
a major role. In this step, it is assumed that surfactant aggregates start form-
ing at interfaces at certain surface coverage. This assumption is based on the
comparison of these values and bulk micellization which is mainly endothermic

or weakly exothermic for most surfactants [9].

Kiréaly et al [16] found out that the molar adsorption enthalpy of CgsE, and
CgGy for high surface coverage of hydrophilic silica are similar to corresponding
micellization enthalpies of the studied surfactants. These studies and especially
the work done by Kiraly and Findenegg [18] presented strong evidence for ag-
gregate formation at interfaces without excluding the possibility of monolayer
and bilayer formation at surface saturation. In fact, both authors compared
the enthalpy assuming half-micelles aggregation at the graphite surface and
the enthalpy values assuming a horizontal-to-vertical reorientation of surfac-
tants [18] towards the surface. Their experimental results correlated at best

with the half-aggregates at surfaces.

These assumptions were further investigated using techniques that study di-
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rectly surface structures. An overview of these techniques is presented in the

next section.

1.3.4 Surface structure

The way amphiphilic molecules or polymers do organize at solid surfaces is an
important aspect for the stabilization of colloidal dispersions. Atomic force
microscopy (AFM) and scanning tunneling microscopy (STM) are techniques
which can be used for the direct study of surface structures. This review on
the principle of AFM and STM is mainly based on the review done by Scales
[19].

STM) and AFM are techniques which enable imaging of molecular structures
at solid interfaces. The images provided are three-dimensional with an atomic

resolution. A schematic diagram of a scanning tunneling microscope is given
in figure 1.4 [20]:
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Figure 1.4: Schematic diagram of a scanning tunneling microscope

h 4

The principle can be described as follows: a sharp metallic tip attached to a
cylindrical piezoelectric tube is brought approximately 1 nm close to the sur-

face of a conducting material. By applying a voltage, electrons begin to tunnel
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1.3 Adsorption at the solid-liquid interface

between the tip and the surface. By varying the voltage across the piezoelec-
tric tube the tip begins to scan over the surface in the x and y direction. The
generated tunneling current is then measured and recorded. As the tip ap-
proaches a high or low spot on the surface, the tunneling current increases or
decreases in response to the change in distance between the tip and the surface.
An electronic feedback loop adjusts the vertical position of the tip in order to
maintain a constant current. By plotting the tip height z versus the lateral
position x and y, a three dimensional image of the scanned surface is produced.
The STM basic concept records the voltages as a function of position creating
a three dimensional image. In AFM measurements the metallic STM tip is
replaced by a tip made of diamond or silicon nitride (SisN4) mounted onto a
cantilever spring. When the tip starts rastering the surface, the vertical move-
ments of the tip are detected using a laser beam which is positioned on the
back of the spring. The signal from the detector is collected by an electronic
feedback loop which adjusts the position of the sample (by raising or lowering
it) in order to maintain a constant force. The schematic diagram of an atomic

force microscope is presented in figure 1.5 [20]:
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Figure 1.5: Schematic diagram of an atomic force microscope
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The first atomic force microscope appeared in 1986 as a further development
of scanning tunneling microscopy done by Binnig, Rohrer, Gerber and Weibel
at IBM in Zurich (Switzerland); Binnig and Rohrer won the Nobel Price of
Physics 1986 for this invention. The further development done by Binnig,
Quate and Gerber as collaboration between IBM and Stanford University re-
sulted in the development of the AFM in 1986 [21]. AFM can be applied to
both conductive and non-conductive surfaces and in gaseous or liquid envi-
ronments which gives this technique a special status among surface charac-
terization techniques. In this section, the explanation of the main principles
of AFM measurements are based on the chapter “Atomic Force Microscope
Studies of Membrane Surfaces” from Richard Bowen [22]. In AFM, the tips
used are only a couple of microns long and are less than 10 nm in diameter.
The cantilevers used are mainly 100-200 pm long. When the tip is scanning
the surface of a sample, the forces generated between the tip and the sur-
face cause the cantilever to bend. A detection system (such as a photodiode)
intercepts this deflection, measures it allowing the connected computer to gen-
erate a topographical image of the surface. A piezo-element is used to control
the displacement of the sample attached to its surface in the x, y and z di-
rection. Piezo-elements are generally manufactured from crystalline elements
that are referred to as non-centro symmetric which means that the crystalline
structures move when applying an electric field producing dimensional changes
in the material. This property enables the use of these materials as precise
electromechanical displacement elements. The piezo-electric material is ex-
panded and contracted using a DC voltage typically in the range -500 to +500
volts. Typical piezo-elements are perovskite materials such as lead-zirconium-
titanate. A V-shaped cantilever usually from silicon or silicon nitride attached
to a substrate of similar material is used (depending from the model used,
there could be more than 5 tips mounted on a cantilever and can be simulta-
neously used for each experiment). At the end of each cantilever, there is a tip

as shown in figure 1.6.
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—

Figure 1.6: AFM cantilever tip

A laser and an optical path consisting of a lens, prism, mirror, cantilever and
a position-sensitive photo-diode detector are needed. The laser is focused onto
the back of the tip of the cantilever. The light beam is then reflected from the
cantilever to a mirror and finally on the position-sensitive photo-diode detector.
The detector enables the measurement of the cantilever’s movements. An
electronic feedback loop responds to the changes in the cantilever deflection
by adjusting the tip-sample separation to a set point. This mode is the most
common mode of imaging known as contact mode or constant force mode when
the cantilever deflection remains constant as the surface is rastered relative to
the tip.

When imaging membranes and surfaces, different modes can be used. The
below section introduces the main imaging modes used:

e Contact mode:

Contact mode is the most straightforward mode in AFM imaging. As already
described, the cantilever tip is held close to the sample surface which is rastered
underneath it, the change in the topography results in a change in tip-sample

interaction. Contact mode can be operated in two ways:

e Constant height mode in which the cantilever is held in a fixed position
with respect to the piezo-element so that each change in the cantilever

deflection is used to generate a topographic image of the surface.

The advantage of this mode is that it enables high scan speeds allowing

real time images.

e Constant force mode where a feedback loop keeps the total force between
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the cantilever tip and the sample constant; this mode is the preferred

mode as the total force exerted by the tip on the sample is controllable.

The disadvantage of this mode is that the response time of the feedback
circuit and the movement of the scanner limits the effective scanning

speed.

e Non-contact mode:

The cantilever vibrates near the surface of the sample (5-10 nm away from
the surface) which is the force distance region where Van der Waals forces are
predominant. An applied force serves to change the vibrational amplitude and
resonant frequency of a vibrating cantilever. Thus, as the sample is rastered
under the vibrating cantilever tip the topography gives a change in the tip-

sample interaction.

The principle advantage of this mode is that during imaging of the surface,
no contact exists between the tip and the sample which is of high importance

when imaging soft surfaces.

e Tapping mode:

This mode, also known as intermittent mode, is getting more and more impor-
tance in the last years and constitutes a “hybrid” mode of contact mode and
non-contact mode. In fact, as in non-contact mode the cantilever is vibrating
and held at a tip-sample distance close to the region of contact imaging so
that there is no permanent contact with the surface. The image is produced
by monitoring the changes in the cantilever oscillation amplitude as the tip to
sample distance changes with surface topography. In this mode, lateral forces
are reduced which does not damage the surface, but the disadvantage of this

mode is mainly on the slightly slower scan speed compared to contact mode.

1.3.4.2 Surfactant adsorption at the solid-liquid interface using AFM
The adsorption of surfactants at the solid/liquid interface has been widely

studied. As already discussed in the section dedicated to adsorption isotherms
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and the thermodynamics of the adsorption process, most of these studies focus
on the adsorption isotherms of the studied systems as well as their calorimetric
behavior. For hydrophobic surfaces, the adsorbed surfactants molecules are
supposed to form hemi-cylinders at the solid surface according to Kirdly et
al [18]. The lack of suitable imaging tools has hindered direct visualization
of the adsorbed surfactant aggregates. Due to the mentioned development
of the AFM technique in 1986, it was possible to study the adsorption of
surfactants on flat surfaces directly. This section presents the main results
of two studies on surfactant adsorption on hydrophobic surfaces using AFM.
The first research study published using AFM for the imaging of surfactant
aggregates at the solid surface was from Manne et al (1994) (23| who studied
the adsorption of hexadecyltrimethylammonium bromide (C1TAB) on HOPG.
HOPG stands for Highly Ordered (or Oriented) Pyrolitic Graphite. It is used
as a probe for the calibration of scanning tunneling microscopes and has been
the adsorbent of choice in studies on surfactant adsorption using AFM. The
AFM images of the surfactant at the graphite surface show parallel stripes that
were interpreted as hemi-cylinders structures of the surfactant at the graphite

surface, these structures appeared in a periodic fashion as shown in 1.7:

Figure 1.7: Contact mode image (240x240 nm) of the adsorbate structure of
0.8 mol/m?® C14TAB on graphite |23]

The key for imaging was the use of a specific force that was insufficient to
displace the surfactant but had a sufficient gradient to discriminate surface

structures.

This publication was the starting point of a series of studies done by differ-
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ent groups in order to image adsorbed surfactants at different solid surfaces
(mainly mica, silica and graphite). In 1995, Ducker et al [24]| studied the
adsorption of sodium dodecyl sulfate (SDS) at the graphite surface using a py-
rolytic graphite of the so-called monochromator grade ZYH (supplied by teh
company SPI) . Several structures were observed in the concentration range
from 2.1 to 81 mol/m? (the used SDS has a CMC value of 8.1 mol/m?). By
increasing SDS concentration between 2.1 and 81 mol/m3, the morphology of
the observed structures remained apparently unchanged, but the distance be-
tween aggregates did decrease. Ducker et al also measured a period of 5.1 nm
for the highest SDS concentration which means an aggregate section of about
3 nm?. Greenwoods et al [25] data at the same concentration indicates that the
surfactant occupies 0.42 nm? /molecule. This means at least 7 molecules in the
cross section which is not consistent with the hydrocarbon chains lying parallel
to the surface. These results indicate that the hemi-cylinderical structure is
more probable. Ducker et al published in the same paper [24]| the results of
the effect of salt on imaging using NaCl at high concentration (0.16 mol/m?).
It was observed that the addition of salt made the structures appear at lower
concentrations of SDS which is rather expected as the CMC value of SDS is
very dependent on ionic strength. This morphology registered at the graphite

surface is correlated to the own structure of the graphite surface.

Graphite interacts primarily with surfactant tail groups via hydrophobic and
van der Waals interactions, the alkyl chains are oriented along the three sym-
metry axes of graphite following the zigzag line connecting nearest-neighbor
carbon atoms [26, 27|. This characteristic is illustrated by the universality of
the morphology presented which has been observed for a variety of surfactants
with 12 or more carbon atoms presenting a hexagonal phase in their phase dia-
gram: those are ionic, |23, 24, 28, 29, 30] non ionic [31, 32, 33| and zwitterionic
[34] surfactants.

Surfactants that do not form half-cylindrical aggregates include univalent double-
tailed surfactants that form lamellar and bi-continuous bulk phases, for which
cylindrical curvatures are not favored, and surfactants with 10 or fewer car-
bon atoms in the tail group which form flat vertical monolayers on graphite,
because the tail falls short of a critical length required for orientation by the

graphite surface [32]. Similar results have been reported at the cleavage plane
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of MoS, despite the differences in lattice symmetry, spacing, and surface chem-

istry between this surface and graphite.
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2 Materials and methods

In this chapter, the studied systems (the surfactants used as well as the adsor-

bents) are introduced in terms of their structures and main properties.

In addition to that, the methods used for the determination of the adsorption
isotherms, the enthalpy of adsorption and the structure of the adsorbed layers

for the single surfactants and the surfactant mixtures are described.

2.1 Studied systems
2.1.1 Low-mass Surfactants

In this study, anionic and nonionic low-mass surface active agents have been
used as adsorbates. This choice is due to the relevance of both groups in
different fields of application. Three anionic amphiphiles have been used. All
three present major structural differences: different ionic head groups (sulfate
and sulfonate groups) and different hydrophobic parts (a linear alkyl chain, a
branched alkyl chain and a branched alkyl chain with an aromatic ring). The
structures as well as well as the compositions of the used surfactants are given
in the table below:

Table 2.1: Used surfactants

‘ Surfactant l Structure | Composition

SDS Ci2= 99%

SDBS 96% (isomer mixture)
Cia= 48%
Cis= 17%

> Ci6= 11%

Ci214E7

SAS - Cl3—C15 = 59% H 016‘017 = 39%
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e Sodium dodecyl sulfate (SDS) : linear alkyl chain

SDS belongs to the group of alkyl sulfates that are mainly produced from
natural fatty alcohols (derived from palm oil, palm kernel oil, coconut oil) or
from oxo-alcohols of petrochemical origin [35]. Alkyl sulfates having a natural
origin are, however, more used. The SDS used in this study was supplied by
the company Roth and has a 99% purity grade; the structure of SDS is given
in table 2.1.

e Sodium dodecyl benzene sulfonate (SDBS) : branched alkyl chain with
a phenyl ring

SDBS, as most alkyl sulfonates, has a high solubility and very good deter-
gency performance. As a result, they have found a broad use in detergent
formulations. The used SDBS quality supplied by Sasol has a 96% purity and

a structure as given in table 2.1.

e Secondary alkyl sulfonate (SAS) : branched alkyl chain

Secondary alkyl sulfonates are produced by photochemical sulfoxidation or sul-
fochlorination of suitable Cy9-Cig paraffins [36],[37],[38],[39]. SAS was supplied
by Clariant under the trade name Hostapur SAS 93. The alkyl chain is at 59%
C13-Cy5 and at 39% Ci6-C7.

e Fatty alcohol ethoxylate (FAE):

The nonionic surfactant used is a fatty alcohol ethoxylate. Alkyl heptaglycol
ether (Cio_14E7) was supplied by BASF SE (Cognis) under the trade name
Dehydol LT7. Dehydol LT7 is actually a Cy5_13E7 with a high percentage of
Cio_14E7 as given in table 2.1. That is why this surfactant will be referred
to in this thesis as Cio_14E7. This group of surface-active agents presents
an important characteristic which is the possible adjustment of its hydrophilic
moiety by gradual addition of ethylene oxide for a better solubility or interfacial

activity of the molecule.
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2.1.2 Adsorbents

2.1.2.1 Carbon black The adsorbent used has a large surface area that fa-
cilitates adsorption studies of surface-active agents in solutions due to a strong
decrease in solution concentration during adsorption. This makes carbon black
the adsorbent of choice in this study. In fact, the carbon black used is a fur-
nace black (Printex L from Evonik) with a surface area of 150 m?/g and a
pH value at the surface of 9. The value of the surface area was measured at
the institute of physical-chemistry through a Brunauer-Emmett-Teller (BET)
analysis where the adsorption of Nitrogen (whose cross-sectional surface area
is known) at the carbon black surface is measured [40|. Figure 2.1 shows a
SEM (Scanning Electron Microscopy) micrograph of a carbon black dispersion
done in this study . Figure 2.2 shows the porous structure of the used carbon
black.

X8 Carbon black 20.0kV x5000 2pym +——

Figure 2.2: SEM micrograph of the carbon black dispersion (20kV x 5000)
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2.1.2.1 Carbon black Figure 2.3 presents the graphite plates used in this
study. Graphite is one of the allotropes of carbon, whose molecular structure
consists of layers of carbon atoms arranged in a hexagonal lattice. All layers

are bound through van der Waals interactions.

g

=

Figure 2.3: HOPG plates

Graphite exists in two crystallographic forms: a hexagonal form (alpha) and
rhombohedral form (beta). The difference in the spacing of the layers of
hexagonal-linked carbon atoms in graphite gives rise to hexagonal and rhom-

bohedral crystallographic forms.
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Figure 2.4: HOPG crystallographic structure [41]

HOPG is used as a probe for the calibration of scanning tunneling microscopes
and is, in this thesis, the adsorbent of choice for the AFM study. The quality
used is supplied by SPI under the trade name ZYH and each plate has the

following dimensions : 12x12x2 mm.
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2.1.3 Used Methods

2.1.3.1 Concentration measurement methods In a solid-liquid disper-
sion, the adsorbed amounts of amphiphiles is measured by monitoring the
decrease of surfactant concentration in solution. Knowing the surface area of
the solid adsorbent, the following formula is used to calculate the correspond-

ing adsorbed amount (I'):

_ (ci — Ceq)
I' = WV (2.1)

With :

e ¢; = initial surfactant concentration (mol/1)
e c.q, = equilibrium concentration (mol/1)

e m = mass of adsorbent (g)

e A = surface area of adsorbent (m?/g)

e V = solution volume (1)

During concentration measurements, the decrease of surfactant concentration
in the bulk solution due to its adsorption at a solid interface of known surface
area is recorded. The resulting diagram represents the adsorbed amount of
surfactant (I') per unit area of the substrate (carbon black) as a function of
the equilibrium concentration and is known as adsorption isotherm. The rapid
increase towards plateau values observed in most adsorption isotherms occurs
before and around the critical micelle concentration value (CMC) of the used

surfactant.

2.1.3.2 UV-measurements of sodium dodecyl benzene sulfonate The
UV spectra were recorded using a Cary 1 UV-Vis spectrophotometer equipped
with a temperature-controller (Julabo F-10). Quartz cells with a path length
of 1 cm were used for the determination of absorption values. This method has
been used for the determination of the equilibrium concentration of the anionic
surfactant SDBS which presents a phenyl group in its structure that can be

detected at a wavelength of 262 nm. All absorption values were measured at
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this value (262 nm). A calibration curve has been measured first in order to
correlate directly the absorption values with the concentration of the anionic

surfactant after adsorption.

2.1.3.3 Anionic surfactant titration It is the field of electrochemistry in
which a potential is measured under the conditions of no-current flow. The
measured potential is an indirect measurement of the solution concentration.
The potential that develops in the electrochemical cell is the result of the free

energy change under equilibrium conditions.

AG = —nFE (2.2)

with:

e n = mole number
e ' = Faraday constant

e F — Nernst Potential

In the electrochemical cell, the potential difference between the cathode (C)

and the anode (A) is the potential of the cell and is given by:

E=FE¢c—Ey4 (2.3)

Under standard state conditions:

T
E=E"— R—an(Keq) (2.4)

n;
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E=E"— ﬂln(ai) (2.5)

n;

With:

E%= standard potential

e R = gas constant

T = temperature
e n; = mole number of (i)
e a; — activity of (i)

o K. — equilibrium constant

For the determination of the SDS concentrations, a titration with a cationic
surfactant DDMICL (1, 3 Didecyl-2-methylimidazolium Chloride) has been
performed. A surfactant selective electrode was used for the detection of the
turbidity point which is characterized by an increase of the potential value.

This correlates the potential measured with the SDS concentration.

2.1.3.4 Nonionic surfactant titration The titration is done using a fluor-
based titrant (Tetrakis (4-fluorophenyl) borate) for the complexation of the
nonionic surfactant as described by Tsubouchi et al [42]. Nonionic surfac-
tants can form complexes with metal ions such as potassium and barium. The
formed complex cation does react with anions and this reaction has been the
basis for various spectrophotometric methods as well as precipitation titration
for the determination of the nonionic surfactant concentration [42]. However,
the presence of anionic surfactants makes titration difficult as the formed com-
plex cation of the nonionic surfactant is known for forming ion pairs with the
anionic surfactants present in solution. The so-called two-phase titration tech-
nique has been used in this study for the determination of the nonionic surfac-
tant concentration in the presence of an anionic surfactant. During titration,
the excess of the titrant results in a color change of the cationic dye, Victo-
ria blue B, which can be detected using UV-Spectroscopy which enables the

determination of the nonionic surfactant concentration in solution.
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2.1.3.5 Isothermal Titration Calorimetry (ITC) Adsorption isotherms can
be complemented by measurements of the heat of adsorption. There are dif-
ferent methods for the monitoring of the heat of reactions. The one used in
this study is a titration calorimetry method using an isothermal heat flow mi-
crocalorimeter (TAM 2277 (Thermal Activity Monitor) from Lund, Sweden
(Waters)). This Microcalorimeter allows the monitoring of heat quantities in
nJ and nJ-ranges (figure 2.5 and 2.1.3.5). A twin detector, supplied with a

sample cell and a reference cell, was used.

Figure 2.5: TAM 2277

The measurements of the adsorption enthalpies were performed at 298.15 + /-
2.10* K. High concentration solutions of surfactants (30g/1) were filled in a
Hamilton Microlab Syringe that was disposed in a dosing unit controlled by
the Digitam Software. Good baseline stability with a noise of less than + /-
0.1 pW was achieved during all experiments. This technique enables the mon-
itoring of the heat of adsorption throughout the adsorption isotherm. This
is done by measuring the heat generated by the injection of a certain con-
centration of the surfactant solution into the sample cell which contains the
carbon black dispersed in water under continuous stirring. The sample cell
is contained within the microcalorimeter chamber. During the experiment, a

constant temperature is achieved by a feedback loop that controls the power

48



2.1 Studied systems

supply to a heating coil [43|. The energy required to maintain the temperature
of the sample cell at a constant value is monitored which gives the plot of the
heat flow as a function of time. The generated heat is given by the area under

the peaks as given in figure 2.6.

Figure 2.6: Plot of the heat flow as a function of time
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Knowing that the process is isothermal, the area under the peaks gives the heat
of adsorption also known as heat of displacement. The enthalpy of adsorption
(AH,gs) is obtained by dividing the heat of adsorption by the adsorbed amount
(I') following this equation [11]:

Aads]{ - Ql(—l‘ds

(2.6)

With:

e Q.45 = heat of adsorption

e I' — adsorbed amount

2.1.3.6 Atomic Force Microscopy (AFM) Atomic force microscopy is an
imaging technique allowing the topographical study of membrane surfaces. A
full description of the method is given in the section “Theoretical part”. The
used AFM set-up is supplied by the company MFD-3D™,
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Figure 2.7: Used AFM set-up

The used cantilevers are supplied by Olympus and have the following reference:

Table 2.2: AFM Cantilever specification

Reference Material Length (pm) || Width (nm) Spring constant (N/m)

OMCL-TR400PSA SigN4/Au-Cr coating 200 400 0.07

The used SizN, cantilevers are coated with gold and chrome for a better re-
flection of the laser. This cantilever type is especially designed for imaging
soft films. Prior to each experiment, a new cantilever having the same specifi-
cations as mentioned in table 2.2 was used and the graphite plate was freshly
cleaved using adhesive tape. The specific experimental challenge in this thesis
is that the AFM measurements are all done in solution. This is done by using
a Petri dish into which the graphite fixed on a metal plate is kept immobile
by a magnet fixed on the bottom of the Petri dish. 3 ml surfactant solution
were needed in each experiment in order to cover the graphite surface enabling
favorable imaging conditions. The cantilever tip was held in solution during
the entire experiment. The used mode for all the experiments performed in
this thesis is the so-called contact mode [23, 28, 29]. The setpoint was adjusted
in order to raster the surfactant layer rather than the graphite layer. This is
done by adjusting the setpoint to a value within the repulsive part (region 2

in figure 2.8) before film rupture.
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2.1 Studied systems

Figure 2.8: AFM force curve [44]

The force curve in figure 2.8 represents the variation of the cantilever deflection
as a function of the separation between the tip and the sample. This is done

by holding the scanner constant in all directions except z.
(1): represents the region of electrostatic forces
(2): represents the region immediately prior to film rupture

(3): this is the region where the tip has ruptured the surfactant film and is in

contact with the underlying substrate.

In order to increase the quality of the micrographs during scanning, an acous-
tic control parameter is added: the used AFM set-up is equipped with an
electroacoustic transducer that produces a sound in response to the scanner
signal and enables the selection of the scanner position which corresponds to

the soft-contact mode.
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3 Results

3.1 Adsorption isotherms

In this section, the results of the adsorption isotherms will be presented first
for the single surfactants at the carbon black-water interface and compared to

the behavior of these surfactants in the mixture.

3.1.1 Adsorption isotherms for single surfactants

Figure 3.1 illustrates the adsorption isotherm performed at a pH value of 10
and T= 298 K for the anionic surfactant sodium dodecyl sulfate (SDS) at the

carbon black-water interface.

For the other studied systems the sodium dodecyl benzene sulfonate (SDBS),
the secondary alkane sulfonate (SAS) and the nonionic surfactant (Cio14E7),

the adsorption isotherms are given in figure 3.2 in comparison to SDS.

The shape of the adsorption isotherms for SDS, SDBS and SAS at the car-
bon black-water interface is typical for the adsorption isotherms obtained for
long chain anionic surfactants on hydrophobic surfaces [45]. The adsorption
isotherm for the nonionic surfactant presents a different shape with a higher
increase of the adsorbed amounts at low concentrations. These isotherms are
often correlated with the aggregation at the liquid-air interface and the sur-
face tension and the aggregation of the surfactant in the bulk phase which are
characterized by the CMC (as presented in table 3.1). The surface tension
concentration curve and the CMC value for each surfactant are determined

from surface tension measurements as presented in figure 3.3.
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Figure 3.1: Adsorption isotherm for the anionic surfactant SDS at the carbon
black-water interface
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Figure 3.2: Adsorption isotherms for the single surfactants at the carbon black-
water interface

OCy4E;  SDS [1SDBS SAS
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Figure 3.3: Surface tension curves and CMC for the single surfactants

The surfactant concentration values (x-axis) are given in figure 3.3 in g/1 rather
than in mol/m? as the case in figure 3.1 and 3.2 as well as in table 3.1 because

O Cyp.14E7 SDS [1SDBS

this is the common practice in application.

Table 3.1: CMC values at T= 298 K, pH=10 for the single surfactants

SAS

The adsorption isotherms for the anionic surfactants and the nonionic sur-

factant at the carbon black/water interface are presented together with the

’ Surfactant H CMC value (mol/m? ‘
| sps | 6.84 |
| spBs | 1.67 |
| sas || 1.44 \
’ Ci2.14E7 H 0.03 ‘

corresponding CMC values in figure 3.4.
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Figure 3.4: CMC values (}) and adsorption isotherms for the single surfactants
at the carbon black /water interface at T= 298 K, pH =10

O Cyz.14E7 SDS [1SDBS SAS

For the anionic surfactants, all three plots show already at low equilibrium con-
centrations an increase of the adsorbed amounts (') of these surfactants at the
hydrophobic surface. This increase of the adsorbed amounts is then followed by
a nearly plateau region where the surface excess values (I') remain quite con-
stant. This takes place at concentrations above the CMC of the corresponding
surfactant in solution. For the anionic surfactants, SDS presents higher plateau
values than the ones observed for SDBS and SAS. This adsorption isotherm for
SDS is in good agreement with the one reported by Zettlemoyer et al. as well
as Day et al. at the Graphon surface [46, 47, 48]. The higher values for SDS for
the beginning of the plateau region further confirm the dependence of plateau
values on the CMC value of the corresponding surfactant which in the case
of SDS is higher than for the other anionic surfactants SDBS and SAS. The
higher adsorbed amounts observed for SDS compared to SDBS and SAS show
the role played by the hydrophobic part of the molecule during the adsorption
process as this represents the main structural difference for the interaction
with hydrophobic surfaces between the studied anionic surfactants. The CMC

3 explains the steep

value for the nonionic surfactant Cyy14E7 of 0.03 mol/m
increase towards plateau values that takes place at very small concentrations.

In fact, for the nonionic surfactant, the sudden increase is observed at very low
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concentrations almost 100 times smaller than for the anionic surfactants SDS,
SDBS or SAS which again correlates with the dependence of this increase on
the CMC value of the corresponding surfactant. In fact, higher CMC values
result in higher plateau values as observed for the anionic surfactants and a
low CMC value results in a steep increase at low equilibrium concentration as
observed for the nonionic surfactant. The increase towards plateau values for
the adsorption isotherms taking place in the CMC region has been related to
the formation of a vertical monolayer for hydrophobic surfaces and a vertical
bilayer for hydrophilic surfaces [49, 50, 51, 52|. The area per molecule provides
important information on the degree of packing and the possible orientation of
the alkyl chain for each surfactant towards the hydrophobic carbon black sur-
face. Knowing the values of I'y,x (maximum adsorbed amount) for each single
surfactant, it is possible to directly calculate the limiting area per molecule at

the interface (ag) for each studied surfactant. The parameter ag is defined by:

1018
_ o 3.1
9 = N (3.1)

Where:

e ag: limiting area per molecule (nm?)
e N : Avogadro constant (6.023 10** molecules/mol)

e Iy : Maximum surface excess concentration (mol/m?)

The table below presents the limiting areas per molecule for each surfactant cal-
culated using the above equation 3.1 as well as the limiting areas per molecule
calculated assuming a vertical and a horizontal orientation of the alkyl chain

towards the surface. The CMC values are also indicated for each surfactant.
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3.1 Adsorption isotherms

Table 3.2: Limiting areas per molecule for the single surfactants

‘ Tmax (mol/m?) Area per molecule as (nm?) as(h.0) (nm?) as(v.0) (nm?) CMC (mol/m?)

| | |
Cooa [ oot | ow [ o | ow | ow
o [ oow [ ow [ ow | o o
Cow [ ow [ v [ e | o ] w
Coe oo T o [ w [ oo [ o
Where

e h.o: horizontal orientation
e v.0: vertical orientation
The values calculated for the horizontal and the vertical orientation of the

alkyl chain towards the surface (as presented in figure 3.5) are derived from

the Langmuir film measurements [53].

NB: Assumption of a vertical and a horizontal orientation of the alkyl chain

of the surfactants towards the carbon black surface.

0000000
carbon black surface carbon black surface
Horizontal orientation Vertical orientation

Figure 3.5: Schematic presentation of a vertical and a horizontal orientation of
the alkyl chain on hydrophobic surfaces

The surface excess values for the nonionic surfactant are higher than for the
anionic surfactants which results in an area per molecule for the nonionic
surfactant smaller than that for the anionic surfactants. The areas per molecule
already show that the experimental values indicate a horizontal orientation at
the carbon black surface as even with higher concentrations no close packed
layer with vertical orientation is reached. Moreover, multilayer structures with
a horizontal arrangement can be assumed in parts of the surface due to the

values between vertical and horizontal arrangement.
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3.2 Adsorption isotherms for surfactant mixtures

The main focus of this study is the investigation of the adsorption behavior
of mixtures of anionic and nonionic surfactants at the carbon black surface
compared to the single surfactants. Having studied the behavior of each sin-
gle anionic surfactant at the carbon black surface (refer to figure 3.6), it is
possible to correlate the adsorption isotherms for mixtures with those already
determined for each single surfactant in order to infer possible synergies. The
adsorption isotherms for mixtures were determined using the same experimen-
tal procedure as for single systems (see 1.1 for further details). It is important
to mention that the concentrations of both surfactants in the mixture were

determined independently.

I (pmol/
o
\
u
\
i

0 3 6 9 12 15

Equilibrium concentration of anionics (mol/m3)

Figure 3.6: Adsorption isotherms for the single anionic surfactants

SDS 1 SDBS SAS

The results of the adsorption measurements for each mixture of anionic and

nonionic surfactant are presented below in form of two graphs:

e Adsorbed amount of anionic surfactants in the mixture compared to the

adsorbed amounts of the single anionic surfactants as a function of the
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3.2 Adsorption isotherms for surfactant mixtures

anionic surfactant concentration (figure 3.7)

e Adsorbed amount of the nonionic surfactant in the mixture compared to
the adsorbed amount of the single nonionic surfactant as a function of

the nonionic surfactant concentration

The adsorbed amounts were calculated from concentration measurements of

both surfactants in the mixture.

3,0
25
2,0 1

1,5 1

I' (umol/m?)

05 187

0,0 : . . |
0 3 6 9 12 15
Equilibrium concentration of anionics (mol/m?)

Figure 3.7: Adsorption isotherms for the anionic surfactants in the 1:1 mixture
with the nonionic surfactant

SDS [ SDBS SAS

The CMC of the studied mixtures (see figure 3.8) have been determined in the
same way as already done for the single surfactants (refer to table 3.3) in order
to correlate the CMC values for the mixtures with the adsorption isotherms as
indicated in figure 3.8. All mixtures with the three different anionic surfactants

have nearly the same critical micelle concentration.
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Figure 3.8: Surface tension concentration curves and CMC values for the single
anionic surfactants and their mixtures with the nonionic surfactant
as function of the total surfactant concentration

OCy4E;  SDS [1SDBS SAS

<> SDS/C12_14E7 . SDBS/C12_14E7 ASAS/’C12_14E7

Figure 3.8 shows the shifts of the surface tension curves for the mixtures to-
wards lower values compared to the same curves for the single anionic surfac-
tants due to the effect of the nonionic surfactant on the surface tension of the
mixtures. The results for the mixtures from the adsorption isotherms show
an interesting behavior with mainly two different effects taking place in two
different concentration ranges. In fact, at very low surfactant concentrations,
the adsorption of the anionic surfactants in the mixtures is slightly increased
compared to the single anionic surfactant adsorption. In the second region
of higher surfactant concentrations, lower plateau values for the anionic sur-
factants in mixture with the nonionic surfactant especially for the mixture
with SDS are observed. The further determination of the limiting areas per
molecule for the mixtures was done using equation 3.1.1. The results for the

three mixed systems are presented in table 3.3.
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Table 3.3: Limiting area per molecule for the mixture

Surfactant mixture Surface excess T'max ag ag (v.0) ag (h.0) cMC
(anio/nio) (mol/m?) (nm?) (nm?) (nm?) (mol/m?)
oo | v [ ] e [ [ ow ]
oo | v [ o] ow [ e [ ow ]
oo | v [ o [ [ ow ]

The space requirements of the alkyl chain for both surfactants should be com-
parable in the case of a horizontal orientation of the alkyl chain on the carbon
black surface. The adsorption isotherms for the nonionic surfactant in mixture
with the anionic surfactants are presented in figure 3.9. In principle, similar
effects are observed for the nonionic surfactant in mixture with the anionic sur-
factants. In fact, a decrease of the plateau values for Ci9.14E7 in the mixture
is observed compared to the adsorption isotherm for the single nonionic sur-
factant. This decrease is strongly dependent from the structure of the anionic

surfactant in the mixture as presented in figure 3.9.

3.0

" c12-12e7 (MMoOl/M2)

3 6 9 12 18
Equilibrium concentration of C.44E7 (molim3)

Figure 3.9: Adsorption isotherms of the nonionic surfactant in mixture with
the anionic surfactants

OCip1sE7; & SDS/Cyy.14E; SDBS/C2.14E7 £\ SAS/C1p.14E7

The adsorption of the nonionic surfactant seems to be only slightly altered by

the linear sodium dodecyl sulfate. This is seen in the small decrease of the
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adsorbed amount of the mixture of this surfactant with the nonionic C;o.14E7
compared to the adsorbed amount of the single nonionic surfactant. This
would suggest a higher displacement of SDS by the nonionic surfactant in the
mixture. Schwuger et al [45] suggested that the displacement of the anionic
surfactant by the nonionic surfactant is greater the larger the ratio of the
nonionic surfactant to that of the ionic surfactant in the mixture is. In this
study, a dependence of the ratio of the anionic surfactant and the nonionic
surfactant in the adsorbed layer on the total concentration of the surfactants

was observed as presented in tables 3.4 to 3.6.

NB:

e The ratios indicated for each mixture are the molar ratios of the nonionic
surfactant to the anionic surfactant (for example 0.72/1 for Cy5.14E7/SDS
mixture).

e ¢;: initial concentration of the surfactant (mol/m?)

® Coq: equilibrium concentration of the surfactant (mol/m?*)

Table 3.4: Ratios of the adsorbed amounts for the Cio14E;/SDS mixture

(0.72/1)
Cisps Cicyo.14E7 Ceasps Ceacyp.1487 Ceacyy.1487 I'sps Peip14B7 Peipq4Er
(mol/m?) (mol/m®) (mol/m®) (mol/m?) / Ceasps (umol/m?) (umol/m?) / Tsps
0.86 0.61 0.122 0.090 0.73 0.146 0.133 0.911
1.73 1.2 0.081 0.089 1.09 0.328 0.288 0.878
5.19 3.61 2.427 0.111 0.046 0.499 0.892 1.787
6.92 4.81 3.607 0.173 0.049 0.583 1.184 2.031
8.65 6.01 4.724 0.241 0.051 0.680 1.474 2.168
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Table 3.5: Ratios of the adsorbed amounts for the Cis.q14E;/SDBS mixture

(0.87/1)
I I e I e
| o) || morm®) || moyms) mom®) ||/ ceaspps || moym?) || qmovm?) ||/ rsoms |
Con [ ow o [ oo | oen | omu [ oow | o |
oo L ow [ o o | oo [ om [ ow | o |
o [ on [ ow [ om | o [ ow [ ow | o |
on oo [ o [ o | om [ ow [ o o |
T Lo o o | wwn [ o [ o o ]

Table 3.6: Ratios of the adsorbed amounts for the Cis.14E;/SAS mixture

(0.75/1)
Cisas Cicia14Br Ceasas Ceqcin 147 Ceqcip 147 Isas CPRPE-N FcigaBr
(mol/m?) (mol/m?) (mol/m?) (mol/m?) / Ceqsas (umol/m?) (umol/m?) / Tsas
0.83 0.63 0.027 0.098 3.629 0.179 0.117 0.654
1.67 1.25 0.080 0.123 1.537 0.353 0.251 0.711
2.50 1.88 0.308 0.126 0.409 0.487 0.389 0.798
3.33 2.50 0.673 0.160 0.237 0.591 0.520 0.879
4.17 3.12 1.182 0.175 0.148 0.663 0.656 0.989
5.00 3.75 1.749 0.275 0.157 0.722 0.772 1.069
6.67 5.00 2.801 0.992 0.354 0.859 0.891 1.037
8.33 6.25 4.409 2.494 0.566 0.872 0.891 1.022

In fact, the ratios calculated for the Ci9.14FE7/SDS mixture in the adsorption
layer at high equilibrium concentrations are comparatively higher than those

in the bulk solution. For SAS in the mixture with the nonionic surfactant, the
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adsorbed layer at high surfactant concentrations presents similar amounts of
both surfactants as the ratio in this concentration region is equal to 1. SDBS
is adsorbed in higher quantities than the nonionic surfactant in the mixture
in the entire concentration range studied which indicates a different behavior
of this surfactant. This means that for the SDBS/Cj914E7 mixture, SDBS is
preferably adsorbed at high solution concentrations. For the SAS system, the
composition in the adsorbed layer is the same as in solution whereas in the

mixture with SDS the adsorption of the nonionic surfactant is preferred.
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3.3 Enthalpy effects during adsorption

Having determined the adsorption isotherms for the studied systems, it is pos-
sible to correlate the adsorbed amounts of surface-active agents at the carbon
black-water interface with the overall enthalpy of adsorption in order to get
more information about the thermodynamics of the adsorption process, espe-
cially in the case of surfactant mixtures and the mechanism of the adsorption

process in these mixtures.

3.3.1 Enthalpy effects during the adsorption of single surfactants at
the carbon black-water interface

Figure 3.10 represents the cumulative enthalpy of displacement of water by
the anionic surfactant sodium dodecyl sulfate at the carbon black surface as a

function of surface excess (I').

Figure 3.10 is similar in shape to the corresponding adsorption isotherm (figure
3.1). At low T values, the signals are less exothermic than at higher values. The
differential molar enthalpies of adsorption presented in figure 3.11 are plotted
as a function of the surface excess values for SDS at the carbon black/water

interface.

The enthalpy of displacement of water by SDS at the carbon black surface de-
creases regularly with increasing surface excess and the difference becomes less
pronounced at higher surface coverage. This difference in the enthalpy values
studied in two surface coverage regions (low surface coverage values and higher
surface coverage values) could be related to different displacement processes
where the one at low surface coverage is more exothermic than the other ones.
The values of the enthalpy of adsorption range from -84 to -44 kJ /mol when T’
increases from 0.37 to 1.34 pmol/m?. For the other anionic surfactants (SDBS
and SAS) as well as for the nonionic surfactant, the enthalpies of displacement

are presented in figure 3.12 in comparison to the data of SDS.
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Figure 3.10: Cumulative enthalpy of adsorption on carbon black for SDS
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Figure 3.11: Differential molar enthalpy of adsorption on carbon black for SDS
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Figure 3.12: Cumulative enthalpies of adsorption on carbon black for SDS,
SDBS, SAS and C12_14E7
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Figure 3.13: Differential molar enthalpies of adsorption on carbon black for
SDS, SDBS, SAS and 012_14E7
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For all anionic surfactants, the curves for the cumulative enthalpy of displace-
ment are similar in shape to the corresponding adsorption isotherms. This

is not the case for the nonionic surfactant as both set of curves (figure 3.4
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and figure 3.12) show differences especially at low surface excess values. The
enthalpy of displacement on carbon black for the nonionic surfactant is more
exothermic than for the anionic surfactants. SDBS and SAS show comparable
enthalpy values on carbon black which are less exothermic than for SDS. The
differential enthalpies of displacement for the single surfactants are presented

in figure 3.13.

The range of differential molar enthalpies is given as a function of the minimum

and the maximum surface excess values for each surfactant in table 3.7.

Table 3.7: Comparison of the differential molar enthalpies of adsorption on
carbon black for the single surfactants

‘ Surfactant H T inin (nmol /m?) H Aggshmin (kJ/mol) H ['max (pmol/mol) H Aggshmax(kJ/mol)

‘ Ci2.14E7 H 0.11 H -118 H 1.39 H -49 ‘
] SDS H 0.37 H -84 H 1.34 H 44 \
E w | im | =
Gas | ow | = | s %
where:

o A, sshyin: molar enthalpy of adsorption at minimum surface coverage

o A ushnay: molar enthalpy of adsorption at maximum surface coverage

e ['in: minimum surface coverage

o [ .x: maximum surface coverage

Significant differences are observed between the enthalpy values for the single
surfactants at low surface excess values. In fact, the nonionic surfactant shows
higher values than the anionic surfactants. At higher surface excess values,
smaller differences are noted between the nonionic surfactant and the anionic
surfactants. SDBS and SAS show very similar enthalpy graphs in the entire

surface excess region studied.
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3.3.2 Enthalpy effects of adsorption for surfactant mixtures at the

carbon black-water interface

For each studied mixture, the enthalpy of adsorption for the mixture will be

compared to those for the single compounds.

3.3.2.1 Enthalpy effects of adsorption for SDS/Cj3 14E7 The adsorption
enthalpies for SDS, Cy5.14E7 and their 1:1 molar mixture are presented in figure

3.14.

The adsorption enthalpy for the 1:1 mixture is presenting the same progression
as the single nonionic surfactant, in fact, both curves are nearly superposed
in the entire surface excess region. The same behavior for the mixture is of

course observed for the molar enthalpies of adsorption presented in figure 3.15

-80

-70 e 0)
B MIOONE. . o
E = e
E ]
T £
£ 01 -
©
<] -20 1

£
a0] %)
o T r T T y
0 0,2 0.4 0.6 0.8 1 1,2 1.4 1.6
[ ot (MMol/m?2)

Figure 3.14: Cumulative enthalpies of adsorption of SDS, Ci5.14E7 and their
1:1 mixture as function of the total adsorbed amounts (Iyoa)
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Figure 3.15: Molar enthalpies of adsorption of SDS, Ci5.14E7 and their 1:1 mix-
ture as function of the total adsorbed amounts (T'yota1)
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3.3.2.1 Enthalpy effects of adsorption for SDS/Cj; 14E7
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Figure 3.16: Cumulative enthalpies of displacement of SDBS, Ci5.14F7; and

their 1:1 mixture as function of the total adsorbed amounts (I'iota1)
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Figure 3.17: Molar enthalpies of adsorption of SDBS, Ci514E; and their 1:1

mixture as function of the total adsorbed amounts (Iiota1)
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The cumulative enthalpies of adsorption for the anionic surfactant SDBS, the
nonionic surfactant Cis.14E7 and their 1:1 mixture at the carbon black-water
interface are presented in figure 3.16.

The enthalpy of adsorption for the mixture is similar to that for the single
nonionic surfactant for low surface excess values. For I' > 0.50 pmol/m?
AgisH (displacement enthalpy) for the mixture is lower than that for the single
nonionic surfactant and higher than that for SDBS. For T > 1.11 pmol/m?, the
enthalpy values for the mixture are slightly higher than for the single nonionic
surfactant but the differences are not big for both cases. This behavior is

better perceived in figure 3.17 which gives the molar enthalpies of adsorption.

3.3.2.3 Enthalpy effects of adsorption for SAS/Cy3.14E7 The cumulative
as well as the molar enthalpies of adsorption of SAS, Ci9.14E~ and their mixture

are presented respectively in figure 3.18 and 3.19
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Figure 3.18: Cumulative enthalpies of adsorption of SAS, Cis.14E7; and their
1:1 mixture as function of the total adsorbed amounts (Iiota1)
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Figure 3.19: Molar enthalpies of adsorption of SAS, C;5.14E7 and their 1:1 mix-
ture as function of the total adsorbed amounts (I'iotal)

O Ciz14E7

SAS

A SAS/C,.14E;

Table 3.8 gives the range of differential molar enthalpies as a function of the

minimum and the maximum surface excess values for each studied surfactant

mixture.

Table 3.8: Comparison of the differential molar enthalpies of displacement at
the carbon black /water interface for surfactant mixtures

Fmintotal Adishmin Fmaxtotal Adishmax
Surfactant mixture . .
(umol/m?) (kJ/mol) (umol/m?) (kJ/mol)
’ SDS/Ci2-14E7 H 0.28 H -126 H 1.22 H -56 ‘
| oz | | | ]
oot | om | % | o | =]
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3.3.3 Comparison with the results obtained on graphitized carbon
black

Kiraly and Findenegg [54] studied the adsorption of SDeS (sodium decyl sul-
fate) at the graphitized carbon black-water interface. The adsorbed amounts
obtained in their study as well as the enthalpies of adsorption at low concen-
trations are comparable to the results of this study for the adsorption of SDS

at the carbon black-water interface as given in table 3.9.

Table 3.9: Comparison between the results of this study and the results of
Kiraly et al [54]

| Enthalpy values || AuqH (mJ/m?) [ Aygsh (kJ/mol) | T (pmol/m?) |
| This study || -59 | -44 | 200 |
| Kirdly et al || -62 | -35 | 1.75 |

This shows that the chemical structures of graphite and the studied carbon

black are quite comparable for the adsorption of the studied surfactants.

For a further insight into the structure of the adsorbed layer it seems therefore
possible to use flat graphite surfaces. This makes it possible to perform studies
with atomic force microscopy which is a method that can not be used for small

particles.
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3.4 Structure of the adsorbed layer using AFM

AFM was used to further investigate the morphology of the adsorbed layer
for the studied systems at the graphite-water interface. In this section, the
micrographs for the single anionic surfactants SDS, SDBS and SAS as well
as the micrographs for the nonionic surfactant Cy5.14E7 at the graphite/water
interface are presented. All measurements were performed directly in the sur-
factant solutions at the graphite surface. These micrographs obtained for the
single surfactants will be compared in a second section to the following micro-
graphs obtained for the mixtures of the anionic surfactants and the nonionic

surfactant:
e SDS/Cis.14E; adsorption at the graphite-water interface
e SDBS/Cqs.14E7 adsorption at the graphite-water interface
e SAS/Ci5.14E7 adsorption at the graphite-water interface

All the micrographs presented are height micrographs which means that the
contrast observed is given by different positions of the piezo-element. For
each studied system, only 1-2 micrographs are presented in this section as an
illustration of the structure observed on the graphite surface due to the large
data quantity. All micrographs will be presented together with the height
profile corresponding to a selected area on the rastered surface in order to

calculate the corresponding period of the structures.

3.4.1 Structure of the adsorbed layer for the single surfactants at the
graphite-water interface

3.4.1.1 AFM study of SDS adsorption at the graphite-water interface
The atomic force micrograph for a 50 mol/m* SDS solution at the graphite-

water interface is presented in figure 3.20:
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Figure 3.20: 4pm x 4pm atomic force micrograph of a 50 mol/m? SDS solution
at the graphite-water interface

This micrograph shows the different layers of the graphite lattice which have
been imaged using the so-called soft contact mode [28]. This scan size (4pm
x 4pm) does not allow the observation of regular structures of surfactants at
the surface as these were only observed at smaller scan sizes as described by
Manne et al [23]. However, the experiments done in this study show that it is
important to start the imaging at higher scan sizes in order to localize bright
spots. The bright spots on the graphite surface are usually characteristics of
the presence of adsorbed surfactants layers. These were generally observed at
the edge of a graphite layer. By zooming in the area where these bright spots
appear, the following micrographs have been performed. Force and distance
were carefully adjusted during the entire experiment in order to avoid “de-
stroying” the structures observed while the cantilever is rastering the graphite

surface.
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Figure 3.21: 300 x 300 nm atomic force micrograph of a 50 mol/m? SDS solu-
tion at the graphite-water interface

Figure 3.21 shows a higher resolution of the surface with regular parallel struc-

tures extending from the top left to the middle of the micrograph.

In the bottom of the micrographs the structures are not observed anymore due
to a high force applied on the cantilever. The height profile of the area selected
in figure 3.21 (red line) is given in figure 3.22 and enables the estimation of

the period between two parallel structures.

Figure 3.22: Height profile of the selected area in figure 3.21

If the distance between the tip and the surface is not well adjusted, higher
forces could result in the destruction of the structures observed. This effect

can be seen in figure 3.23 in the regions marked with red arrows. The regular
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structures are observed starting from the top left of the micrograph. But with
higher forces applied on the cantilever tip, the structures are destroyed. This
shows the importance of a constant adjustment of the tip-sample distance dur-
ing imaging in order to assure a good quality of the micrographs. Moreover,
this permanent adjustment of the cantilever position represents the main chal-
lenge while imaging soft matter in general and surfactants in particular using
AFM.

Figure 3.23: Destruction of the structure of the adsorbed SDS layer when using
higher imaging forces

As already described above, the morphologies observed in figure 3.21 represent
parallel structures with regular periods. The calculation of the period is done
using different micrographs for the same sample at the same scan size (mainly
at 300 nm) to make sure that the calculated period value is representative
for the studied system. The software used enables the measurement of the
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height profile in the area of choice. Consequently, the height profile enables
the measurement of the period of the observed structures. This is done by
calculating the number of the maxima in the height profile. Each maximum
represents one stripe. In the height profile presented in figure 3.22, at a distance
of 50 nm on the x-axis, 9 maxima can be found. The corresponding period
is calculated by dividing this distance (50 nm) through the number of stripes
: 50 nm / 9 = 5.6 nm. This calculation was done for 3 different 300 nm x
300 nm atomic force micrographs of a 50 mM SDS solution at 1-2 positions in
the micrograph. Each experiment was repeated twice which gave an average
period of 5.6 nm with a standard deviation of about +/- 10% as presented in
table 3.10:

Table 3.10: Calculation of the period for 50 mol/m?® SDS at the graphite-water

interface
| Distance (nm) || Number of stripes || Period (nm) |
0 ] 9 | 56 |
0 ] 8 | 63 |
0 ] 10 | 5|
| 50 [ 9 [ 5.6 |
| 50 [ 9 [ 5.6 |

The average period calculated for the 50 mol/m?* SDS solution at the graphite
surface (5.6 nm) is comparable to the period reported in the literature for SDS

at the graphite/water interface by Wanless et al [30] which is 5.3 nm.

3.4.1.2 AFM study of SDBS adsorption at the graphite-water interface
For the anionic surfactant sodium dodecyl benzene sulfonate (SDBS) which
presents a phenyl ring in its structure, different experiments were conducted
at different SDBS concentrations starting from 50 mol/m? with higher (100
mol/m?) and lower (0.1 and 10 mol/m?*) concentrations. In all experiments
conducted, no regular structures were observed which makes it difficult to
conclude on the morphology of the adsorbed structure of this surfactant at the
graphite /water interface. Some micrographs show the presence of adsorbed

surfactant molecules that are displaced by the cantilever tip during imaging
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as it is shown in figure 3.24. In the marked region, it is possible to distinguish
bright lines between the two graphite layers which could be adsorbed surfactant
molecules. This confirms assumptions made by Patrick et al [55] according to
which regular structures at the graphite surface should not be possible for

surfactants presenting aromatic groups in their structure.

Figure 3.24: 600 x 600 nm atomic force micrograph of a 50 mol/m® SDBS
solution at the graphite-water interface

In the case of SDBS, the structure at the graphite surface can not be predicted
from the micrographs as it is the case for SDS for which the hemicylinderi-
cal structure at the graphite surface was suggested. The hemicylinders at the
graphite surface were correlated to the three-dimensional structure of the sur-
factant molecules in the aqueous phase [24]. The half of a cylindrical micelle
is quite similar in shape to the hemicylinderical structure of the aggregate at
the graphite surface. In order to find out if SDBS presents cylindrical micelles
in solution, the phase diagram of this surfactant in water gives the necessary
information. The phase diagram for SDBS in water has been reported by Sein
et al [56] and is given in figure 3.25.
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Figure 3.25: SDBS/water phase diagramm [56]

With:

L;= micellar phase

e LAM = lamellar phase

HC = (hydrated) crystals

L1+LAM = two-phases domain (L1+ LAM)
e LAM+HC = two-phases domain (LAM-+HC)

The phase diagram for SDBS in water presents no hexagonal phase, which
means that no cylindrical micelles are formed in solution for this surfactant.
This can be an explanation for the absence of a regular structure at the graphite
surface and gives indication for the analogy between the surfactant s structure
in the aqueous phase and at the graphite surface. This aspect will be further

described in the section “discussion”.
3.4.1.3 AFM study of SAS adsorption at the graphite-water interface

Figure 3.26 illustrates the atomic force micrographs of a 50 mol/m? SAS solu-

tion at the graphite-water interface.
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Figure 3.26: 300 x 300 nm atomic force micrograph of a 50 mol/m3 SAS solu-
tion at the graphite-water interface

Regular stripes are visible in the entire micrographs with the exemption of
small domains located in the center of the micrograph due to higher forces
applied on the cantilever tip which do generally result in the structures dis-
appearing. These structures are seen again immediately after adjusting the
force applied on the z-piezo. The corresponding structures are similar to the
one observed for the 50 mM SDS solution at the graphite surface. In order to
determine the period of these structures for SAS, the height profile has been

performed and is given in figure 3.27:

Helght
o
L

Figure 3.27: Height profile for the 50 mol/m? SAS solution given in figure 3.26

The estimation of the period of the structures observed at the graphite surface

for the 50 mol/m?® SAS solution was done using the same procedure applied
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3.4 Structure of the adsorbed layer using AFM

for the determination of the periods observed for the 50 mol/m?* SDS solution.

Table 3.11 summarizes the different values obtained:

Table 3.11: Calculation of the period for 50 mol/m? SAS at the graphite-water

interface

| Distance (nm) || Number of stripes || Period (nm)
| 50 [ 11 [ 4.5

| 50 [ 11 [ 4.5

| 50 | 11 | 4.5

| 50 [ 11 [ 45

| 50 [ 11 [ 45

| 50 | 10 | 5

L 50 10 H

This gives an average period value of 4.7 nm with a standard deviation of
about +/- 6%. The period measured for SAS is smaller than for SDS. This
difference could be related to the structural differences between the two alkyl
chains of these surfactants. In fact, SDS presents a linear alkyl chain whereas
SAS presents a branched alkyl chain. This branching could result in lower
periods for the structures observed at the graphite surface. These differences
between the measured periods for SDS and SAS will be discussed further in

the chapter “discussion”.

3.4.1.4 AFM study of C;5.14E7 adsorption at the graphite-water inter-
face An example of the micrographs obtained for the nonionic surfactant

Cio.14F7 adsorption at the graphite surface is given in figure 3.28:
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Figure 3.28: 500 x 500 nm atomic force micrographs of a 50 mol/m? Cyo14E;
at the graphite-water interface

Different domains are observed in figure 3.28 due to the presence of 3 graphite
layers with different orientations. In the top left of the micrograph, a frontier
is observed between two domains after which the periodic structures present
another orientation angle towards the graphite surface. In the third domain in
the bottom right of the micrograph, yet another orientation is observed. This
shows the dependence of the periodic structures orientation on the graphite
layer from the orientation angle of the graphite surface. The height profile

measured for this domain is given in figure 3.29.

Figure 3.29: Height profile for the third domain in figure 3.28

The same experiment was repeated different times for a better estimation of
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the period. A second example of the obtained micrograph with a smaller scan

size is given in figure 3.30:
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Figure 3.30: 300 x 300 nm atomic force micrographs of a 50 mol/m? Cyo.14E;
at the graphite-water interface

The height profile in the indicated area was determined and is given in figure
3.31.
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Figure 3.31: Height profile for the indicated area in figure 3.30

From the different micrographs obtained for the 50 mol/m? Cj5.1,E7 solution
at the graphite/water interface, an estimation of the period of the observed
structures was done following the same procedure used to determine the period
of the structures observed for the anionic surfactants SDS and SAS at the

graphite-water interface. The results are given in table 3.12.
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Table 3.12: Calculation of the period for 50 mol/m3 Ci2.14E7 at the graphite-

water interface

Distance (nm) H

Number of stripes H

Period (nm)

| |
| 50 | 9 | 5.6 |
| 50 | 9 | 5.6 |
| 100 | 20 H |
| 100 | 20 H |
| 40 H 8 H |

The average period is equal to 5.2 nm with a standard deviation of about
+/- 7%. This period is similar to that registered for SDS in the calculated

standard deviation range. Other studies [31] reported higher spacing between

the periodic parallel stripes for C15F3 and C15E5 on graphite but similar periods

were registered for Ci5Eg as indicated in table 3.13:

Table 3.13: Comparison between the values of the periods measured using
AFM for different Ci5E, at the graphite surface

‘ Author H Surfactant used H Period measured ( ‘
‘ Patrick et al [31] H CioE; H 5.7 ‘
| Patrick et al [31] || Ci2E5 | 5.6 |
‘ Jabnoun H CoE, H 5.2 ‘
| Patrick et al [31] | CigEs [ 5.3 |
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3.4.2 Structure of the adsorbed layer for surfactant mixtures at the
graphite-water interface

3.4.2.1 SDS/Cj3.14E7 mixture Figure 3.32 illustrates the structure observed
for the SDS/C1s.14E; mixture at the graphite surface.
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Figure 3.32: 300 x 300 nm micrograph of a 50 mol/m? SDS/Cjy 14E7 1:1 mix-
ture at the graphite-water interface

The height profile of the area indicated in figure 3.32 is given below:

Figure 3.33: Height profile for the indicated area in figure 3.32

The period for the mixture is measured at different positions of the performed
micrographs following the same procedure as for the single compounds. The

results are given in table 3.14.
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Table 3.14: Calculation of the period for 50 mol/m? SDS/Ci,.14E; mixture at
the graphite-water interface

‘ Distance (nm) H Number of stripes H Period ( ‘
| 50 | 9 | 56 |
| 50 H 9 H 56 |
| 50 H 9 H 56 |
| 50 H 9 H 56 |
| 50 H 9 H 56 |

The period was the same in all parts of the micrographs where the structures
were observed and the periods measured. The period for the mixture is equal to
the period registered for the single compounds when considering the standard
deviations registered for both SDS and Ci9.14E7.

3.4.2.2 SDBS/Cj3.14E7 mixture The morphology of the single anionic sur-
factant SDBS presented no regular parallel structures, but a featureless ad-
sorbed layer. In contrast, the nonionic surfactant Cio.14E7 did present reg-
ular periodic structures. Different mixing ratios have been studied for the
SDBS/Cis.14E7 mixture where the concentration of the anionic surfactant

SDBS was progressively increased as follows.
e SDBS/Ci514E7 1/9 mixture
e SDBS/Cy9.14E7 2:8 mixture
e SDBS/Cy5.14E7 1:1 mixture

The results of this mixing are presented in figures 3.34, 3.35 and 3.36:
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Figure 3.34: 300 x 300 nm micrograph of a 50 mol/m?® SDBS/Ci5.14E7 1: 9
mixture at the graphite-water interface
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Figure 3.35: 300 x 300 nm micrograph of a 50 mol/m® SDBS/Cyy 1,E; 2:8
mixture at the graphite-water interface
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Figure 3.36: 400 x 400 nm micrograph of a 50 mol/m® SDBS/C,14E; 1:1
mixture at the graphite-water interface

The different micrographs obtained for the SDBS/Cy9.14E7 mixtures presented
differences related to the mixing ratios of both compounds. In figure 3.34, the
anionic surfactant SDBS is represented in the mixture with only 10%. At this
mixing ratio, the structures observed for the single nonionic surfactant were
still observed for its mixture with SDBS. By increasing the concentration of
SDBS in the mixture, the regular structures were still observed but imaging
was made more difficult. In fact, the structure observed in figure 3.36 for
the highest SDBS concentration in the mixture is different from the periodic
and parallel stripes observed so far for the single nonionic surfactant in that
way that these structures seem to be flattened by the cantilever tip. This
effect can be observed in the top left of figure 3.36 and is due to the fact
that the force applied on the cantilever tip was constantly adjusted due to the
higher repulsion observed for this mixture between the cantilever tip and the

structures formed at the graphite surface.

This can be further observed in the values of the periods determined for the

different mixtures in table 3.15.
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Table 3.15: Calculation of the periods for 50 mol/m* SDBS/C1.14E; mixtures
at the graphite-water interface

SDBS/Ci2.14E7 Distance || Number of stripes || Period Standard deviation

mixing ratio (nm) (nm) (%)
| 1:9 | 50 | 9 | 56 | 0
| 2:8 [ 50 | 10 [ 48 | 3
| 1:1 | 100 | 16 | 53 ] 17

The value of the period obtained for the lower concentration of SDBS in the
mixture is similar to the one registered for the single nonionic surfactant. But
with higher SDBS concentration in the mixture, the periods present a broader
range. The standard deviation increases with increasing SDBS concentration
in the mixture. The results obtained for the mixture support the assumptions
made for the single anionic surfactant SDBS. The structure of this surfactant
and especially the presence of an aromatic group does not enable imaging using
AFM for the single anionic surfactant. The presence of the nonionic surfac-
tant in the mixture allows images up to an SDBS/Ci514E7 ratio of 1:1. This
means that when SDBS is present in the mixture until a 1:1 ratio, cylindrical

structures are still observed at the graphite-water interface.
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3.4.2.3 SAS/Cy314E7 1:1 mixture The results of the AFM study for the

1:1 mixture of SAS and the nonionic surfactant are presented in figure 3.37:

nm
nm

0 50 100 150 200 250 300

Figure 3.37: 300 x 300 nm micrograph of a 50 mol/m? SAS/Cyy.14E; 1:1 mix-
ture at the graphite-water interface

This micrograph shows regular structures with different orientations towards
the graphite surface. In the center of the micrograph, the observed structures
presented different orientation angles; similar structures were observed for both
single compounds SAS and Ci5.14E7. The height profile of the area mentioned

in figure 3.37 is given below:

sight

Figure 3.38: Height profile for the indicated area in figure 3.37

This height profile as well as the measurement done using different micrographs
of the same SAS/Ci5.14FE7 mixture gave a period value of 5.4 nm (+/-5). The
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structure observed for the mixture contradicts assumptions made by Patrick
et al [31] according to which these periodic structures can not be observed for

surfactants presenting branching in the alkyl chain.

3.4.2.4 Summary of the results of the adsorbed layer Table 3.16 presents

the period values registered for all the studied systems.

Table 3.16: Periods of the structures observed for the studied systems

| Surfactant | Period (nm) | Deviation (%) |
| SDS | 5.6 | 10 |
| SAS | A7 | 6 |
‘ SDBS H no periodic structure H - ‘
Cuubr [ 5.2 [ T
| SDS/Cip14E7 1:1 || 5.6 | 0 |
| SAS/CiouE7 111 | 5.3 | 5 |
| SDBS/Cup.14E7 111 | 5.3 [ 17 |
| SDBS/C13.14E7 2:8 | 4.8 [ 3 |
| SDBS/C13.14E7 1.9 | 5.6 [ 0 |

For the SDS/Ci5.14E7 mixture, the period measured is comparable to both
single compounds. For the SAS/C1s.14F7 mixture, the value is similar to that of
the nonionic surfactant. Obviously, the longer period of the nonionic surfactant
dominates in the mixture due to a high concentration of the nonionic surfactant

in the mixture.

For SDBS and a high nonionic surfactant content in the 1:1 mixture, the period
is also determining the dimension of the structure. At a higher content of
SDBS, the period decreases and the structure becomes not that homogeneous.
This may be caused by the increasing influence of the adsorbed SDBS molecules
at the graphite surface which interfere with the regular built-up of cylindrical

structures.
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4 Discussion

4.1 Adsorption behavior of single surfactants and

mixtures

The adsorbed amounts of the surfactant mixtures at the carbon black/water
interface show differences compared to the adsorbed amounts of the single
surface-active agents. This indicates a complex adsorption behavior in the
mixture compared to the single compounds as mentioned in the beginning of

this work.

Zettlemoyer et al [46] interpreted the shape of the adsorption isotherm of SDS
on graphon, which did present an inflection point, as having two regions where
in the first region (at low surfactant concentration) the alkyl chains of SDS
adsorb parallel to the surface to maximize favorable hydrophobic interactions
between the alkyl chains and the hydrophobic surface. In the second region
characterized by higher surfactant concentrations, the alkyl chains are then
oriented vertically towards the surface and at saturation, a vertically oriented

monolayer is then formed.

The driving free energy of adsorption above the point of inflection is attributed

to associative chain-chain as well as chain-solid hydrophobic interactions.

The absence of the inflection point in the adsorption isotherm (in the case of
SDS adsorption on Spheron 6) studied by Day et al [47] has been related to the
heterogeneous surface of the used carbon black Spheron 6 which would hinder

the formation of a uniform layer oriented horizontally towards the surface.

In a review of 1983, Hough and Rendall [57] discussed the thorough analysis of
adsorption isotherms of surfactants based on reviews and original publications
in the matter, among them the already mentioned studies of Zettlemoyer et
al [46] as well as Day et al [47]. One striking aspect treated was the thorough

interpretation of the shape of the adsorption isotherms.

In fact, the presence of an inflection point in the CMC region supposes two
domains above and below the inflection point with a different geometry or
orientation of the adsorbed species of mainly anionic surfactants on the surface

of the adsorbent (carbon black).
Somasundaran et al [58, 59, 60, 61, 62, 63, 64] by studying the adsorption
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of alkyl and alkylbenzene sulfonates at the mineral oxide/water interface fur-
ther confirmed the model first introduced by Gaudin and Fuerstenau in 1955
[65] and further developed by Fuerstenau and Somasundaran. This model
presented the concept of hemi-micelle concentration which is defined as the
concentration at which two-dimensional self-assembly aggregates form at in-
terfaces. Basically 50 years later, this model is still commonly used and will
be also discussed in the current study. The above-mentioned studies brought
important insights into the interpretation of adsorption isotherms in order to
predict the adsorption behavior of surface-active agents at interfaces but few
have been dedicated to the study of the behavior of surface-active agents with
different chemical structures in mixtures especially at hydrophobic surfaces

which is the main goal of this work.

4.1.1 Adsorbed amounts of single surface-active agents

4.1.1.1 Adsorption isotherms for the anionic surfactants The adsorption
isotherms for the anionic surfactants sodium dodecyl sulfate (SDS), sodium
dodecyl benzene sulfonate (SDBS) and the secondary alkane sulfonate (SAS)
presented a strong increase at low concentrations and plateau values at con-
centrations above the CMC of the corresponding surfactants in solution (refer
to figure 3.4). The strong increase towards plateau values in the first part of
the adsorption isotherms can be explained by the strong adsorption of the sur-
factant monomers in solution at the carbon black-water interface. With higher
surfactant concentration in solution, micelles begin to form. Saturation in so-
lution is reached and a monolayer or multilayer is formed at the solid-liquid
interface. SDBS and SAS present adsorption isotherms with a similar shape,
the increase towards plateau values takes place at comparable equilibrium con-
centration values with slightly higher (I') values for SAS. The increase towards
the plateau region takes place at comparable equilibrium concentrations for
both surfactants (ceq= 5.8 mol/m®). This behavior can be related in a first
approximation to the similar CMC values of both surfactants. SDS presents
due to the higher CMC a higher monomer concentration than SDBS and SAS
which explains the higher adsorption (I' values) registered for this surfactant
at concentrations underneath the CMC (especially for coq> 4 mol/m?). SDS

presents as well higher plateau values than the one starting to form for SDBS
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and SAS. Aggregates tend to form at the carbon black-water interface at higher
concentration following the same dependence of plateau values on the CMC
value of the corresponding surfactant. The structural differences between the
linear SDS and the branched SDBS and SAS can also explain the differences
observed between the adsorption isotherms of these surfactants. In fact, the
values calculated for the limiting area per molecule for SDBS (0.93 nm?) and
SAS (1.03 nm?) are comparatively higher than the value reported for SDS
(0.83 nm?), this means that the molecules adsorbed at saturation for SDBS
and SAS at the carbon black/water interface occupy a larger area than the one
formed for the linear SDS. Another structural difference between the studied
anionic surfactants is the structure of the head group. In fact, both SAS and
SDBS have a sulfonate group, SDS on the other hand has a sulfate group in
its structure. This could result in a different electrostatic repulsion between
the head groups of SDS compared to SDBS and SAS.

4.1.1.2 Adsorption isotherm for the nonionic surfactant Contrarily to
anionic and cationic surfactants, nonionic surfactants have no or little effect
on surface charge [45]. Therefore, their mode of adsorption cannot be related
to changes in the surface charge. Instead, the effect is strongly influenced by
the hydrophobic interactions between the nonionic surfactant and the surface
as well as between the adsorbed surfactant molecules. Compared to anionic
surfactants, the adsorption of nonionic surfactants is quite steep at hydropho-
bic, weakly polar interfaces. This is illustrated in Figure 4.1 which is derived
from figure 3.2 for the adsorption of Cis.14E7 and SDS at the carbon black

surface.
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0] 3 6 9 12 15
Equilibrium concentration (mol/m3)

Figure 4.1: Adsorption isotherm at T = 25°C and pH = 10 for Cyo.14F7
O C12_14E7 SDS

The adsorption isotherm for the nonionic surfactant at the carbon black /water
interface presents a different shape than the one observed for the anionic sur-
factant SDS which was related to the lower CMC value for this surfactant
compared to SDS. A comparison between the adsorption behavior of the non-
ionic surfactant Cio.14E7 and the anionic surfactant SDS is important for an
estimation of the effect of the head group of the surfactant on the adsorption
isotherm. In fact, both surfactants show similar structures for the non polar
part of the molecule (a linear alkyl chain of mainly twelve carbon atoms) with
a single difference which is the structure of the head group. Investigations done
by Ma and Xia [66] as well as Bossetti [67] suggest that at low concentrations,
the nonionic surfactant presents a molecular structure on the carbon black sur-
face with the alkyl chain lying parallel to the surface and the ethylene oxide
groups coiling at the solid/liquid interface. The results already reported at
saturation for the value of the area per molecule (see table 3.2) of the nonionic
surfactant (0.66 nm?) are comparatively smaller than that for the anionic sur-
factant SDS (0.83 nm?). Both results (at low and high concentrations) show
the effect of the chemical structure and the charge of the head group on the
adsorption behavior of the surfactant. The higher surface activity of the non-
ionic surfactant due to its lower CMC value and the absence of electrostatic

repulsion due to the uncharged head group for this surfactant explain the lower

98



4.1 Adsorption behavior of single surfactants and mixtures

values of the area occupied by each molecule of this surfactant at the carbon

black /water interface.

4.1.1.3 Correlation between the adsorption isotherms obtained exper-
imentally and theoretical models The adsorption isotherms obtained ex-
perimentally for the studied systems are compared with models presented in
the literature to further investigate the possible adsorption mechanism at the
carbon black-water interface. The well-known Langmuir isotherm [68, 69] is
a commonly used model also for the adsorption at the solid-liquid interface
and was already introduced in the first chapter of this thesis. In the following
chapter, we present the comparison between the adsorption isotherms obtained
experimentally and the adsorption isotherms calculated using the Langmuir
model. In this chapter, C,qs rather than I" is used (Caqs =T ) .

1ﬂmaac K Csol

ads — 4.1
Cad (1 —|—K6501) ( )

With:

® C,qs: concentration of the adsorbed surfactant at the surface (mol/m?)

Csol: concentration of the adsorbed surfactant in the bulk solution (mol/m?)

['max: maximum adsorbed amount per unit area (mol/m?)

K: Langmuir constant (m?*/mol)

4.1.1.4 Langmuir model for anionic surfactant adsorption at the carbon
black-water interface In figure 4.2, 4.3 and 4.4, the experimental results
obtained for each anionic surfactant are presented in each graph together with

the fit using the Langmuir model.
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Figure 4.2: Experimental results and adsorption isotherms obtained using the
Langmuir model for SDS (experimental data from figure 3.2)
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Figure 4.3: Experimental results and adsorption isotherms obtained using the
Langmuir model for SDBS (experimental data from figure 3.2)
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Figure 4.4: Experimental results and adsorption isotherms obtained using the
Langmuir model for SAS (experimental data from figure 3.2)

All isotherms for the anionic surfactants present a quite good agreement be-
tween the experimental results and the Langmuir model. The values of K for

each surfactant extrapolated from the Langmuir fits are given in table 4.1.

Table 4.1: Values of K using the Langmuir model

| Surfactant || K (m?/mol) |
| SDS | 107 |
| SDBS [ 152 |
| SAs [ 184 |

SDS presents a quasi-Langmuir adsorption behavior (K~1). This would mean
that the adsorption of SDS at the carbon black-water interface seems to be
Langmuir-like. However, when having a closer look to the adsorption isotherm
of SDS at the carbon black/water interface, it is possible to distinguish devi-
ations between the experimental results and the graph given by the Langmuir
model. The values obtained for the Langmuir model are lower than the experi-
mental values at low concentration (< 0.5 mol/m?). In the concentration range
from 1 to 5 mol/m?, the values obtained for the Langmuir model are higher
than the experimental values and at concentrations higher than 5 mol/m?, this
trend is again inverted. These differences observed between the Langmuir val-

ues and the experimental values might be an explanation for the average value
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obtained for K which does apparently describe a Langmuir-like behavior for
SDS but does not directly correlate with the differences observed between the
experimental results and the Langmuir model. The same case was observed
for SAS and SDBS where both K values were higher than 1. The adsorption
process for both surfactants is not fully described by the Langmuir equation.
The higher K values for SAS and SDBS compared to SDS show that the in-
teractions of these molecules with the carbon black surface are stronger than

SDS, which is supported by the results for the surfactant mixtures (see below).

4.1.1.5 Langmuir model for the nonionic surfactant adsorption at the
carbon black-water interface A similar calculation has been done for the

nonionic surfactant as presented in figure 4.5.
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Figure 4.5: Experimental results and adsorption isotherms obtained using the
Langmuir model for Cy914E7 (experimental data from figure 3.2)

The nonionic surfactant presents an adsorption behavior which is different
from the Langmuir model. In fact, the increase towards plateau values in
the adsorption isotherm of this surfactant takes place at much lower values
than the values given by the Langmuir model. This supposes a stronger in-
teraction between the nonionic surfactant and the carbon black surface than
predicted by the Langmuir model or an interaction between the nonionic sur-

factant molecules. For the nonionic surfactant, K=3.46 m®/mol. This is much
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higher than the values obtained for the anionic surfactants. This result further
confirms the stronger interaction of the nonionic surfactant with the carbon
black surface compared to the anionic surfactants and is also supported by the

results obtained for the surfactant mixtures.

4.1.1.6 Zhu model for anionic surfactant adsorption at the carbon black-
water interface This model has been originally developed to describe the
adsorption of surfactants which are supposed to form so-called hemi-micelles.

The Zhu equation |70, 71, 72| is expressed as follows:

FmaxK SO l _|— K n-1
Cads = T = 16eally, + Kz S‘;‘) (4.2)
1+ Kicsol(1 + Koc ™)

sol

Where:

Cags— L: concentration of adsorbed surfactant at the surface (mol/m?)
e Cy: concentration of adsorbed surfactant in the bulk solution (mol/m?)

[max: maximum adsorbed amount per unit area (mol/m?)

K;: equilibrium constant for the adsorption of single molecules (m?/mol)

K,: equilibrium constant describing the adsorption of clusters of n molecules
(m? /mol)

e n: number of molecules per cluster formed

In order to use the Zhu equation for fitting the experimental results of this
study, a first calculation has been done in order to determine the value of
the parameter n corresponding to an R? = 1 fit (which represents a good
agreement between the experimental results and the fitted values). R? was

calculated using the following equation:

2 _ 1 Zwi(yi - gz)
R =1 S (0 —7) (4.3)

Where:
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e R2: coefficient of determination

e w;: mean value

y;: observed value

y;: predicted value

e y: mean of the observed value

The graphs presenting the variation of n as a function of R? show good results
( R? nearly equal to 1) values for n=3 (refer to Appendix). It is possible to
deduce that each aggregate formed at the surface of the adsorbent presents 3
surfactant molecules according to the fit. In fact, the best fits were obtained
for n=3. In a second step, K; and K, as given by the Zhu equation need to
be determined. This is done by fitting the experimental results to the graphs
given by the Zhu equation for n=3. Both graphs (experimental results (single

values) and Zhu fit for n=3) for each surfactant are given below:

251 + -

Ceq (mMol/m?)

Figure 4.6: Concentration of the adsorbed Cio14E7 at the surface (caqgs) as a
function of the bulk solution concentration (cg) for n=3
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Figure 4.7: Concentration of the adsorbed SDS at the surface (c,q4s) as a func-
tion of the bulk solution concentration (cso) for n=3
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Figure 4.8: Concentration of the adsorbed SDBS at the surface (cags) as a
function of the bulk solution concentration (cg) for n=3
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Figure 4.9: Concentration of the adsorbed SAS at the surface (caqgs) as a func-
tion of the bulk solution concentration (cgo) for n=3

e For the nonionic surfactant Ci9.14E7, the fit in figure 4.6 for c,45 according

to the Zhu model is given by the following equation:

2.5923.610 3¢y (L + 14013.75¢21)
Cads = 3—1 (44)
1+ 3.610 3,0 (1 + 14013.75¢% 1)

e For SDS, the fit in figure 4.7 for c,qs according to the Zhu model is given
by the following equation:

2.08221.21c,0 (5 + 0.18¢31)

sol

14 21.21ce(1 +0.18¢2 1)

sol

(4.5)

Cads =

e For SDBS, the fit in figure 4.8 for c,4s according to the Zhu model is

given by the following equation:
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1. 72x200305( + 0. 48050[ )

Cads = 4.6
B 4 200,,(1 4 04865 T) (4:6)

e For SAS, the fit in figure 4.9 for c,qs according to the Zhu model is given
by the following equation:

1. 72.%20050;( +0. 480801 )
1+ 20¢s0(1 + 0. 48650[ )

(4.7)

Cads =

Table 4.2 summarizes the values of K; and Ky given by equations 4.4 to 4.7

for n = 3.

Table 4.2: Values of K; and K, for n=3 for the single surfactants using the
Zhu equation

| Single surfactant || m? /mol) || m? /mol) |
| CipuBEr 3 610° | 14 01 10° |
| SDS | 21.21 | 018 |
| SDBS | 1952 | 0.36 |
| SAS | 20.00 || 048 |

Differences are observed between the values of K, and Ky obtained for the
nonionic surfactant compared to the one obtained for the anionic surfactants.

These differences can be summarized as follows:

e The K values are much higher for the anionic surfactants

e The K, values are much higher for the nonionic surfactant

Knowing that K; represents the equilibrium constant for the adsorption of
single molecules at the solid-liquid interface, it is possible to conclude that
for the anionic surfactants, the adsorption of the single surfactant molecules
at the carbon black-water interface predominates. For the nonionic surfac-
tant, the interaction between the adsorbed surfactant molecules is predomi-

nant.This gives indication for different adsorption behaviors for the surfactants
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used which could be further investigated by changing the values of n, K; and
K5 in the Zhu equation for each surfactant and comparing the given graphs to
the experimental results (single values in figures 4.10 to 4.13) which enables

the investigation of the effect of the variation of each parameter on the fits.

C.4s (mol/m?)

0 2 4 6 8 10 12 14 16

C.o (molim3)

Figure 4.10: Variation of the constants n, K; and K, in the Zhu equation for
Ci214F7

O Cip1sE; (experimental data) — n=3, K1=0.0036, K2=14010 - n=3, K1=0.0036, K2=20000

= n=3, K1=0.0036, K2=14010 = n=2, K1=0.0036, K2=14010 = n=6, K1=0.0036, K2=20000

For Cy5.14E7, the best fit is obtained for n—=3; K;=0.0036 m?®/mol and K,=14010
m?/mol. The adsorption isotherm of the nonionic Ci4.14E7 presents no signifi-
cant dependance on the values of n, K; or K5 as all graphs determined using
the Zhu model present a similar progression as a function of cg, and are in good
agreement with the experimental results except for n=3 and a lower value of
K; (K;=0.001). This indicates that aggregation seems to be the dominant pro-
cess (n values between 3 and 6) for this surfactant. Ounly for lower K, values,

a shift between the experimental results and the fit is observed.
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Figure 4.11: Variation of the constants n, K; and Ky in the Zhu equation for
SDS
SDS (experimental data)

=n=3, K1=21.2, K2=0.18 n=3, K1=21.2, K2=0.5

- n=3, K1=10, K2=0.18 - n=2, K1=21.2, K2=0.18 - n=6, K1=21.2, K2=0.18

For SDS, the best fit is obtained for n—3; K;=10 m?® /mol and K5—0.18 m? /mol.
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Figure 4.12: Variation of the constants n, K; and Ky in the Zhu equation for
SDBS

SDBS (experimental data) = n=3, K1=19.5, K2=0.36 n=3, K1=19.5, K2=1

= n=3, K1=10, K2=0.36 = n=2, K1=0.19.5, K2=0.36 = n=6, K1=0.0036, K2=0.36

For SDBS, the best fit is obtained for n=3; K;=10 m?/mol and Ky=0.36
m? /mol.
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Figure 4.13: Variation of the constants n, K; and Ky in the Zhu equation for

SAS
SAS (experimental data) = n=3, K1=20, K2=0.48 n=3, K1=20, K2=1
- n=3, K1=10, K2=0.48 = n=2, K1=20, K2=0.48 = n=6, K1=20, K2=0.48

For SAS, the best fit is obtained for n=3; K;=10 m*/mol and K»=0.48 m*/mol.
For the anionic surfactants SDS, SDBS and SAS the best fits were obtained for
n=3. The variation of the value n towards higher and lower values presented a
shift of the corresponding graphs from the best fit. The variation of the values
of Ky and K, presented similar results, but the shift observed when varying n
was higher which shows a dependence of the adsorption behavior of the anionic
surfactants on the number of molecules per aggregate formed at saturation on
the surface of carbon black. The anionic surfactant adsorption at the carbon
black /water interface seems to be better described by the Langmuir isotherm
than by the Zhu isotherm. The aggregation process for the anionic surfactants
seems to be less strong than for the nonionic surfactant. This study of the sig-
nificance of the parameters of the Zhu equation supports the drawn conclusion
of a significantly different adsorption mechanism for the nonionic surfactant
compared to the anionic surfactants. The best fit for n=3 could mean that
either small aggregates with 3 molecules per aggregate or aggregates of differ-
ent single molecules are adsorbed in a mixed layer at the carbon black/water
interface. For the anionic surfactant, even at high surfactant concentrations,
the interaction between the surfactant and the hydrophobic carbon black sur-

face predominates whereas for the nonionic surfactant, the interaction between
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the adsorbed surfactant molecules predominates. The results mentioned above
show that the mechanism of adsorption of the single surfactants at the carbon
black-water interface is strongly dependent on the nature of the surfactant and
its structure. Moreover, differences have been noticed between the models used
to describe the adsorption behavior of the single surfactants. In fact, the Lang-
muir model could be applied for the interpretation of the adsorption isotherms
of the anionic surfactants at the carbon black-water interface whereas for the
nonionic surfactant, the Zhu model seems to describe at best the adsorption
behavior. In fact, the Zhu model gives indication for the formation of surfac-
tant aggregates at the hydrophobic surface which will be further investigated

using atomic force microscopy.

4.1.2 Adsorbed amounts of surfactant mixtures at the carbon
black-water interface

The adsorption isotherms for the studied mixtures are given in figure 4.14:
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Figure 4.14: Adsorption isotherms for surfactant mixtures at the carbon black-
water interface

> SDS/Cy5.14E; M SDBS/Cip.14E; A SAS/C.,.44E;

Here the adsorbed amount (T'yota1) as well as the equilibrium concentration
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represent the sum of the quantities obtained for the anionic surfactants and
the nonionic surfactant in the mixture which have been measured separately.
At low total equilibrium concentrations (up to 0.5 mol/m?), the total adsorbed
amounts for the studied systems were quite the same. At higher concentra-
tions and up to 4 mol/m?, differences were observed between the 3 mixtures.
SDBS/Cis.14E7 and SAS/C1s.14E; present higher adsorbed amounts than the
mixture SDS/Cy214E7, which shows a linear increase of the adsorbed amounts
as a function of the equilibrium concentration. In this concentration range,
SDS/Cis.14E; presented lower adsorbed amounts than SDBS/Ciy1,E; and
SAS/Ci214E7. But at higher concentrations, SDS/Cis14E7 presented higher
adsorbed amounts. The adsorption isotherms for all the studied mixtures
presented a similar feature which is the decrease of the adsorbed amount at
saturation of either the anionic surfactant or the nonionic surfactant with in-
creasing initial concentration of the other component with differences observed
depending on the structure of the anionic surfactant used as presented in fig-
ures 4.15 and 4.16.
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Figure 4.15: Adsorption isotherms for the anionic surfactants in the mixture
at the carbon black-water interface

SDS [1 SDBS SAS

SDS/Ci,.1sE; M SDBS/C,.14E- SAS/C9.44E7
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Figure 4.16: Adsorption isotherms for the nonionic surfactant in the mixture
at the carbon black-water interface

OCip1sE7; & SDS/Cyy.14E; SDBS/C2.14E7 £\ SAS/C1p.14E7

In fact, the decrease of the adsorbed amount of SDS in the mixture with
the nonionic surfactant is comparatively higher than that for SDBS and SAS.
These results, especially for SDS, confirm the conclusions reported by Chobanu
and Ropot 73] who investigated the adsorption of cationic and nonionic sur-
factants from their mixed solutions on carbon black as well as Gao et al [74]
who studied the adsorption of Triton X-100 (nonionic surfactant) and sodium
dodecyl sulfate as well as cetyltrimethylammonium bromide (cationic surfac-
tant) from their mixed solutions on active carbon. In fact, the results of these
studies show that the adsorption of ionic surfactants at saturation decrease
markedly in the presence of a nonionic surfactant. Depending on the anionic
surfactant in the mixture, the following interpretation can be done based on

figure 4.14 and in relation to the values obtained in tables 3.4 to 3.6:

e For the SDS/Cy514FE7 mixture: at low equilibrium concentration in the
mixture, both anionic surfactant and nonionic surfactant are adsorbed
equally at the carbon black surface. In fact, the mixing ratio up to a

total equilibrium concentration of 0.17 mol/m? is very close to 1.

At higher concentrations, a strong increase is observed which is due to
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the mutual adsorption of SDS and Cy5.14E;. Starting from this concen-
tration range, a higher adsorption of Cio.14E7is observed, SDS is less
adsorbed. This is given by the higher equilibrium concentration of this
surfactant in solution. This is the linear part of the adsorption isotherm.
In this mixture, the adsorption of the nonionic surfactant at the carbon
black /water interface predominates. This results in a higher packing
of the nonionic surfactant (aggregation) and a higher occupation of the

carbon black surface due to the absence of electrostatic repulsion.

e For the SAS/Ci5.14E7; mixture: at low concentrations, the anionic sur-
factant is more adsorbed at the carbon black /water interface and results
in a continuous increase of the adsorption isotherm. Starting from a
total equilibrium concentration of 1.35 mol/m?, the effect of the adsorp-
tion of the nonionic surfactant increases but the mixing ratios did not
exceed 1 which results in plateau values reached at lower equilibrium

concentration for the SDS/Cis.14E; mixture.

e For the SDBS/Cy5 14E7 mixture: the adsorption of the anionic surfactant
predominates which results in a continuous increase of the adsorption
isotherm in the initial region and plateau values starting already at a total
equilibrium concentration of 0.9 mol/m? . In the studied concentration

range, no dominance of the nonionic surfactant was observed.

Table 4.3 summarizes the mixing ratios at high concentrations for the studied

mixtures.

Table 4.3: Ratios of the adsorbed amounts in the mixtures

Mixture: ci

(mol/m?)

C'Cyp14E7 Clanionic

(mol/m?)

Fci9.14E7 Canionic

(nmol/m?)

(pmol/m?)

‘ SDS/C12-14E7 ‘ ‘

14.66 H

6.01

1.474

0.680

‘ SDBS/C12.14E7

10.75 H

5.00

0.558

0.991

‘ SAS/Ci12.14E7 H

14.58 H

6.25

0.891

0.872

In this section, the most important result gained from the study of the ad-
sorption behavior of surfactant mixtures at hydrophobic surfaces is the direct
correlation between the structure of the alkyl chain of the anionic surfactant

and the amount of nonionic surfactant adsorbed. The correlation between the
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structure of the alkyl chain of the ionic surfactant in the mixture with a non-
ionic surfactant and the adsorbed amount of the latter has been suggested in
the literature, but has not been directly confirmed yet [45]. This aspect will
be further discussed in the next section especially under the thermodynamic

aspects of the adsorption process for mixtures.

4.2 Enthalpy effects during adsorption for single

surfactants and mixtures

The cumulative molar enthalpies of adsorption for the single surfactants pre-
sented the same shape as the adsorption isotherms except for the nonionic
surfactant. For a further evaluation of the adsorption process, the molar en-
thalpies of adsorption as a function of (I') will be considered in this section
in order to study the thermodynamics of the adsorption process. Figure 4.17

shows the enthalpies of adsorption obtained for the single surfactants.

A high exothermic step at low I' values is followed by a less exothermic ad-
sorption process at higher I' values for all surfactants. In the first region, the
higher enthalpies of adsorption are due to the strong hydrophobic interaction
between the hydrocarbon tail of the surfactants and the hydrophobic carbon
black surface as suggested by Kiraly et al [54]. As already noted in the sec-
tion results, higher enthalpy values are registered for the nonionic surfactant
compared to the anionic surfactants at the carbon black-water interface for
low I' values. The direct comparison between the adsorption enthalpy of the
nonionic surfactant at the carbon black-water interface and the linear anionic

surfactant SDS is presented in figure 4.18.

Both surfactants have similar hydrophobic tails (linear with similar hydrocar-
bon length) but different headgroups. The interactions between the carbon
black surface and the head groups are probably small but seem to have an
effect on the enthalpies of adsorption. In fact, differences in the values of the
adsorption enthalpies ranging from 20 kJ /mol at low I' values (for example for
'=0.38 pmol/m?) to about 5 kJ/mol at higher T values are registered between
both surfactants (with higher values for the nonionic surfactant). This differ-

ence observed for the enthalpies of adsorption between the anionic surfactant
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and the nonionic surfactant can be related to three effects resulting in the

decrease of the overall adsorption enthalpy:

e the interaction between the charged head groups of the anionic surfactant
and the carbon black surface presents a partial Ah > 0 (the total -Ah
decreases)

e the mutual repulsion between the charged head groups of the anionic
surfactant molecules in the adsorbed layer results a partial Ah > 0 (the
total -Ah decreases)

e the adsorption at the carbon black surface results in the dehydratization

of the ionic head group (the total -Ah decreases)
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Figure 4.17: Differential molar enthalpies of adsorption of the single surfac-

tants at the carbon black-water interface (corresponds to figure
3.13)
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Figure 4.18: Effect of the surfactant head group

This results in an overall decrease of the enthalpy of adsorption for the anionic
surfactant compared to the nonionic surfactant. Lower values were reported
by Kiraly et al [18] for the cationic surfactant C;5TAB as presented in table 4.4
which further confirms the effect of the charge and probably also the structure
of the head group on the thermodynamics of the adsorption process. Another
important aspect is related to the chain length of the surfactants. In fact,
results obtained by Kiraly et al [54] for the adsorption of sodium dodecylsulfate
(SDeS) at the graphitized carbon black-water interface reported lower enthalpy
values for this surfactant compared to the values reported in this study for SDS
(Table 4.4). This supports the horizontal arrangement of the surfactant at the

surface with less carbon atoms at the surface for SDeS compared to SDS.

Table 4.4: Headgroup and chain length effects on the adsorption enthalpies

| Surfactants || Ahmax(kd/Mol) | Ahuin(k3/Mol) || cMC (Mol/m®) || Ahicenisation (kI /Mol) |
| CiwBr | 115 | .50 | 0.03 | 2.4 |
| sps | -85 | 45 | 6.8 | 1.02 |
| CoomaB 18] || 61 | -61 | 14.8 | -1.20 |
| spes 54 | 42 | 10 | 33.2 | 16 |
| CioTaB 18] | 43 | 43 | 68 | |
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In table 4.4, Ah,;, and Ah,, represent the lower and the higher enthalpy
values obtained. CMC is the critical micelle concentration for the studied
surfactants and Ahpyicelization 1S the micellization enthalpy. The interaction
between the adsorbed surfactant molecules in the adsorbed layer at high con-
centrations is comparable to the interaction in the micelles in that way that
both mechanisms (interaction in the adsorbed layer and in the micelles) show
lower enthalpy variations. In fact, the comparison of the enthalpy values for
SDS, for example between T'=1.0 pmol/m?and T'=1.2 pmol/m? shows a very
small difference in the enthalpy of adsorption (Ah =2 kJ/mol; where Ah is
the difference between the two enthalpy of adsorption measured at the given
[' = 1.0 pmol/m?and T' = 1.2 pmol/m?) which is comparable to the enthalpy
of micellization obtained for this surfactant. An additional parameter seems
to have an effect on the adsorption enthalpies of the anionic surfactants which
is the structure of the hydrophobic tail and especially the presence or absence
of an aromatic group or branching (refer to table 4.2). In fact, the comparison
between the enthalpies of adsorption measured for SDS and both SDBS and
SAS shows the effect of branching. Both SDBS and SAS present branching in
the hydrophobic tail and exhibit slightly lower enthalpy values than the linear
SDS as presented in table 4.2. These lower enthalpy values can be due to the
steric effects generated by the branched alkyl chain compared to a linear alkyl

chain.

Table 4.5: Comparison between the differential molar enthalpies of adsorption
at the carbon black surface

| Surfactant | Tuia(umol/m?) || Adishumin (3/mol) || Damax(umol/mol) || Agighumax (ki /mol) |
‘ Cio.14E7 H 0.11 H -118 H 1.39 H -49 ‘
‘ SDS H 0.37 H -84 H 1.34 H -44 ‘
’ SDBS H 0.12 H -80 H 1.21 H -35 ‘
| sas | 0.35 [ 75 [ 1.33 [ 36 |

The mixtures of the three studied anionic surfactants with the nonionic sur-
factant exhibited different behaviors depending on the structure of the anionic
surfactant used. In fact, the enthalpy of adsorption for the SDS/Cio14E7
mixture was similar to that of the single nonionic surfactant in the entire I’

region studied which suggests that the thermodynamic parameter of adsorp-
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tion in the mixture is governed by the nonionic surfactant. This supports the
assumption that the electrostatic repulsion of the polar group of the anionic
surfactant is reduced in the mixture and therefore the adsorption enthalpy in
the mixture is equal to that of the nonionic surfactant. By correlating the
adsorption enthalpies in the mixture to the ratio of the adsorbed amounts,
this aspect is further confirmed. In fact, and as presented in figure 4.19, the
ratio (I'c,, .k, /Tsps) is mostly equal or higher than 1, which means that the
nonionic surfactant in the mixture adsorbs preferentially at the carbon black
surface and exhibits enthalpy values which are equal to the one registered for

the single nonionic surfactant.
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Figure 4.19: Correlation between the enthalpies of adsorption and the ratio of
the adsorbed amounts (corresponds to figure 3.15)

O Cyp14E; SDS < SDS/Cy.1,E;

For the other mixtures, the following behavior was observed:

e For the SDBS/Cj514E7 mixture, the adsorption behavior was quite com-
parable to the one registered for the SDS/Cy5 14E7 mixture (refer to figure
3.17). A mixed adsorbed film is also formed for this mixture at the car-

bon black-water interface, but with a higher concentration of the anionic
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surfactant than for the SDS/Cy9 14FE; mixture. This results in a low elec-

trostatic repulsion between the adsorbed anionic surfactant molecules.

e For the SAS/Cyy.14E7 mixture, a different behavior was observed. The
graph representing the adsorption enthalpy for the mixture is located un-
der the one for the single nonionic surfactant (refer to figure 3.19). The
effect of the nonionic surfactant on the adsorbed amounts of the anionic
surfactant for SAS was lower than the one registered for SDS (refer to
table 3.4 and 3.6). Moreover, the adsorption enthalpy for SAS in the
mixture with the nonionic surfactant as a function of the total adsorbed
amount is different from the one registered for SDS. This could be due to
the fact that the nonionic surfactant has little effect on the electrostatic
repulsion between the head groups of SAS. This might be related to a
heterogeneous adsorbed film where domains of single surfactants are ad-
sorbed at the carbon black-water interface rather than an homogeneous

distribution of anionic and nonionic surfactant molecules in the adsorbed
film.

4.3 Structure of the adsorbed layer using AFM
4.3.1 Structure observed for the single surfactants

The micrographs obtained for the single surfactants with exception of the
anionic surfactant SDBS gave indication for an ordered structure with regular

periods as indicated in Table 4.6.

Table 4.6: Periods registered for the single surfactants using AFM

| Surfactants || Periods (nm) || Standard deviation (%) |
[ Cuul | 52 ] 7 |
| sDs | 5.6 | 10 |
| SAS ] 47 [ 6 |
“soms |- | : |

The value of the period calculated for the nonionic surfactant C;9.14E7 and the

anionic surfactant SDS are quite comparable due to the similar alkyl chains of
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both surfactants. The higher value for SDS compared to Cq5.14F7 may be due to
the electrostatic repulsion between the ionic groups of two horizontal molecules
at the surface of two neighboring structures. These values, and especially for
SDS, were in agreement with the values reported in the literature by Ducker
et al |75] who did also study the adsorption of SDS at the graphite surface and

reported a period of 5.6 nm.

From the results of the enthalpy study as well as the shape of the measured

adsorption isotherms, the following conclusions can be made:

e at low concentrations, the alkyl chains of the surfactants are oriented

horizontally towards the carbon black surface

e at higher concentrations, aggregates form in the solution and at the car-
bon black surface with an interaction between the molecules forming

these aggregates
In their study of the adsorption of CisTAB at the graphite-water interface

using atomic force microscopy, Manne et al [29] suggested that the structures
observed in the AFM micrographs are hemimicelles forming at the graphite
surface which can be either spherical or cylindrical. This suggestion is based
on the sudden increase of the adsorbed amount of the surfactant at high con-
centration which is an indication for the formation of hydrophobic aggregates
known so far as hemimicelles and first suggested by Gaudin and Fuerstenau
[65]. In this study, the proposal for the shape of the aggregates observed at

the graphite surface will be made according to the following assumptions:

1. Space occupied by the cross section area of the head group or the alkyl
chain at the graphite surface according to the Langmuir film measure-
ments [69]

2. Space occupied by the length of an alkyl chain of 12-14 carbon atoms at
the graphite surface

3. Comparison between the number of molecules in a spherical micelle and
the number of molecules suggested using geometrical considerations at

the surface

The length of each Ci5 chain equals 2.02 nm as suggested by Doérfler et al [53],

which means that 2 alkyl chains with 12 carbon atoms would occupy 4.08 nm
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at the graphite surface.

Length(Ciachain) = 2.02nm (4.8)

Considering a circular head group for a linear surfactant, the area given by
the Langmuir measurement as reported by Ohba et al [76] is 0.52 nm? (figure
4.20)

A= qr? (4.9)

where:
e A: Area of the head group
e 1: radius of the head group

which corresponds to a radius of 0.41 nm and a distance (d) occupied by each

head group of 0.82 nm as given by the following equation:

d = lenghtheadgroup = 21 (4.10)

OO0

Figure 4.20: Space occupied by the cross sectional area of the head group ac-
cording to the Langmuir film measurements

By applying the following equation:

Periodapy = 2x(lenghtc,,chain) + 2x(lenghtheadgronp)  (4-11)
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4.3 Structure of the adsorbed layer using AFM

Periodapy = 222.02 + 220.8 (4.12)

The distance obtained corresponds to 5.64 nm, the distance between two neigh-
boring head groups is not included. This distance could correspond to the

following structures presented in figure 4.21:

® o ® o
®
0 00 o -
O (X O O LX) O
graphite surface graphite surface
(a) (b)

Figure 4.21: Structure of the adsorbed layer: (a) bilayer and (b) hemimicelle

It is now important to estimate the number of molecules per aggregate formed

considering the parameters mentioned in figure 4.22:

r=0.41 nm
===

< >
1=2.02 nm

Figure 4.22: Number of molecules per aggregate

where:
e I: length of the alkyl chain
e 1: radius of the head group

e o curvature of the angle formed between the head group and the alkyl

chain of the surfactant molecule
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The tangent of the angle a (tan(a)) is given by the following equation:

r 041

t —— =__"=02 4.1
an(@)=7 =555 =0 (4.13)
o—tan-1(0.2)=11.5° (4.14)

where tan(a): inverse tan (o)

Assuming a 180° angle for the entire aggregate in a half-circle at the surface,

the number of molecules per aggregate (N) is given by the following equation:
1 1
N - 180 _ 80 ~
20 2z11.5

(4.15)

Comparing this surface structures to the dimension of a micelle in bulk solution
and supposing a spherical aggregate structure as in figure 4.21 (b), where the
sphere radius is given by the length of an alkyl chain (r = 2.02 nm), the surface

of the sphere at the graphite surface is given by the following equation:

A = 4mr? (4.16)

This corresponds to a surface area of 55.4 nm? .

Knowing that the surface area occupied by each molecule is 0.52 nm?, the
number of molecule per spherical micelle (N) is equal to 106. Myers et al [77]
reported a number of molecules in spherical micelles for SDS of 30-70 which
is for the upper limit (70 molecules per micelle) comparable to the number
obtained above. This shows that the structure estimated from the period
given by the AFM measurements fits quite well to that of spherical micelles in

a bulk solution.

Table 4.7: Comparison between the number of molecules in micelles

Model | N |

|
’ Number of molecules in micelles obtained in this study H 106 ‘
|

Number of molecules in spherical micelles according to Myers et al [77] H 30-70 ‘

These three aspects treated above which are the estimation of the space oc-

cupied by the cross section area of the headgroup or the alkyl chain at the
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4.3 Structure of the adsorbed layer using AFM

graphite surface as well as the space occupied by the length of an alkyl chain
of 12-14 carbon atoms at the graphite surface together with the comparison
between the number of molecules in a spherical micelle and the number of
molecules per aggregate at the surface give indication for a hemimicelle struc-
ture at the graphite surface rather than bilayers. The height values for all
the studied systems could not be used to estimate the height of the structures
observed at the graphite surface due to the fact that these values did vary from
one scan to the other, in contrast to the values of the periods which remained
nearly constant. This variation of the height values can be explained by the
slightly changing force applied by the piezo-element on the cantilever tip. An
important aspect revealed in this study is the fact that the anionic surfactant
SDBS is the only surfactant that does not present these regular structures.
When studying the phase diagrams in water for the single surfactants SDS,
SAS, SDBS and C;5.14E7, one striking difference is observed which is the ab-
sence of a hexagonal phase in the phase diagram of SDBS (refer to figure
3.25). The hexagonal phase of a surfactant consists of close packed cylindrical
micelles. Obviously there is a similarity between the structure formation in
bulk solution and at the surface. Surfactants which are not able to build-up
a hexagonal phase in bulk solution can also not form cylindrical aggregates at
the graphite surface, although this structure is also favored by the orientation
of the graphite surface. In fact, and as already presented in the section “Ma-
terials & Methods”, the distance between two neighboring carbon atoms for
the used graphite is about 0.142 nm [78]. The distance between two neigh-
boring carbon atoms in the alkyl chain of the surfactants is about 0.152 nm
as measured by Groszek et al [79] for the adsorption of n-dotriacontane and
n-butanol dissolved in n-heptane onto graphitized carbon black. These similar
values could explain the preferential orientation of the alkyl chains of the sur-
factants at the graphite surface. This means that the formed aggregates are
rather cylindrical than spherical hemimicelles. The aggregates can be referred
to as hemicylinders. Consequently, an orientation of the alkyl chains lying
horizontally head-to-head should be favored building a row of these structures
along the three symmetry axis of the hexagonal structure of the graphite sur-
face. These hexagonal structures can be seen in the AFM micrographs for
example figures 3.26 and 3.28. A study done by Patrick et al [55] suggests that
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the structure of the surfactant is another important aspect which can help,
in addition to the phase diagram of the corresponding surfactant, to predict
the formation or not of the hemicylindrical structures at the graphite surface.
Patrick et al [55] suggest that surfactants presenting branching and/or aro-
matic groups in their alkyl chains would not present regular structures at the
graphite surface when imaged using AFM as they hinder the strong registry
with the graphite lattice resulting in a featureless monolayer. For SAS, which
is an anionic surfactant presenting branching in its alkyl chain, regular struc-
tures at the graphite surface were observed and it was possible to measure the
corresponding period which contradicts the assumptions made by Patrick et al
[55]. But for the anionic surfactant SDBS which presents an aromatic group
(phenyl group), these structures were not observed even at different initial
concentrations of the surfactant and also when using electrolytes which agrees
with the assumption done by Patrick et al [55]. This means that not simply
the structure should be the parameter considered for the interpretation of the
AFM micrographs, but it is also very important to consider the aggregation

of the surfactants in bulk solution.

4.3.2 Structure observed for the surfactant mixtures

For the mixtures studied, the periods calculated show some interesting char-
acteristics compared to the values obtained for the single surfactants (refer
to table 3.16). For both Ci9.14E7/SDS and Ci9.14E7/SAS, imaging conditions
were comparable to the corresponding single systems. In fact, no adhesion of
the cantilever tip was observed (the so-called snap-on effect) and reproducible
measurements were possible which enables the determination of the periods.
The periods measured correspond to the structure considered for the single
surfactants at the graphite surface (figure 4.21 (b)). The corresponding ag-
gregates can be mixed aggregates containing anionic surfactant molecules as
well as nonionic surfactant molecules and/or aggregates of each surfactant ad-
sorbed in a random manner at the graphite surface. For surfactant mixtures,
mixed micelles are formed in solution. For the studied mixtures, these mixed
micelles are formed at low concentrations starting at 0.03 mol/m>driven by

the low nonionic surfactant concentration. It is possible to consider mixed

126



4.3 Structure of the adsorbed layer using AFM

aggregates adsorbed at the graphite surface comparable to the mixed micelles
in solution. And due to the higher affinity of Cio.14E7; towards the graphite
surface due to its linear alkyl chain and the absence of charges on its head
group, the following aggregate structures can be considered at the graphite

surface:

@ Q
o O ® O
O @O @

graphite surface

Figure 4.23: Aggregate structure at the graphite surface for surfactant
mixtures

In figure 4.23, the nonionic surfactant molecules are lying parallel to the
graphite surface and further anionic surfactant molecules are adsorbed from the
solution. An important aspect was observed for the mixture Cy514E7/SDBS.
In fact, the presence of regular structures at the graphite surface is dependent
on the Cio.14E7 concentration in the mixture. At low Cio.14E7 concentrations,
the snap-on effect of the cantilever made imaging difficult. With higher non-
ionic surfactant concentrations, imaging was possible and regular structures
were observed up to 50% SDBS concentration in the mixture. This could be
due to the fact that the hemicylindrical structure of the nonionic surfactant is
stabilizing the adsorbed SDBS at the graphite surface.

4.3.3 Conclusion

The AFM study enables the further investigation of the special adsorption
behavior of SDBS in the mixture which was not revealed while studying the
adsorption isotherms and the enthalpies of the mixtures. This shows the im-
portance of this technique for studying surfactant adsorption at the solid /liquid

interface as the obtained micrographs in combination with the results of the
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adsorption isotherms and the enthalpy values enable the proposal of the struc-

ture of the adsorbed layer.
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The adsorption of single surfactants and surfactant mixtures at the solid-liquid
interface was studied under different aspects. In fact, the adsorbed quantities,
the enthalpies of adsorption and the structure of the adsorbed layer were in-
vestigated. The adsorption of single surfactants as well as surfactant mixtures
resulted in a change of the surface properties of the studied solid substrates
(carbon black as well as graphite). This gives an important prerequisite for the
stabilization of particles in liquids. To prevent an aggregation and therefore an
increase of the particle size of the solids in the liquids, repulsive forces have to
be present in order to keep the particles at a certain distance. An increase in
particle size results in an increased sedimentation or creaming velocity which
can be described by the Stokes equation [80]:

Fy=6murVy (5.1)

where:

Fq: frictional force acting on the interface between the fluid and the particle
(N),

w: dynamic viscosity (Ns/m?),

r: radius of the spherical particle (m),

Vg particle’s settling velocity (m/s).

The stability of the resulting dispersions is dependent on the properties of the
adsorbed surfactant layer. Generally speaking, the stability of solid particles

in a liquid medium is governed by two fundamental mechanisms [1]:

e Steric stabilization: Tt is mainly achieved by adding polymers or nonionic
surface active agents which adsorb onto the particle surface preventing
the agglomeration of the particles. This is governed by the thickness
of the adsorbed layer. At a certain concentration of the additive, the
thickness of the adsorbed layer keeps the particles separated at a certain
distance where the attractive van der Waals forces are not any more

sufficient to cause the particles to agglomerate.

e Electrostatic stabilization: This is the effect generated by charge distri-
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bution at the particle surface which generates repulsion between particles

having a same surface charge inhibiting agglomeration.

Both effects are presented in figure 5.1:
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Figure 5.1: Dispersion stabilization

These two mechanisms play an important role in many industrial applications
where dispersions need to be stabilized. One other example of application
of the stabilization effect is the removal of soil particles during the washing
process. In this case, it is the interaction of a small particle with a flat surface
on a macroscopic scale. During the washing process, the adsorbed soil particles
(P) on the flat textile surfaces (solid substrate) are removed according to one

of the following mechanisms suggested by M.J. Schwuger [81]:
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Figure 5.2: Mechanisms involved during the washing process
[81]

The aspect presented on the left part of figure 5.2 is a typical case of elec-
trostatic stabilization. The adsorption of anionic surfactants at the surface of
the soil particle as well as the formation of an adsorbed layer of the same an-
ionic surfactant at the textile surface result in a mutual repulsion between the
textile surface and the soil particle which enables its removal and hinders its
redeposition. The second part in figure 5.2 describes a further aspect related
to the presence of an adsorbed layer at the substrate surface (textile). The
surfactant molecules (mainly nonionic surfactant molecules) adsorb at the soil
particle (P) and at the substrate surface which creates the so-called disjoining

pressure which is the pressure difference between the adsorbed layer at the soil
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particle and at the textile surface resulting in the release of the soil particle
from the substrate. The mechanism of stabilization involved here is a steric

stabilization.

5.1 Study of dispersion stability

The continuous measurement of light transmission as a function of time dur-
ing centrifugation of solid-liquid dispersions can be applied to determine the
concentration at which a dispersion is not stable any more. The advantages
of this method are the decrease of time to study dispersion stability and to
show the effect of different gravitational forces on the stability of dispersions.
This is done by measuring the transmission factor (T) as a function of time
during centrifugation (see chapter methods). A high transmission factor per
unit time (dT/t) indicates that sedimentation takes place which means that
the solid particles are not any more stable in the aqueous medium resulting in
an unstable dispersion. This technique has been applied in this study in order
to correlate the results of the fundamental study of surfactant adsorption at
the solid-liquid interface with the light transmission curves for the same sys-
tems during centrifugation. This was done for the single surfactants and the

surfactant mixtures.

5.2 Dispersion stability using single surfactants

Different concentrations of the studied single surfactants (the anionic surfac-
tants SDS, SAS and SDBS as well as the nonionic surfactant Cio14E7) have
been added to the same carbon black concentration in solution (30 g/1). The

light transmission curves obtained for each surfactant are given in figure 5.3.
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Figure 5.3: Light transmission measurements of carbon black dispersions for
the single surfactants

OCysE;  SDS [1SDBS SAS

The dispersions with the anionic surfactants are stable at lower concentrations
than with the nonionic surfactant. The single nonionic surfactant stabilizes the
dispersions at a concentration almost two times higher than the concentration
of the anionic surfactants. This indicates a better stabilization of the carbon
black dispersions using anionic surfactants. The stabilization of the dispersions
using anionic surfactants is due to the electrostatic stabilization whereas for
the nonionic surfactant the stabilization of the carbon black dispersions is due
to steric stabilization. Obviously, the steric stabilization needs more surfactant
molecules being present in the solution to build up a layer which is thick enough
to counterbalance the attractive van der Waals forces between the particles.
Differences are to be noted between the anionic surfactants: SDBS and SAS
seem to stabilize dispersions at lower concentrations than SDS. This behavior
can be correlated to the head groups of these surfactants. The head group
for both SDBS and SAS is a sulfonate group and for SDS, the head group
is a sulfate group. The sulfonate group seems to result in a higher repulsion

between the carbon black particles than the sulfate group.
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5.3 Dispersion stability using surfactant mixtures

The stabilizing effect of the mixed surfactant systems was studied for the 1:1
molar mixtures (figure 5.4). The dispersions using surfactant mixtures were
stable at higher concentrations than the sum of the concentrations for the

single compounds.
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Figure 5.4: Light transmission measurements for the surfactant mixtures
<> SDS/Cy2.14E; W SDBS/Cy,.14E; A SAS/C,y44E,

As alreday presented above, all used single surfactants stabilize the carbon
black particles, but in different manner. The stabilization resulting from the
adsorption of SDS, SDBS and SAS at the carbon black/water interface is an
electrostatic stabilization whereas the stabilization resulting from the adsorp-
tion of Cio.14E; at the same interface is a steric stabilization. In the mixed
systems, differences were observed between SDS and the other anionic sur-
factants SDBS and SAS. SDS was more easily substituted by the nonionic
surfactant in the mixture as given by the results of the adsorption isotherms
for the mixture as well as the results of the calorimetric study and AFM. The
results of the dispersion stability can be explained as follows: The addition of
SDS results in the decrease of the steric stabilization of the nonionic surfactant

due to the lower adsorbed amount of the nonionic surfactant in the adsorbed
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layer. However, the adsorbed SDS amount does not seem to generate an elec-
trostatic repulsion sufficient for stabilizing the carbon black dispersions. At
higher concentrations, the mixing ratios in the adsorbed layer are character-
ized by the increase of the adsorbed amount of the nonionic surfactant (refer to
table 5.1) which results in a higher steric stabilization and an overall increase

in the stabilization of the carbon black dispersion.

Table 5.1: Ratios of the adsorbed amounts for the Cy514E7/SDS mixture

| iixture(mol/m®) || Dy 1y, (pmol/m?) || Tsps (nmol/m?) || Ty, 4k, /Tsps |
| 1.47 [ 0.133 [ 0.146 | 0911 |
| 2.93 | 0.288 | 0.328 | 0878 |
| 8.80 | 0.892 | 0.499 | 1787 |
| 11.73 | 1.184 | 0.583 [ 2031 ]
| 14.66 | 1.474 | 0.680 | 2168 |

The mixtures for SDBS and SAS presented stabilization of the carbon black
dispersions at lower concentrations. This can be related to the fact that both
surfactants do not substitute Cio.14E7 as it is the case for SDS. This results
in a higher steric stabilization in these two mixtures compared to the mixture
with SDS. Another effect is the higher part of the electrostatic stabilization
of SDBS and SAS in the mixtures as both surfactants are adsorbed in higher
amounts at the carbon black/water interface compared to SDS (refer to table
5.2 and 5.3), especially for SDBS.

Table 5.2: Ratios of the adsorbed amounts for the C514E7/SDBS mixture

‘ A mixture (mol/m?) H L'¢yyqqE, (umol/m?) H Ispps (pmol/m?) H L'ciyaEr/T'sDBS ‘
| 1.35 | 0.052 | 0.084 | 0.612 |
| 2.69 | 0.150 | 0.226 | 0.664 |
| 8.06 | 0.414 | 0.757 | 0.547 |
| 10.75 | 0.558 | 0.991 | 0.563 |
| 26.87 | 0.951 | 1.223 | 0.777 |
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Table 5.3: Ratios of the adsorbed amounts for the Cj5.14E7/SAS mixture

i

’ ¢ mixture(mol /m?) H Tcyy 4B, (1mol/m?) H [sas (pmol/m?) H Ceoiukr/Isas ‘
| 1.46 [ 0.117 [ 0.179 [ 0654 |
| 2.92 [ 0.251 [ 0.353 [ 0711 |
| 4.38 | 0.389 | 0.487 | 0798 |
| 5.83 | 0.520 | 0.591 | 0879 |
| 7.29 | 0.656 | 0.663 | 0989 |
| 8.75 | 0.772 | 0.722 | 1.069 |
| 11.67 | 0.891 | 0.859 | 1.037 |
| 14.58 [ 0.891 [ 0.872 [ 1.022 |

This results for the mixture with SDBS in a stabilization of the carbon black
dispersion at lower concentrations compared to the single compounds. These
results of the dispersion stability further confirm the results from the adsorp-
tion isotherms, the calorimetry study as well as the AFM micrographs: They

allow to optimize mixed systems for the stabilization of solid particles in lig-

uids.
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6 Conclusion

The results of this study revealed an important aspect which is the difference
observed between the effect of single surfactants and surfactant mixtures on the

stability of dispersions of fine carbon black particles in the aqueous medium.

The anionic surfactants resulted in a better stabilization of the fine solid par-

ticles than the mixed systems.

Moreover, the properties of the adsorbed layer in the case of single surfactants

seem to be more favorable for the stabilization of solid-liquid dispersions.

The AFM study done for the same systems revealed differences between the
properties of the adsorbed layer on the graphite surface using single surfactants

and surfactant mixtures as also seen for the stability of dispersions.

This correlation between the results of the AFM study and the results of
the dispersion stability study was possible despite the different structures of

graphite and carbon black.

However, and for a better understanding of the mechanisms involved during
the stabilization of the carbon black dispersions, a study of the structure of

the adsorbed layer on carbon black is needed.

AFM gave important insights about the possible structure of the adsorbed
surfactants on the graphite surface but imaging using this technique is only

possible on flat surfaces.

The porosity and the irregular structure of carbon black makes it difficult to
perform such kind of micrographs and reinforces the need for imaging tech-
niques which can be used to study the structure of the adsorbed surfactants

on porous particles.
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7 Presentations in scientific conferences

1. Poster presentation at ECIS 2010 “Calorimetric study of surfactants and
their mixture at the solid/liquid interface”; M. Jabnoun, W. von Rybin-
ski; Prague/Czech Republic; September 2010

2. Lecture at Zsigmondy-Kolloquium 2011 “Calorimetric study of surfac-
tants and their mixture at the solid/liquid interface”; M. Jabnoun, W.

von Rybinski; University of Miinster/Germany; February 2011

3. Lecture at ProcessNet meeting 2011 “Calorimetric study of surfactants
and their mixture at the solid/liquid interface”; M. Jabnoun, W. von
Rybinski, M. Dreja; Clausthal-Zellerfeld /Germany; March 2011

4. Lecture at Bunsentagung 2011 “Calorimetric study of surfactants and
their mixture at the solid/liquid interface”; M. Jabnoun, W. von Ry-
binski, F. Osterhelt, M. Dreja; Freie Universitiit Berlin/Germany; June
2011

5. Lecture at ECIS 2011 “Adsorption layers of surfactant mixtures on non-
polar solid-particles and stability of dispersions”; M. Jabnoun, W. von
Rybinski, F. Osterhelt, M. Dreja; MPI Berlin/Germany; September 2011
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