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Stellingen 

i 

Micellen van ionogene oppervlakte aktieve stoffen gedragen zich als deeltjes met een 

constante wandlading. 

Dit proefschrift H4 

II 

Als oppervlakte aktieve stoffen aggregeren in oplossing zullen ze dit ook doen aan 

vast/vloeistof grensvlakken. 

Dit proefschrift 

III 

Bij de adsorptie van oppervlakte aktieve molekulen kan de verdeling van stof over de 
oppervlakte- en de oplossingskant van de gevormde bilaag geschat worden aan de hand 
van de wandlading. 

Dit proefschrift H6 

IV 

Twee-staps adsorptie-isothermen van ionogene surfactanten treden alleen op als de 

lading van het adsorbens zich niet kan aanpassen. 

Dit proefschrift H5, 6 

Het volumefraktieprofiel van een stof, die zich ophoopt bij een met alkylketens 

gemodificeerd oppervlak, heeft altijd een maximum in het grensvlak tussen 

verankerde ketens en vloeistof. 

M. R. Bohmer, L. K. Koopal R. TyssenJ., Phys. Chem. 1991. 95, 6285 



VI 

Dat retentie In "reversed phase liquid chromatography" een maximum kent als funktie 
van de bezettingsgraad van het oppervlak, wil niet zeggen dat net geen zin heefl 
kolommateriaal met een hoge bezettingsgraad te synthetiseren. 

VII 

Het minimum in het berekende volumefraktieprofiel van polyelektrolieten bij een 
oppervlak met tegengestelde lading geeft een mogelijke verklaring voor de zeer 
langzame evenwichtsinstelling in deze systemen. 

H. A. van der Schee, J. Lyklema, J. Pays. Chem. 1984, 88, 6661 

VIII 

Om de stressbestendigheid te testen zouden aankomende topmanagers als onderdeel 
van de sollicitatie-procedure een tenniswedstrijd moeten spelen. 

IX 

In de tertiaire oliewinning is het sop de kool nog niet waard. 

Liever "with love" dan met lof. 

Proefschrift Marcel Bohmer 
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CHAPTER 1 

Introduction 

Surfactants 

Surfactants tend to enrich strongly at interfaces. An important group 
of surfactants are the amphiphilic molecules, consisting of a 
hydrocarbon or hydrophobic part and a hydrophilic part. The 
hydrophobic part, the tail prefers an apolar ("oil-like") environment 
over an aqueous one, the hydrophilic part, the head, prefers to be in 
contact with an aqueous solution rather than with an apolar medium. 
It is this property of surfactant molecules that makes them surface 
active; they will accumulate strongly at boundaries between an 
aqueous and an apolar phase. At the interface they will try to arrange 
themselves such that the hydrophilic part is towards the aqueous 
phase and the hydrophobic part towards the apolar phase. 

The structure of surfactant molecules makes them useful chemicals 
in many processes such as cleaning, flotation, and tertiary oil 
recovery.'1) One mechanism of cleaning is that addition of an aqueous 
surfactant solution can lead to the solubilization of substances that 
would normally not dissolve in an aqueous solution. At sufficiently 
high concentration, surfactant molecules form micelles'1-3): 
aggregates of surfactant molecules with a hydrocarbon core 
consisting of tails and surrounded by head groups, see Figure (1) for 
a schematic representation. Due to the presence of the hydrophobic 
core, hydrophobic molecules can dissolve in the micelles, and, 
subsequently, be removed. In this way the use of organic solvents may 
be avoided. In many other systems surfactant aggregates serve as 
carriers for hydrophobic molecules. For instance, in micellar 
chromatography surfactants are used to separate molecules which 
have different solubility in micelles.(4-5) In (bio)chemical reactions 
surfactant aggregates are often used for catalysis.U,6) 



Figure 1: Schematic cross section of a micelle. The surfactant head groups, 
indicated as hatched circles, are mostly in the outer shell of the micelle where 
they have contacts with water, whereas the tails, indicated as a chain of white 
circles, are predominantly located in the micelle interior, forming the 
hydrophobic core. 

Another separation technique, based on the adsorption of surfactants 
at the solid/liquid interface, is flotation. It is used to separate 
mixtures of fine particles, dispersed in an aqueous solution. Air 
bubbles are led through the mixture and they will stick to the more 
hydrophobic particles. Consequently, these particles will be 
transported to the liquid /air interface and can be separated from the 
others. In this way fractionation can be achieved on the basis of 
differences in hydrophobicity. The hydrophobicity of the particles 
can be affected by surfactant adsorption. For flotation the structure of 
the adsorbed layer is of crucial importance. If surfactants adsorb with 
their head groups on the surface and their tails towards the solution 
side, see Figure (2a), they provide for a nice hydrophobic outer 
surface for attachment of an air bubble. However, if more surfactant is 
added, a second layer may form as indicated in Figure (2b). Now the 
head groups on the solution side of the surfactant layer screen the 
hydrophobic part and bubble attachment will be hampered. As a 



consequence the flotation recovery of a hydrophilic mineral may pass 
through a maximum as a function of the adsorbed amount.'7 ' 

The last example is the use of surfactants in tertiary oil recovery. In 
principle, a high recovery can be obtained by flooding an oil reservoir 
with a surfactant solution. The function of the surfactant is to wash 
the oil out of the reservoir. One of the problems in the application of 
this technique is the loss of surfactant by adsorption on the reservoir 
rock surface. In order to prevent adsorption on the reservoir rock 
the surfactant molecules should be made selective, they should 
accumulate at the oil/water interface but not at the aqueous/solid 
interface. 

Figure 2: Schematic cross section of adsorbed layers of surfactants. In Figure 
(2a) the head groups (hatched) are on the surface and the tails (white) are 
located at the solution side. In Figure (2b) a bilayer has been formed, with a 
head group region both at the surface and the solution side, separated by a 
hydrophobic core. 

Insight in the physical behavior of surfactants both in solution and 
near interfaces is a requirement for optimization of the use of 
surfactants. For solubilization purposes it is necessary to know at 



what concentration micelle formation starts, what the structure of 
the micelle is, and how micelle formation is affected by varying the 
architecture of the surfactant molecules.(3,8-12) i n surfactant 
adsorption the adsorbed amount and structure of the adsorbed layer 
depend on molecular properties, concentration, and the interactions 
with the surface.' 13.14) The study of surfactant aggregates and 
surfactant adsorption is also interesting from a scientific point of 
view. To illustrate this it is noted that the head groups of the micelle 
in Figure (1) are not located exactly on the surface of a sphere but 
they have a fairly broad distribution. A similar head group distribution 
exists at the solution side of the bilayer, see Figure (2b). The 
structure of micelles and adsorbed layers remain to be investigated 
in more detail. Also the reasons for changes in the adsorbed layer, 
see Figures (2a) and (2b) have only been partially elucidated. 

In dilute aqueous solutions surfactants will form micelles by 
association of their tails. These micelles are usually small because the 
head groups repel each other. For nonionic (uncharged) surfactants 
with long head groups this repulsion is caused by spatial restrictions, 
which is termed steric repulsion. For ionic surfactants the head 
groups are charged and they repel each other through electrostatic 
repulsion. The tendency of the tails to associate and the repulsion 
between head groups are also of major importance in surfactant 
adsorption. Therefore, there are advantages in combining the studies 
of surfactant adsorption and micellization. However, for adsorption 
on a solid surface also surface properties, such as the electrostatic 
charge and hydrophilicity, must be considered. For instance, on a 
hydrophobic surface the surfactant tails will attach to the surface, 
whereas on a hydrophilic surface the head groups will be in contact 
with the surface. 

To study micellization and adsorption theoretically a model is 
needed in which the properties listed above are considered. We will 
use a model, which is essentially a version of the lattice models of 
Scheutjens et al.<15"19 ' and Leermakers et al . '20~22 ' for polymer 
adsorption and membrane formation, respectively. The model takes 



many relevant properties of surfactants into account: (1) the 
distinction between head group and tail, (2) the fact that the chains 
are flexible, and (3) the interactions between the molecules, which 
can either be non-electrostatic, electrostatic, or steric. 

The main result of the calculations are the volume fraction profiles, 
in an adsorbed layer or across a micelle. The volume fraction profiles 
of all components: surfactant head and tails, solvent, and, if present, 
salt ions, result from the minimization of the free energy. In this way 
information on the equilibrium structure of for instance the adsorbed 
layer is derived from first principles rather than that an a priori 
assumption is made as is done in many other models.(23-26) From the 
volume fraction profiles the aggregation number of a micelle or the 
amount adsorbed on a surface at a certain equilibrium concentration 
can be calculated and they provide detailed information on the 
structure of the micelle or the adsorbed layer. In this thesis 
experiment and theory will be combined to obtain insight into the 
physics underlying the structural aspects of micelles and adsorbed 
layers of surfactants. 

Outline of this study 

To deal with different aspects of surfactants the thesis contains six 
other chapters. In chapter 2 the effect of the head group size on the 
micellization and adsorption of nonionic surfactants on hydrophilic 
and hydrophobic surfaces will be studied. In chapter 3 attention will 
be paid to a special case: the adsorption of nonionics with a long 
head group onto a hydrophilic surface. From experimental results 
obtained by various techniques, it will be shown that the basic theory 
is not suitable to describe this system. A modification will be used to 
obtain better agreement with experiment. The next four chapters 
deal with ionic surfactants. In chapter 4 the extension of the theory 
to describe ionic interactions will be presented and results will be 
given for micellization. In chapter 5 adsorption on a surface with a 
constant charge will be analyzed. Detailed comparisons will be made 



with the adsorption data of ionic surfactants on silica.l27) In chapters 
5 and 6 adsorption on surfaces with variable charge will be treated. 
Experimental results obtained for alkylbenzene sulfonates adsorbed 
on rutile will be compared with theoretical calculations with special 
reference to the electrostatic effects in chapter 6 and to those of the 
structure of the hydrophobic tails in chapter 7. 
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CHAPTER 2 

Micellization and Adsorption qfNonionic Surfactants 

Analysis based on a self-consistent field lattice model 

Abstract 

An extension of the self-consistent field theory for chain molecules of Scheutjens and 
Fleer is used to study the micellization of non-ionic surfactants and their adsorption 
from aqueous solution on hydrophilic and hydrophobic surfaces. The theory predicts 
that the critical micelle concentration increases and the aggregation number 
decreases if the hydrophilic block becomes longer. This is in agreement with 
experimental findings. On hydrophilic surfaces, where the chains adhere with their 
hydrophilic segments to the surface, the affinity increases with the hydrophilic 
chain length. The adsorption isotherm reaches a plateau value at the cine. At 
constant hydrophobic block length, the plateau adsorption decreases with increasing 
length of the hydrophilic block. If the ratio between the number of hydrophobic and 
hydrophilic segments is around one, strong cooperative adsorption and the 
formation of a "surfactant bilayer" are predicted. On a hydrophobic surface the 
hydrophobic segments adhere to the surface and for all chain lengths studied a 
monolayer of surfactant is predicted. Also in this case the plateau adsorption 
decreases with increasing length of the hydrophilic chain. The results agree well with 
experimental results for both types of surfaces. 

Introduction 

The adsorption from solution of flexible, low molecular weight 
amphiphilic molecules, such as surfactants, has been frequently 
investigated because of its importance in many fields of science. 
Several models have been developed to describe surfactant 
adsorption on homogeneous and heterogeneous surfaces, see e.g. refs 
(1-8). In the models for ionic surfactants'1-6), the head groups are 
assumed to form the boundary of the adsorbed layer on either the 
adsorbent or solution side (surfactant monolayer model) or on both 
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sides of the adsorbed layer (surfactant bilayer model). With modeling 
of nonionic surfactants a homogeneous adsorbed layer'4-7' or a three 
stage adsorption process'8 ' is assumed. The main disadvantage of all 
these models is that assumptions are made on the segment density 
distributions in the adsorbed layer. Such assumptions are not 
required in modern statistical thermodynamic treatments, like the 
self-consistent field theory by Scheutjens and Fleer, originally 
developed to s tudy the adsorption of homopolymers from 
solution.'9-1*)' 

Recently the theory by Scheutjens and Fleer has been modified to 
s tudy the behavior of amphiphilic chain molecules near 
i n t e r f aces ' 1 1 - 1 2 ' and an extension has been presented which 
describes the association of amphiphilic molecules in solution, such 
as micellization and membrane formation.'1 i-13 ' We will denote the 
modern version of the theory with the letters SCFA, self-consistent 
field theory for adsorption or association. In the case of association in 
solution the SCFA theory, which describes the formation of one 
micelle or membrane, has been combined with the thermodynamics 
of small systems.'14 ' In the SCFA theory all molecules are allowed to 
distribute themselves throughout the system, consisting of a bulk 
solution in contact with an interface or a specific type of aggregated 
structure. The equilibrium density profile for each type of segment is 
found as the result of the minimization of the free energy of the 
system. 

In this paper we will use the SCFA theory to study the behavior of 
nonionic surfactants in solution and adsorbed on a hydrophilic or a 
hydrophobic interface. The series of surfactants studied has a fixed 
number of hydrophobic segments and a varying number of 
hydrophilic segments. We will compare the calculations with 
experimental results for the micellization of alkyl(phenol) 
poly(oxyethylenes)'15-16' and their adsorption on hydrophilic silica'16-

18 ' or hydrophobic latices.'19-20 ' For a description of the SCFA theory 
for amphiphilic molecules we refer to literature.t4-9-11 ' Here we will 
only summarize the main principles. 
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SCFA theory 

In the SCFA theory each molecule is seen as a sequence of segments 
all equal in size. The molecules are placed in a lattice, which 
facilitates the counting of conformations of the molecules. The lattice 
consists of M lattice layers numbered z = 1.....M. To study the 
association of amphiphilic chain molecules in solution and the 
adsorption of these molecules from solution, we use two lattice 
geometries: flat and spherical. In a lattice of flat geometry, the 
number of lattice sites in each lattice layer is the same. A flat lattice 
can be used to study flat aggregates such as membranes'11-13) and 
adsorption on flat surfaces.'9-10-11' In the case of adsorption layer 1 is 
adjacent to the solid surface (layer 0). In a lattice with spherical 
geometry the number of lattice sites per layer increases with 
increasing layer number, starting from layer 1 in the centre of the 
lattice. Using a spherical lattice we can study globular associated 
structures to which we will refer as micelles.'11) 

Every lattice site in the system is filled by a solvent molecule or a 
segment of an amphiphilic molecule; consequently, the sum of the 
volume fractions is unity in every lattice layer. Each layer is assumed 
to be homogeneous, i.e., a mean field approximation is used within a 
layer. However, in direction z, perpendicular to the lattice layers, a 
concentration gradient may exist for each type of segment. The 
solvent is modeled as a monomer of segment type W (water). Its 
volume fraction in layer z is denoted by <pw[z)- The amphiphilic 
molecules are flexible chains consisting of a series of segments of 
type A and a series of segments of type B. The total chain length is r. 
The volume fractions of A and B in layer z are given by 0A(Z) and 
0B(Z ) . respectively. The total volume fraction of the amphiphilic 
segments i in layer z equals 0f(z) = 0A(z) + 0B(z). The equilibrium 
volume fraction of a molecule i in the bulk solution is given by 0( , for 
the surfactant: <$ = </>£ + </>B • 

The various segments are allowed to interact with each other and 
with the solvent. The magnitude of the contact interaction between 
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segment types x and y is expressed by Flory-Huggins interaction 
parameter Xxy- The expression for the Gibbs energy of a free 
segment x in layer z, relative to that in the bulk solution, shortly the 
potential uj.z), reads'11 ' 

Ux[z) = u'(z) + kTjjXxy(<<l>y(z)>-^) (1) 

The contact fraction <0*(z)> is a weighted volume fraction to account 
for the fact that segment x in layer z has also contacts in layers z-1 
and z+1. For flat symmetry we used a hexagonal lattice where the 
fraction of contacts in each of the adjacent layers, Ai, is 0.25 and the 
fraction of contacts in the same layer, Ao, is 0.5. For spherical lattices 
the contact fractions are equal to those of a hexagonal lattice when z 
approaches infinity. The equations for the X values in a curved lattice 
have been given elsewhere.'11 ' The potential u'{z) is independent of 
the segment type and accounts for the fact that the sum of the 
volume fractions in layer z has to equal unity. For a monomeric 
solvent (water, W, in our case) u![z) reduces to ln(0\y/0w(z))' which is 
directly related to the entropy of mixing in each layer. 

The conformational statistics of the amphiphilic molecules in the 
lattice are evaluated using a step weighted walk procedure, which is 
given elsewhere. '9-11 ' Each step depends on the position of the 
previous segment and is weighted with a segment weighting factor 
GJ.z) defined as 

Gx(z) = exp(-ux(z)/fcT) (2) 

The expression for ux[z) is given by eq (1). The most probable set of 
conformations corresponds with the situation where the system is at 
its minimum free energy. As the volume fractions are calculated from 
the potentials but also determine the potentials, see eq (1), 
numerical methods must be applied to find the self-consistent 
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potential field and the corresponding equilibrium volume fraction 
profile. 

The segment density profiles are used to calculate the excess 
amount, 0f*c, in either an associated structure or in the adsorbed 
layer. In the case of adsorption, the excess amount of segments i is 
conveniently expressed per surface site: 

er = Y,l<l>M)-<l>?) (3) 
z 

For practical systems the amount adsorbed is often expressed as the 
number of molecules per unit surface area. This quantity is closely 
related to nfxc or df*0 divided by the chain length ri of molecule t 

nfxc = 9fxc/ri (4) 

For spherical aggregates in solution, 9fxc, is usually given as the 
excess amount of segments of molecule i in the system: 

0f*c = I>(z)(0i(z)-0h (5) 
z 

where the number of lattice sites in layer z is given by L[z). 
With respect to the formation of association structures it should be 
noted that if the total volume fraction, 0f, of amphiphile is larger 
than the critical micelle or critical membrane volume fraction, 
micelles or membranes will be present. The adsorption of 
amphiphile is now determined by the equilibrium bulk volume 
fraction of free surfactant, which remains nearly constant upon 
increasing the total volume fraction. 

Choice of parameters 

With the interaction parameters chosen, the properties of nonionic 
surfactants in water, such as their capability of forming micelles, 
should be reproduced. The Flory-Huggins parameter XAW for the 
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interaction between a segment of type A and the solvent W should 
reflect the poor solubility of segments A in the solvent W. To achieve 
this, we have chosen ^AW = 2. The A segments are hydrophobic and 
the interaction between A and W can be compared with the 
interaction between CH2 groups and water. With ^AW = 2, the 
dependence of the critical micelle concentration, cmc, of AnBm as a 
function of the hydrophobic block length n corresponds with the 
experimentally observed dependence of the cmc on alkyl chain 
length. 

The interaction parameter ^BW between segments of type B and the 
solvent W has been given the value 0.4, indicating that the solvent is 
a moderately good solvent for B. This value agrees with the 
interaction parameter between poly(oxyethylene) and water derived 
by Van den Boomgaard'21) and by Amu.'22' The value of ^BW has some 
effect on the cmc of an AnBm surfactant: lower values of ,£BW lead to 
higher cmc's. The increase in cmc with the length of the B block, 
however, hardly depends on the precise value of ^BW. as long as XBW 
is between 0 and 0.5. 

The interaction between the hydrophilic segments B and the 
hydrophobic segments A should be repulsive. To mimick moderately 
strong repulsion between segments A and segments B, we have 
chosen XAB = 2. Such a high value has to be chosen to ensure spatial 
separation of head group segments and tail segments, which is 
necessary for the formation of micelles. At low #AB values, below 1.5, 
no stable micelles can be formed. 

The interactions with the surface will be specified later. 
Above, the segments of type B are used as a model for EO units, 
whereas the segments of type A should mimick CH2 groups. It is 
obvious that an EO unit is much bigger than a CH2 group; 
nevertheless we use one segment of type A for a CH2 group and one 
segment of type B for an EO unit. If we would take three segments 
for an EO unit, the chain flexibility would be overestimated and if we 
group 3 CH2 groups in one segment, very large positive values of XAW 
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have to be taken, which, unfortunately, lead to enormous lattice 
artifacts. In principle the problem of limited chain flexibility can be 
tackled by application of a rotational isomeric state scheme.<23' Such 
a more rigorous treatment will not affect the trends in adsorption 
and micellization of amphiphilic chain molecules very strongly. For 
the moment we have used the more simple first order Markov 
statistics. 

Results 

Micelles and Membranes 

To study the association behavior, calculations were performed for a 
series of A ioB n molecules in lattices with spherical and flat 
geometry. The critical micelle volume fraction and the critical 
membrane volume fraction are obtained as described in ref (11). The 
critical micelle volume fraction and critical membrane volume 
fraction divided by the total chain length of the amphiphilic 
molecule are measures for the critical concentrations, at which 
these aggregates are formed. The concentration where phase 
separation occurs can be calculated using the extended Flory-
Huggins formulas for the chemical potential of amphiphilic 
molecules, also given in ref (11). 

Results with respect to the association behavior for the series AioBn 

as a function of n are shown in Figure (1). If the number of B 
segments is smaller than three no membrane or micelle formation 
occurs but phase separation takes place. If the number of B segments 
is more than three, micelles are preferred over membranes and the 
formation of two phases: the equilibrium solution concentration <p/r, 
and hence the chemical potential, at which micelles are formed is 
lower than the concentration required for membrane formation or 
phase separation. 
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The cmc increases approximately linearly with the number of 
segments of type B. This agrees with experimental results for 
octylphenol polyfoxyethylenes)'16-17' and decyl-polyfoxyethylenes).^) 
With the interaction parameters chosen the increase in the cmc 
with increasing length of the head group B n is well predicted for 
octylphenol poly(oxyethylenes): the cmc doubles if the number of 
head group segments increases from 12 to 30. For small B blocks the 
calculated slope is somewhat smaller than found experimentally for 
monodisperse decyl-poly(oxyethylenes). We stress that for long EO 
blocks no monodisperse samples are available; therefore, we had to 
compare our calculated results with surfactants tha t have 
polydisperse head groups. 

10 V / r 

1 -

Figure 1: Equilibrium volume fractions of AioBn molecules, for phase 
separation, membrane formation and micelle formation as a function of the B 
block length. ZAW = XAB = 2, %AB = 0.4. 

With increasing length of the head group the molecules become 
more hydrophilic and, in associated structures, the steric hindrance 
between the head groups increases. The latter effect is especially 
evident from the growing difference between the critical membrane 
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concentration and the critical micelle concentration if the length of 
the B block becomes longer. In flat aggregates there is more steric 
hindrance between the head groups than in globular aggregates. The 
number of lattice sites per layer increases with z in a spherical 
lattice This gives the head groups, which are located in the outer 
region of the spherical structure considerably more space. 

1.0 

<P 

0.5 -

0.0 
-15 

Figure 2: Volume fraction profiles for A IQB Q (a) andAjoB40 (b) micelles. The 
volume fractions for segments of type A and type B are indicated. The overall 
concentration $ / r is 5xl0~4. See Figure (1) for the interaction parameters. 

In Figure (2) the segment density profiles of the A and B segments in 
A10B6 and A10B40 micelles are shown at the same overall 
concentration (0 ( /r = 0.5xl0~3). The segments of type A are in the 
center of the micelle while the B segments are on the outside. Some 
solvent is still present in the interior of the micelle (not shown in 
the figure), which is an artifact due to the poor model used for water: 
a monomer without a preferential orientation. The aggregation 
number of A10B6 molecules is much bigger than that of A10B40 
although the number of B segments in both micelles are not too 
different. Steric hindrance between the hydrophilic B blocks 
prevents the formation of large micelles of A10B40. 



18 

The number of molecules per micelle at a constant overall 
concentration {<pt/r = 0.5xl0"3) decreases with increasing length of 
the B block, especially for relatively small B blocks. This is shown 
Figure (3). This trend compares well with the experimental trend In 
the aggregation numbers measured for octylphenol poly(oxy-
ethylenes)'16-17) using pyrene solubilization. 

100 

n 

50 -

Figure 3: The aggregation number of AioBn micelles at a constant overall 
concentration of 5xl0~4 as a function of the number of B segments in the 
molecule. See Figure (1) for interaction parameters. 

Adsorption on Hydrophilic Surfaces 

Adsorption isotherms were calculated for the same homologous 
series of amphophilic molecules AioBn. Upon adsorption of a segment 
only a fraction Ai of its contacts with the solution are replaced by 
contacts with the surface. The segment free energy of displacement, 
Xd(x) of a water molecule on the surface by a segment of type x can be 
defined as 

Xd(x) = WXxs, ~Xxw -Xws+Xvm) (6) 
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By definition ^ww = 0, furthermore #ws is chosen to be 0 since only 
the differences between the Xxy values determine the free energy of 
displacement. In general the hydrophilic segments will have a 
relatively strong interaction with the surface and the hydrophobic 
segments a weak interaction. Let us assume that # B S = -6 and 
2AS = 0. then Xd{B) = -1.6 and Xd[A) = -0 .5 . The sensitivity for the 
adsorption for the value of Xd[x) will be discussed below. 

Results are presented in Figure (4a) for 6 different values of n. On 
the horizontal axis the overall concentration is given as 0 / r. The 
cmc values are indicated with an asterisk. Above the cmc the volume 
fraction of free chains hardly increases; consequently, a (pseudo) 
plateau in the adsorption isotherm is reached if the B block is not 
too long. For a B block considerably longer than the A block (i.e. 
A10B30 and A10B40) the adsorption reaches a near saturation value 
before the cmc is reached and the shape of the isotherms is similar 
to that of a homopolymer of type B. The A10B16 takes an intermediate 
position. The small irregularities in the adsorption isotherms are 
caused by lattice artifacts, which become more prominent if high x~ 
values are chosen. 

At very low volume fractions, the affinity increases with increasing 
length of the B block, see Figure (4b). At very low adsorbed amounts 
the B block adsorbs in a predominantly flat conformation, and 
interaction between adsorbed chains does not occur (isolated chain). 
Since chains with more B segments have a higher adsorption (free) 
energy, these chains show more adsorption in the limit of isolated 
chains. On the other hand, the cooperativity in the adsorption with 
increasing volume fraction is stronger if the B block is smaller. This 
increase in adsorption must be due to unfavorable interaction 
between A segments and solvent: the A segments associate to reduce 
the number of contacts with the solvent. The association is more 
pronounced if the A/B ratio increases, a similar trend was found 
from the influence of the A/B ratio on the cmc. 
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Figure 4: Adsorption isotherms for amphiphilic chain molecules on a 
hydrophilic surface (4a) An asterisk indicates the cmc. The initial part of the 
adsorption isotherms is shown in (4b). The interaction parameters are 
XBS = S. XAS = XWS = 0, XAW = XAB = 2. ZBW = 0.4. 

The A /B ratio also affects the maximum at tainable adsorption, see 

Figure (4a): the higher the A /B ratio, the higher the adsorption a t 

the cmc. For A10B6, A10B10, and A10B13, the shape of the isotherm 

indicates t ha t phase separation or "surface condensation" occurs in 

the adsorbed layer, due to associat ion of the A segments . As a 

consequence the adsorption will increase stepwise and a surfactant 
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bilayer is formed. If the B block is long, steric hindrance prevents 
such bilayer formation. This compares well with the fact that the 
difference between the critical micelle concentration and the 
critical membrane concentration increases if the B block becomes 
longer. A10B16 reaches its cmc just before the bilayer can form, but 
the effect of the presence of the segments of type A is still 
prominent. 

O 
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' ^ X A W = 0 
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log(^)/r) 
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Figure 5: Adsorption isotherms ofAioB6for different values ofxAW and XAS 
(indicated). Values for the other interaction parameters are the same as in 
Figure (4). 

To study the effect of the interaction between water and a segment 
of type A on the adsorption of A10B6 in more detail, calculations were 
performed with /AW = 0 and all other interaction parameters the 
same as in the previous calculations. The results are given in Figure 
(5), where the isotherm of A10B6 with a w = 2 is also shown. The 
adsorbed amount for A10B6 with XAW = 0 is lower than the adsorption 
for A10B6 with JAW = 2 for all concentrations. The lateral interactions 
between segments of type A have disappeared if ^AW = 0, but also the 
free energy of displacement has become less negative, see eq (6). 
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Replacement of AW contacts by AS contacts is no longer favorable, 
which is the reason that the isotherms do not coincide at low 
coverages. If XAS is changed to -2 while £AW = 0, the free energy of 
displacement is the same as for the combination %AVJ = 2 and 
£AS = 0. i n that case the calculated isotherm does coincide with the 
isotherm of A10B6 with ^AW = 2 at very low coverages, see Figure (5). 
An increase in the concentration leads at low adsorption values to a 
deviation. Due to the association of A segments the XAW = 2 isotherm 
increases more strongly. 

<P 

Figure 6: Volume fraction profiles 0JA10B6 (a) a n d A j o ^ O (b) in the adsorbed 
layer at the plateau of the isotherm on a hydrophilic surface. The volume 
fractions of segments of type A and of type B are indicated. See Figure (4) for 
interaction parameters. 

Clearly a small net displacement energy of A on the surface has a 
pronounced effect on the initial part of the isotherm, see Figure (5). 
The plateau of the adsorption isotherm, however, is almost 
independent of #AS as long as (the absolute value of) #AS is small 
compared to £ B S . because at higher surface coverages the A 
segments are displaced by B segments. 
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The volume fraction profiles, <j)x{z), in the plateau of the isotherm are 
given in Figure (6) for segments of type A and type B for A10B6 and 
AioB4o- For A10B6 a thick asymmetrical surfactant bilayer is formed, B 
segments are present both at the surface and at the solution side, 
spatially separated from each other by a layer of segments of type A. 
For A10B40 no maximum in the volume fraction of B segments at the 
solution side is found, no bilayer is formed. Adsorbed and free 
surfactant bilayers become more and more unfavorable as the number 
of B segments rises. Note that the adsorbed layer thickness is 
considerably smaller than twice (e.g. AjoBe) or once (e.g. A10B40) the 
extended chain length. 

<P 

Figure 7: Volume fraction profiles of AioBi^just before (a) and after (b) the 
phase separation in the adsorbed layer. See Figure (4) for interaction 
parameters. 

In Figure (7) the segment density distributions for A10B13 are shown 
at a bulk volume fraction just before the phase transition at the 
surface occurs (Figure 7a) and at a bulk volume fraction 
corresponding with the plateau of the isotherm (Figure 7b). At low 
bulk volume fraction the segment density distributions resemble 
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those of A10B40. Beyond the phase transition, the segment density 
profiles are comparable to those of AioBg. However, the hydrophobic 
core of the surfactant bilayer formed by A10B13 is much thinner than 
that of A10B6, due to steric hindrance between the B blocks for 
A10B13. 

The calculated isotherms can be compared with experimental 
results by Levitz and Van Damme' 16,17) w n o measured the adsorption 
of a series of alkylphenol poly(oxyethylenes) on Spherosil, a 
hydrophilic silica. Their adsorption isotherms are replotted in Figure 
(8). Very similar isotherms were measured by Partyka et al . '18 ' for 
the same system. Also for other nonionic surfactants, like decyl 
methyl sulfoxide, adsorbed onto silica, similar isotherms were 
found. ' 2 4 ) The experimental trend is well reproduced by our 
calculations. A step in the isotherm has been found experimentally 
for octylphenol (EO)6, which has a monodisperse EO block. The 
isotherms of the polydisperse octylphenol (EOJg-jj and octylphenol 
(EO)^5 increase more gradually than predicted by the SCFA theory. 
This might be due to polydispersity, which is probably also the 
reason for the increase in adsorption above the cmc. 

Calorimetric data of Denoyel et al. '25 ' with the same systems show 
two domains: at low adsorbed amounts the heat effect is exothermal, 
and the contacts between surface and surfactant segments are 
enthalpically favorable. At higher adsorption values an endothermal 
effect is observed, with a molar enthalpy which is of the same order 
of magnitude as the molar enthalpy of micellization, indicating the 
role of hydrophobic lateral interaction. With an increase in EO 
length, the heat effect at low coverage is enlarged whereas at higher 
coverages the endothermic effect is diminished. These trends are in 
agreement with the present calculations, where we also find two 
domains in the adsorption isotherm. The first part is dominated by 
the adsorption of B segments on the surface, the second part stems 
from the accumulation of A segments. 



25 

150 

"o 100 h 
ro 
a 

w 50 |-

— / 

—1 1 

^ - * — E O = 6 

l/C 
/ / 
- 1 — s = = r = 

— i 

05 

12T5 

3 0 f 

- r 

-

" 

. ^ " ' 
2 4 6 8 

c.104 (mole/1) 
10 

Figure 8: Adsorption isotherms of octylphenol polyloxyethylen.es) on 
SpherosilM7) The cmc's ore indicated with an asterisk. The average value of 
the number ofEO-units is given. 

Using pyrene as a fluorescent probe, Levitz et a l . ' 1 6 ' 1 7 ' studied the 
structure of the adsorbed layer of octylphenol poly(oxyethylenes). 
Pyrene solubilization was found to occur for all chain lengths studied, 
indicating that a non-polar domains exist in the adsorbed layer. For 
surfactants with small head groups a homogeneous adsorbed layer 
was formed in the plateau of the isotherm. For surfactants with 
longer head groups, however, aggregates were formed on the surface 
with sizes comparable to the sizes of micelles. In our calculations we 
find bilayer formation if the B block is shorter than 16 segments, in 
agreement with the measurements by Levitz et al. With the SCFA 
theory we cannot calculate aggregation numbers in the adsorbed 
layer, as we used a simple planar geometry in combination with the 
mean field approximation within each lattice layer. Nevertheless, we 
also find, already at very low volume fractions, a large effect of the 
lateral attraction on the adsorption, see Figures (4) and (5). 

http://polyloxyethylen.es
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Adsorption on Hydrophobic Surfaces 

To study the adsorption of AioBn molecules on hydrophobic surfaces, 
the Flory-Huggins interaction parameter between the segments of 
type A and the surface S is set to -4 and both for B segments and 
water xsx = 0. Hence in this case the free energy of displacement of a 
water molecule on the surface by an A segment is given by -1.5 and 
that of a B segment by -0 .1 , see eq (6). 

The calculated isotherms are given in Figure (9). The adsorption 
isotherms as presented in Figure (9a) seem of the Langmuir type. 
The increase in adsorption with concentration levels off considerably 
before the cmc is reached for all isotherms. A pseudo-saturation 
adsorption is reached at the cmc for A10B6, A10B10 and A10B13. For 
the A10B30 and A10B40 surfactants the plateau value is reached before 
the cmc. Chains with small B blocks show a higher adsorption in the 
plateau region and are more high affinity than chains with larger B 
blocks. The decrease in adsorption on hydrophobic surfaces with 
increasing length of the B block and the shape of the adsorption 
isotherms agree with experimental isotherms of a series of 
nonylphenol poly(oxyethylenes) on polystyrene and poly(methyl 
methacrylate) as measured by Kronberg et al. '19-20 ' 

The initial part of the isotherms is enlarged in Figure (9b). Because 
the number of A segments per molecule is the same for all chain 
lengths the adsorption isotherms coincide at low surface coverages. 
Figure (9b) also reveals that the isotherms are not really of the L-
type, as soon as some material is present at the surface a strong 
increase in the adsorption occurs for chains with relatively small B 
blocks, due to the association of the hydrophobic chains. If the head 
group is long, steric hindrance between the B segments prevents 
strong association of the A blocks. For n = 6 a weak surface 
condensation occurs. 

The effect of the solubility of A segments in water on the adsorption 
was studied by comparing the isotherms for | A W = 2 and JAW = 0. 
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Calculated results for A10B6 are presented in Figure (10). If XAW = 0 
and all other interaction parameters are unchanged, the adsorption 
is smaller than the adsorption for A10B6 with ^AW = 2 for all 
concentrations. For ^ w = 0 no association of A segments occurs and 
the free energy of displacement has changed because AS contacts are 
no longer favored over AW contacts. If the free energy of 
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Figure 9: Calculated adsorption isotherms Jor a series of amphiphilic chain 
molecules with a varying number of hydrophilic (B) segments on a 
hydrophobic surface (9a). The initial part of the isotherms is shown in Figure 
{9b). The cmc's are indicated with an asterisk. The interaction parameters are 
XAS = -4. XBS = 0, XAW = XAB = 2 and XBW = 0.4. 
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displacement is kept the same, which is achieved by taking ^AS = _6, 
the isotherms coincide at very low surface coverage but deviate at 
higher coverage because of the lateral attraction between A 
segments. The surface condensation already noted for A10B6 in 
Figure (9b) shows up more clearly in the top isotherm. 

-7 - 6 

log(p/r) 

Figure 10: Calculated adsorption isotherms of AioB^for different values of 
XAW and XAS (indicated). Values for the other interaction parameters are the 
same as in Figure 19). 

Volume fraction profiles of the various segment types in the 
adsorbed layer at the plateau of the adsorption isotherm are given in 
Figure (11) for A10B6, A10B13 and A10B40. The A segments are located 
at the surface side, the B segments are at the solution side. The 
height and the position of the maximum in the volume fraction 
profile of segments B hardly changes if the length of the B block 
changes. The B segments are accommodated by making the 
distribution wider and more skewed. This shows that steric 
hindrance due to the B blocks is the limiting factor for the 
adsorption of AioBn molecules with a long B block on hydrophobic 
surfaces. In a similar fashion as for the hydrophilic surface the 
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adsorbed layer thickness at the adsorption plateau is in all cases 
much smaller than the extended chain length. 

y> 

Figure 11: Volume fraction profiles for A IOBQ fa), A10B13 (b) andAioB40 (c) in 
the adsorbed layer at the plateau of the isotherm on a hydrophobic surface. 
The volume fractions of segments of type A and of type B are indicated. See 
Figure (9) for interaction parameters. 

Conclusions 

With the SCFA theory the behavior of nonionic surfactants, with 
respect to micellization and adsorption on hydrophilic and 
hydrophobic surfaces, can be described successfully with a minimum 
number of relevant parameters. 

In agreement with experimental findings, the cmc increases and the 
aggregation number of the micelles decreases as the hydrophilic 
block becomes longer. 
On both hydrophilic and hydrophobic surfaces the plateau adsorption 
decreases with increasing length of the hydrophilic block. 
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On hydrophilic surfaces strong cooperativity in the adsorption occurs 
and a bilayer is formed if the hydrophilic block is small. At the cmc 
the adsorption reaches a pseudo-plateau value. Long hydrophilic 
blocks prevent strong cooperativity in the isotherm and surfactant 
bilayer formation by steric hindrance, moreover the plateau 
adsorption is reached before the cmc. 
On hydrophobic surfaces strong cooperativity in the adsorption 
occurs for nonionic surfactants with a relatively short hydrophilic 
chain. For all chain lengths studied, surfactant monolayers are 
formed. The increase in adsorption with concentration levels off 
considerably before the cmc is reached. Beyond the cmc a pseudo-
saturation value is attained. 

The predicted trends in adsorption on both types of surfaces 
correspond very well with experimental results. 
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CHAPTER 3 

Adsorption ofNonionic Surfactants on Hydrophilic Surfaces 

An experimental and theoretical study on association 

in the adsorbed layer 

Abstract 

The adsorption of the nonionic dodecyl poly(oxyethylenes) Ci2(EO)6 and Ci2(EO)25 
from aqueous solutions on hydrophilic surfaces was studied. The adsorption and the 
layer thickness of Ci2(EO)6 exhibit a sudden increase at a concentration close to the 
cmc. Neutron reflection shows that in the plateau of the adsorption isotherm a 
bilayer has been formed. The adsorption of Ci2(EO>25 increases gradually with 
solution concentration. The adsorbed amount and layer thickness are much higher 
than those for EO oligomers. The hydrophobic chain parts in the Ci2(EO)25 layer 
could not be localized exactly by neutron reflection, but association between the 
aliphatic chain parts must occur to obtain the measured adsorbed amounts and layer 
thicknesses. NMR measurements indicate that the EO segments in the adsorbed 
layers of Ci2(EO)6 and Ci2(EO)25 have more conformational restrictions than those 
in PEO layers because of the association of the aliphatic tails. 

For Ci2<EO)6 the self-consistent field lattice theory for adsorption and/or association 
(SCFA) predicts stepwise adsorption and bilayer formation. For Ci2(EO)25 the 
adsorption and layer thickness are grossly underestimated. With an extended SCFA 
theory which allows for inhomogeneities perpendicular and parallel to the surface, 
the formation of small aggregates on the surface can be predicted. For Ci2(EO)25 the 
2D-SCFA gives much better agreement between theory and experiment. 

Introduction 

The adsorption of nonionic surfactants of the alkylpoly(oxyethylene) 
or alkylphenol(oxyethylene) type at the solid/aqueous interface has 
been the subject of much experimental and theoretical research, see 
refs (1-14) for some recent work. In general the adsorption of 
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nonionic surfactants leads to an increase in colloidal stability of the 
particles. This is one of the reasons for the wide-spread use of these 
surfactants. Contrary to ionic surfactants, nonionics cannot easily 
make hydrophilic particles hydrophobic, therefore they cannot be 
used to increase flotation recovery. 

Besides the industrial relevance of the adsorption of nonionics, the 
structure of the adsorbed layer of nonionic surfactants is also of 
purely scientific interest. Experimental evidence, of which the 
fluorescence spectroscopy measurements by Levitz et al. '1-4 ' are most 
appealing, shows that the adsorbed nonionic surfactants aggregate 
strongly on hydrophilic surfaces such as silica. In the case of 
surfactants having short head groups relative to the length of the 
aliphatic chain part bilayers are formed on the surface. If the head 
group is long, however, the adsorbed layer consists of small 
aggregates. Further evidence for the existence of hydrophobic 
domains in adsorbed layers of nonionics has been derived from dye 
solubilization measurements . ' 7 ' In addition, neutron reflection 
experiments by Lee et al.'5 ' showed that Ci2(EO)6 forms a bilayer on 
quartz with head groups at the surface and at the solution side 
separated by a hydrophobic core. 

Information regarding the adsorbed layer of surfactants has also been 
obtained with the self-consistent field lattice theory for adsorption 
and/or association, SOFA'14', originally developed to study polymer 
adsorption.I15-17> With this theory, adsorption isotherms and the 
structure of the adsorbed layer, which appears as the volume fraction 
profile perpendicular to the surface, have been obtained.'14 ' In this 
previous chapter we presented results for the adsorption of 
nonionics on hydrophilic and hydrophobic surfaces as a function of 
the polar chain length. The agreement between theory and 
experiment was reasonable: for surfactants with rather short head 
groups on hydrophilic surfaces bilayers were predicted and the 
experimentally observed decrease in plateau adsorption as a function 
of the length of the polar chain part could also be calculated. 
However, for the adsorption of surfactants with long polar head 
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groups no strong accumulation of hydrophobic segments was found. 
This did not agree with the experiments by Levitz et al . '1-4 ' 

One of the basic assumptions in the SCFA theory is that each lattice 
layer parallel to the surface is homogeneous and a mean field 
approximation is used in each layer. If a bilayer is present the 
separation between hydrophilic and hydrophobic chain parts will 
mainly be perpendicular to the surface and this assumption seems 
justified. For surfactants that cannot form a homogeneous bilayer, for 
example because the head group is much longer than the 
hydrocarbon part, a segregation of chain parts may also take place 
parallel to the surface: in this case the mean field approximation in 
each layer parallel to the surface is not correct. To investigate the 
structure of the adsorbed layers of nonionics on hydrophilic surfaces 
in more detail, especially those with long polar head groups, we use 
an extended (2D) SCFA theory which allows for inhomogeneities 
both parallel and perpendicular to the surface.'18) The results will be 
compared with calculations using the 1 -dimensional SCFA theory. An 
additional check of the aggregation in the layer can be made by 
comparing adsorption results for a surfactant with a long polar head 
group with those for a molecule consisting of this head group only. 

In order to compare experimental and theoretical results 
monodisperse surfactants are required and experimental techniques 
are needed that do not only give the adsorbed amount but also give 
information on the structure of the layer. We will measure isotherms 
of monodisperse Ci2(EO)6 and nearly monodisperse Ci2(EO)25 and 
(ECO22 adsorbed on SiC>2 surfaces by depletion measurements and 
reflectometry.'19 ' Dynamic light scattering and streaming potential 
measuremen t s ' 2 0 - 2 1 ' are used to obtain the hydrodynamic layer 
thicknesses. The distribution of surfactant perpendicular to the 
surface is studied with neutron reflection.(5.22) TO study the region 
close to the surface ^ -NMR of the solvent is a promising 
technique. '2 3 ' For PEO and PVP adsorbed from aqueous solutions 
water relaxation appears to be a measure of the fraction of the 
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adsorbed PEO and PVP molecules present in the form of trains. We 
will test if this applies to surfactants as well. 

Materials 

Ludox AS40 

Ludox AS40 is a colloidal silica, obtained from Dupont, and dialyzed 
against Super Q deionized water for two weeks to remove excess salt. 
The specific surface area is 140 m2 /g, the average particle diameter 
of these spherical particles is 22 nm. 

Silicon wafers 

Silicon wafers were purchased from Wacker Chemitronic GmbH 
(F.R.G). Wafers were oxidized in an oven at 1000°C during one hour. 
This process gave an oxide layer of about 100 nm. 1.5 cm wide strips 
were used for the reflectometry experiments. After rinsing with 
Super Q deionized water and red glowing in a gas flame, the wafers 
could be re-used. 

Surfactants and other chemicals used 

Monodisperse Ci2(EO)6 (Nikkol) was a gift from Koninklijke Shell 
Research Laboratories Amsterdam (KSLA), The Netherlands, 
Ci2(EO)25, which is slightly polydisperse in the EO part, was 
purchased from Nikkol directly. The cmc's were determined from y-
lnc plots using the Wilhelmy plate technique and found to be 7.5* 10 -

5 and 3.1*10~4M respectively. Poly-(ethylene oxide) with a molecular 
weight of 960 and Mn /Mw =1.04 was a GPC calibration sample from 
Polymer Laboratories and will be denoted as (EO)22- Deionized Super 
Q water was used throughout this study. 
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Methods 

Determination of adsorption isotherms 

Depletion measurements: Adsorption i sotherms on Ludox AS40 are 

determined us ing the depletion method with 0 .3% (v/v) Ludox a t 

20°C. After centrifugation for one hour at 20.000 rpm in a Beckmann 

J 2 - 2 1 M cent r i fuge , t h e equ i l i b r ium c on c en t r a t i o n s in t h e 

supe rna tan t are determined by surface tension measurements a t low 

concentra t ions or by the molybdophosphoric acid a s s ay ' 2 4 ' a t high 

concentra t ions . The surface tension measu remen t s are performed 

us ing the Wilhelmy plate technique, the y-lnc curve is u sed a s a 

calibration curve. For the molybdophosphoric acid assay a s t raight 

calibration line was obtained for both surfactants and for (EO)22-

Reflectometry: The reflectometer described by Dijt et a l . ' 1 9 ' is 

employed. A s t r ip of a n oxidized silicon wafer is u sed a s the 

adsorbing surface. The surfactant solution is delivered a t the silicon 

wafer u s ing a s tagnat ion point flow, described by Dijt et al. The 

t empera ture is set to 20°C. In the se t -up a polarized He/Ne laser 

beam h i t s the wafer a t the Brewster angle which is 70° for the 

silicon water-interface. The reflected beam is split into i ts parallel 

and perpendicular components which are detected by photo-diodes. 

The signals are then combined to give the ou tput signal S, which is 

given by: 

Is-In 
S = T—T

£ (1) 
Is + Ip 

where the intensit ies are denoted by / and the subscr ip ts s and p 

refer to t he pe rpendicu la r (senkrecht) and parallel componen t s 

respectively. Using the optical matrix method ' 2 5 - 2 6 ' Dijt et al. showed 

tha t S is proportional to the adsorbed amount , r , and independent of 

the s t ruc ture of the adsorbed layer. In addition to the th ickness of 

the oxide layer on the wafer, obtained by ellipsometry, the refractive 

index increment is needed to convert S to r. From data given by Chiu 

and Chen ' 2 7 ' for a number of nonionic surfactants with ethylene-


