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Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.
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Preface

SURFACI‘ANT ADSORPTION is a widely studied phenomenon, encom-
passing several scientific and technological disciplines, including wetting,
adhesion, emulsions, foams, separation science, polymer blends and com-
posites, and stabilization of colloidal dispersions, to name a few. Many
new surfactants (particularly polymer surfactants and sugar-based surfac-
tants) that have been developed have led to improved performance and
new applications. Surfactant usage and surfactant design would benefit if
synthetic chemists, physical scientists, and engineers could have a clearer
understanding of the molecular and structural parameters that control
surfactant adsorption. These scientists are presented with an enormous
challenge to understand the behavior of surfactants at various interfaces
and how surfactant adsorption and surfactant structure relate to techno-
logical performance.

The chapters in this book discuss information in the area of surfac-
tant adsorption relating to structure, characterization, new methodologies,
and new theories, and how these would augment our understanding of
surfactant adsorption and surface solublization. Many of the chapters are
contributions from participants of the “Kodak Symposium on Surfactant
Adsorption and Surface Solubilization,” upon which this book is based.

I am grateful to the organizing committee of the Division of Colloid
and Surface Chemistry for allowing me to organize the symposium and to
Eastman Kodak Company for sponsoring the symposium. I thank the fol-
lowing people for helping me run the symposium by acting as session
chairpersons: Claude Treiner, Terry Cosgrove, Paul Luckham, Maria
Santore, Ponesseril Somasundaran, Luuk Koopal, and Les Fina. I also
thank the authors for submitting their manuscripts for publication in this
book, and I thank the reviewers for their efforts.

RAVI SHARMA

Materials Science and Engineering Division
Eastman Kodak Company

Rochester, NY 14650-2158

August 15, 1995

xi
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Chapter 1

Small-Molecule Surfactant Adsorption,
Polymer Surfactant Adsorption, and Surface
Solubilization: An Overview

Ravi Sharma

Materials Science and Engineering Division, Eastman Kodak Company,
Rochester, NY 14650—2158

The importance of surfactant adsorption and surface solubilization to a
variety of technologies is well known and continues to be studied.
Small molecule surfactants and polymer surfactants form a variety of
structures when adsorbed to an interface. This is particularly true for
adsorbed surfactants at the solid/liquid interface. For polymer
surfactants, however, a variety of structures are also possible at the
air/liquid interface. The structure of surfactant aggregates on surfaces
and their correlation with the shape of adsorption isotherms, and with
technologically important processes such as wettability, friction,
adhesion, and surface solubilization will no doubt continue to be a
subject of research for many years.

General

Surfactants are employed in a variety of technologies. Detergency, emulsification,
dispersion, coating, wetting, flotation, petroleum recovery, lubrication and adhesion
are some examples that depend on the ability of surfactants to adsorb at an interface
and on their ability to solubilize hydrocarbon materials in micelles and/or in adsorbed
layers (I-5). For many years researchers have investigated surfactant behavior at
various interfaces and in solution (I-6). The interfaces usually studied are the
solid/liquid interface, liquid/liquid interface, and the liquid/air interface. More
recently, segregation at polymer/polymer interfaces has also been studied (see later in
this paper). It is abundantly apparent that some surfactants are better than others for a
given application. Barring nonequilibrium effects and transport-related effects, this
difference ultimately depends on the amount of adsorption and on the structure of the
adsorbed layer (configuration of the adsorbed surfactant). The relationship between
the structure of a surfactant and its adsorption capacity is much sought after. To this

0097—-6156/95/0615—0001$12.00/0
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2 SURFACTANT ADSORPTION AND SURFACE SOLUBILIZATION

extent there has been a large volume of published data on adsorption at the air/water
and liquid/liquid interfaces (Ib). Surfactant effectiveness and efficiency for
adsorption at the liquid/gas and liquid/liquid interfaces for surface tension reduction
has been discussed by Rosen (/b). Recently, an adsorption map relating adsorption of
surfactants to surface energetics has been presented by Vogler (7).

Surfactants may be classified according to the type of head group (,3,8). Surfactants
containing a negatively charged head group, such as carboxylic acids and salts, and
alkyl benzene sulfonates are called anionic surfactants; cationic surfactants have a
positively charged head group (e.g., quaternary ammonium salts and amines) and
nonionic surfactants have a hydrophilic head group that is not charged (e.g., ethers,
alcohol ethoxylates, and carboxylic acid esters). Another important subset of
nonionic surfactants are zwitterionic surfactants (9). These electrically neutral
compounds possess formally charged groups that are separated by intervening atoms.
A zwitterionic compound that bears both an acidic group and a basic group is
amphoteric. In addition, acidic, basic and nonamphoteric zwitterionic surfactants
exist. Another increasingly important class of nonionic surfactants are the so-called
"sugar surfactants,” which contain either cyclic or linear oligomeric saccharides
10,11).

For every type of surfactant, substitution of the usual hydrocarbon hydrophobic
component by other hydrophobic groups is possible. Hydrophobic groups that are
commonly incorporated into a hydrocarbon backbone, either as spacers or as
pendants, include fluorinated groups and dimethylsiloxane groups. The degree of
substitution ranges from partial to complete. Fluorinated surfactants and
poly(dimethylsiloxane) or PDMS-based surfactants are an important class of
surfactants with applications in the coating, textile, molding, and lubrication
industries. A major component of nonionic surfactants include polymerized blocks of
polar groups (e.g., polyethyleneoxide) and hydrophobic groups (e.g.,
polydimethylsiloxane) in a variety of arrangements called nonionic block copolymers
(12). In this overview, small molecule surfactants are surfactants that do not contain
large polymerized segments. Polymer surfactants consist of polymer segments such
as poly(dimethylsiloxane), poly(ethyleneoxide), and poly(propyleneoxide).

Adsorption Properties
The adsorption properties of surfactants is a much studied phenomenon, both with
regard to the amount of adsorption and to the structure of the adsorbed layer. Certain
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1. SHARMA  An Overview 3

aspects of adsorption behavior to solid surfaces are clear. For example, anionic
surfactants adsorb readily owing to electrostatic interactions on positively charged
surfaces and vice versa (13). A characteristic feature of surfactant adsorption at
concentrations below the CMC is that adsorbed surfactants form local aggregates on
the surface. These aggregates have been referred to as hemimicelles, admicelles, and
surface micelles, implying a micelle-like structure (13-15). Recently, the term
"solloid" has been coined to represent a surfactant and polymer aggregates on a
surface (I3c.d.e). Another important aspect of surfactant adsorption is the effect of
surfactant chain length, particularly with respect to distinction between adsorption on
hydrophobic or hydrophilic surfaces (16,17a). Koopal and Ralston have applied a
modified version of the Scheutjens and Fleer theory for polymer adsorption to
flexible long-chain surfactants. They demonstrate the importance of segment-surface
interactions and lateral chain-chain interactions, and how these interactions lead to
various limiting adsorption equations depending on solvent quality (17).

The structure of surface aggregates continues to be controversial (15f,,18,19).
Harwell and co-workers suggest that the term admicelle should be reserved for local
bilayer structure, and hemi-micelle for monolayer aggregates (15f,). Furthermore,
Harwell et al. (15j) propose that at higher surfactant concentration, a more-or-less
continuous bilayer forms, and this has the effect of reversing the original charge on
the surface; e.g., an anionic substrate is converted to a positively charged surface due
to a second layer of cationic surfactant that adsorbs with its charge group outermost
(13,19-23). A different structure of the surface aggregates at the solid/liquid interface
is proposed by others (18,19). In Somasundaran's model, a gradual change from
monolayer aggregates (hemimicelle) to hemimicelles with reverse orientation with
increasing adsorption density is postulated based on a variety of spectroscopic studies
(18). The reverse orientation model has the tails of top-most surfactant molecules
interpenetrating the tails of the bottom layer, thus creating a polar surface as in the
bilayer model case but with a difference in layer thickness - it is expected to be
thinner because of interpenetration of the hydrophobic tails. In Gu's model (19),
individual surface aggregates, rather than Harwell's patchy bilayer structure, is
depicted. Several adsorption models for the adsorption of ionic surfactants on
charged solids have been proposed (15j,18-26 and references therein). Stilbs et al.
report on the aggregation of adsorbed surfactants as studied by NMR (27). The
adsorption of cationic surfactants on a variety of hydrophilic and hydrophobic
substrates is reviewed in an article by Ingram and Ottewill (24). Cases has published
several papers dealing with the surfactant adsorption at the solid/liquid interface
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4 SURFACTANT ADSORPTION AND SURFACE SOLUBILIZATION

(154,28). He has provided a theory for surfactant adsorption by assuming surface
heterogeneity, and identifying different adsorption behavior for short chain-length
surfactants (n < 8) and long chain-length surfactants, coupled with whether
temperature is below or above the Krafft temperature. Above the Krafft temperature,
and for adsorption on hydrophilic surfaces, two limiting cases consistent with the
theory of two-dimensional condensation on a heterogeneous surface can be described:
1) at relatively low surfactant concentration, ionic surfactants with aliphatic chain (n
> 8), which have a high affinity for the surface, hemimicelles (monolayer aggregates)
form whose sizes are limited by domain size of the heterogeneity, and 2) at high
relative concentration, bilayer formation (admicelle) is possible if the surface is
hydrophobic because of hemimicelle formation. In the case of adsorption on a
hydrophilic surface, surfactants having a weak affinity for the surface (i.e., nonionic
surfactants and similarly charged ionic surfactants) form surface micelles that are
reminiscent of bulk solution micelles. Surface aggregation in the weak surface
affinity limit has recently been studied by Manne et al. (29 ) for an ionic surfactant
adsorbing on an uncharged hydrophobic surface (see below). Below the Krafft
temperature, two-dimensional aggregates only are formed (the aliphatic chains are
always in a condensed state), and again the theory of two-dimensional condensation
on a heterogeneous surface can be applied. Cases (28f) and Narkiewicz-Michalek
(30) have presented an insightful review on surfactant adsorption.

A controversy exists for the adsorption mechanism of ionic surfactants on uncharged
hydrophobic surfaces (primarily graphite) at surfactant concentration close to the
critical micelle concentration (CMC) (29). In one model, a gradual change from a
parallel to a perpendicular adsorption configuration occurs as the concentration
approaches the critical micelle formation (37). Cooperativity effects between the
hydrophobic tails enhance the adsorption there by increasing the adsorption close to
the CMC. In a second model, hemimicelle formation due to micelle collapse near the
surface is responsible for the increase in adsorption close to the CMC (32). Recent
AFM work supports neither of these models, rather that hemimicelles are templated
by a epitaxially bound monolayer consisting of chains parallel to the graphite surface
(29). Note that in the case of adsorption to a hydrophobic surface, the hemicelles
consist of surfactants with their hydrophilic portions outermost, which is in contrast to
the hemicelles depicted on mineral oxides with hydrophobic tails outermost (/4c).
Nonionic surfactants adsorb on surfaces, the adsorption mechanism being one of the
following: a) adsorption by hydrogen bonding, b) adsorption by polarization of 1t
electrons (attractive interaction between electron-rich aromatic nuclei of the adsorbate
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and positive sites located on the substrate), c) adsorption by van der Waals dispersion
forces, and d) adsorption by alternating hydrophobic bonding. Because of the
absence of ionic interactions the shape of the adsorption isotherm is different to that
observed between an ionic surfactant and an oppositely charged surface (33).
Presumably, the shape of the isotherm would reflect the variety of structures inferred
from AFM data on the adsorption of poly(oxyethylene) nonionic surfactant on
colloidal silica (34).

The interfacial properties of a solution of two or more surfactants exhibit synergistic
and antagonistic effects. A solution of mixed surfactants is said to exhibit synergism
if it shows greater interfacial activity (e.g., lower interfacial tension) than that
demonstrated by any of the individual components at the same concentration.(])
Synergy depends on the attraction between the surfactants such that one surfactant
attracts the other with the net effect of reducing the concentration of surfactant
required for one of the following applications: 1) lowering interfacial tension to a
given value, 2) achieving a given amount of surfactant adsorption at the solid/liquid
interface and 3) formation of micelles. When surfactants in a mixed solution repel
each other (e.g., due to electrical repulsions), negative synergism results (9¢). An
example of negative synergism for total surfactant adsorption for C8E4 and sodium
dodecylsulfate (SDS) on graphitized carbon has been reported (35). The adsorption
of SDS and ethoxylated nonylphenol (NP12) from their mixed solutions on TiO2
exhibits synergistic effects when the SDS content is low, but antagonistic effects
(negative synergism) at higher SDS concentrations (36). Similar synergistic effects
and antagonistic effects were observed in the case of adsorption studies on silica gel
from cetytrimethylammonium bromide (CTAB)-Triton X-100 and CTAB-Triton X-
305. The mixed adsorption becomes more complicated when silica gel is replaced
with methylated silica gel (37). Esumi et al. have studied the adsorption of
poly(styrenesulfonate) or PSS, sodium dodecyl sulfate (SDS), and
hexadecyltrimethylammonium chloride (HTAC) from single solutions and PSS-SDS
and PSS-HTAC binary mixed solutions on alumina. They found that SDS decreases
PSS adsorption, while HTAC enhances PSS adsorption due to formation of a complex
of PSS-HTAC on alumina (38).

Harwell et al. have studied the adsorption of SDS and polyethoxylated nonylphenol
(NPEO10) and their mixtures on gamma alumina(/4b). The individual adsorption
isotherm indicate that SDS adsorbs significantly, while NPEO10 does not. In fact,
there is doubt that NPEO10 admicelles form from pure NPEO10 solutions. However,
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6 SURFACTANT ADSORPTION AND SURFACE SOLUBILIZATION

there is a dramatic change when a mixture of SDS and NPEO10 is used; e.g., 20/80
mixture of SDS/NPEOI10 results in the formation of surface aggregates that are 75%
NPEO10. This behavior is attributed to the high degree of nonideality of the system,
in that the composition of the surface aggregates do not follow an ideal mixing rule.
It is also shown that the nonideality does not conform to regular solution behavior
either. Thus, in some instances and in particular, adsorption to the solid/liquid
interface, application of bulk solution thermodynamics does not appear to be
successful (39). Real solution theories may be appropriate in these instances.

An important aspect of adsorbed layer is their interaction dynamics and the evolution
of their structure over time. Couzis and Gulari have studied in situ the dynamics and
structure of sodium laurate adsorbed onto alumina surfaces by infrared attenuated
total reflectance spectroscopy (40). They show that the laurate ion does not adopt its
final structure immediately - a few hours are required for an "equilibrium" structure to
form. The structure and mechanism of laurate-alumina interactions is dependent on
pH.

Adsorption at the liquid/air and liquid/liquid interfaces has been studied by measuring
surface or interfacial tension. The dependence of surface tension on surfactant
concentration can be used to determine the amount adsorbed by application of the
Gibbs equation (). Radiotracer methods have also been used with some success,
and have been especially useful in studies with mixed surfactants in order to
determine the adsorbed amounts of each component (20,24). Surface tension
reduction at fluid interfaces by the adsorption of soluble ionic and nonionic
surfactants has been discussed by Ingram and Ottewill (24).

Neither of the above mentioned approaches yield structural information to the degree
as by a recently developed technique called neutron reflectivity (4/). Polymer
conformation for a number of copolymers at the hexane/water interface has been
studied by neutron reflection (42). In the case of poly(ethyleneoxide)-
poly(propyleneoxide)-poly(ethyleneoxide) or PEO-PPO-PEO triblock, the adsorbed
layer was diffuse and thicker than the micellar radius, suggesting some stretching of
the molecule. In contrast, a random copolymer of poly(vinyl alcohol-co-acetate) was
shown to adsorb in an all-train configuration. Apparantly, hexane is a poor solvent
for the hydrophobic moieties of both of these polymers, and in the case of the PEO-
PPO-PEO, hexane does not appear to notably alter the conformation adopted at the
air/water interface. Hexane is, however, a good solvent for the PDMS segment of the
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PDMS-PVPO diblock, and as expected, it is drawn out of the water and forms a dense
layer between the two phases (42). Using another reflection technique, Fina has
attempted to obtain structural information on water-soluble surfactant at the air/water
interface with in situ external reflection infrared spectroscopy (43).

Poly(dimethylsiloxane) with various functionally-terminated groups have been
studied at the air/water interface (44). It appears that most of the difunctional
oligomers stand up with one group at the air/water interface and the other away from
the surface. Only in the case of di-NH2-PDMS (with PDMS mol wt = 1970) was
there evidence that both end-functionalities were at the air/water interface with the
intervening PDMS chain forming loops. Other end-functionalized polymer have also
been studied [see references cited in ref. 445]. Block polyelectrolytes have been
shown to form surface micelles (45). The shape of the micelle (e.g., circular and rod-
like), depends on the relative size of the hydrophobic block and the charged block.
Recently, surface micelles were also observed at the air/water interface in studies
involving a variety of nonionic diblocks (46). A review of some interesting
observations on the spreadability of polymers at the air/water interface has been
presented by Gaines (44a).

Neutron reflectivity measurements have been used to study monolayers of derivatives
of styrene-maleic anhydride copolymers at the air/water interface. For derivatives
prepared using long-chain alcohols (dodecyl or undecyl alcohol) as pendants, the
alkyl chains are completely out of the water subphase at high surface pressure at the
expense of the phenyl groups. At lower surface pressure, about 50% of the phenyl
groups are out of the water and approximately 30% of the alkyl chains are submerged.
The thickness of the alkyl chains and of the backbone and phenyl group layer was
also determined, and used to infer the structure of the layer (47,48). Neutron
reflectivity measurements have also been employed to study the structure of
hydroxyl-terminated 1,4-polyisoprene (PIP-OH) at the air/water interface(46).
Interestingly, it is inferred that films of PIP-OH consist of closely packed chains in a
monolayer coexisting with multilayers, even at low surface pressure (well before the
collapse point indicated on the surface compression isotherm). In another approach,
second harmonic generation (SHG) was used to study molecular arrangement of a
poly(acrylonitrile-co-4-vinylpyridine) monolayer at the air/water interface (49). The
SHG data indicated that the pyridine groups were solvated, with nearly a vertical
orientation on average at the interface, and the nitrile groups coiled up in the chain
above the water surface. Polymer adsorption at the solid/liquid interface has been
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8 SURFACTANT ADSORPTION AND SURFACE SOLUBILIZATION

studied with increasing activity over the past 10 years or so. Earlier studies indicated
that the configuration of adsorbed polymers may be different to that in bulk solution
(50). The configuration of adsorbed diblock copolymers has been studied
experimentally (51) and theoretically (52). Because of the preferential solubility of
one block in the surrounding medium, the more soluble component extends out into
the solvent while the insoluble blocks anchor the molecule to a surface (53). Itis
predicted that terminally attached polymers will have segment density profiles that
depend on coil radius of the chain, R, and the distance between grafting sites on the
surface, D (50a.e,52g). The adsorbed layers are termed "mushrooms" (when D >> R)
or "brushes" (when D << R). According to the Alexander-de Gennes theory, the
brush layer thickness (L) scales with number of monomer units in the brush (Np) to a
power = 1 or 3/5 when the grafting density is high or low respectively (50a,52g ).
Surface force apparatus studies have established that the adsorbed layers formed by
block copolymers are highly extended (up to six times the radius of gyration), and
that L scales with Ny, to a power between 0.7-1.0 depending on composition (51g-i).
The nonlinear dependance of L on N between the limiting cases set out by Alexander
and de Gennes is consistent with theoretical predictions by Munch et al., Evers et al.,
and Whitmore et al. (54) In an extreme case of one anchor unit per chain
(endfunctionalized polystyrene), the scaling relationship L ~ N,0-6 was found, which
is in good agreement with the Alexander-de Gennes model when the grafting density
is low (51j,h,55b). Small angle neutron scattering has been used to characterize
chemically grafted PDMS chains on silica (56). At high grafting density and in good
solvent, the chains are stretched such that L ~ Ny (5/4k,56). Another important
theoretical prediction is that a maximum in L should occur at a particular block size.
This has been corroborated by a number of experiments (51i). Thus, there is a
significant amount of data that shows good agreement between theory and
experiment, although a notable exception is the case of poly(2-vinylpyridine-b-
styrene) adsorbed onto porous mica (57i). Polymer brushes can also form at fluid
interfaces, as found by Factor et al. (57).

Recent neutron reflectivity measurements probing the structure of adsorbed layers of
a symmetric diblock copolymer of polystyrene and poly(methylmethacrylate) or P(S-
b-MMA) indicated that the the PMMA segments anchor to a quartz surface forming a
dense layer. However, the segmental concentration of PS was too low to be detected
(58). Very recently, evanescent wave ellipsometry was used to study the adsorbed
amount at the glass-polymer solution [P(S-b-MMA) in carbon tetrachloride) interface.
Significantly, the adsorbed amount exhibited a maximum suggesting that the
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solubility of the P(S-b-MMA) diblock in CCly increased with increasing molecular
weight, which in turn caused a reduction in the amount adsorbed. Kim et al. (58)
conclude that the variable solvation of the adsorbed layer (CCly coadsorbs with the
PMMA layer at the glass surface) must be taken into account to describe the segment
density profiles of diblocks adsorbed onto a surface. Recently there has been
considerable interest in understanding the behavior of anchored chains in various
solvents (55), including mixed solvents (59). Interestingly, under certain solvent
conditions, preferential solvation of one of the solvents has been observed in
polystyrene brushes with significant changes in the segment density profile (59). The
preferential partitioning of one of the solvents into the adsorbed diblock is similar to
the surface solubilization (see below) of non-polar solutes into surfactant aggregates
found on solid surfaces.

The structure of adsorbed layers formed by a series of PEO-PPO-PEO triblock
copolymers has recently been investigated using sedimentation field-flow
fractionation and electron spin resonance (53). In these studies it was found that the
motion of the PEO segments depended on the radius of the particle (polystyrene
latex) on which they were adsorbed and the chain length of the PEO segment. In
addition, the thickness of the adsorbed layer depended on the PEO chain length and
on the radius of the particle on which they were adsorbed. Further, for a given
particle radius, the PPO chain length only affected the amount adsorbed. Recent self-
consistent field theory has been applied to the problem of diblock polymer adsorption
on small particles. It is found that the adsorbed amount and the hydrodynamic layer
thickness depend on particle size (60). Conformation of polymers has also been
examined by fluorescence and NMR (61).

The adsorption of copolymers at the interface between two immiscible polymers and
polymer-nonpolymer interface has been studied. It has been shown that segregation
of a A-B diblock can be used to enhance the interfacial strength between
homopolymers A and B (62). Similarly, mechanical strength of a
polymer/nonpolymer interface has also been improved by the adsorption of diblocks
at the interface (63) and by using self-assembled monolayers (64). There are a
number of theories describing the segregation of A-B block copolymers at the
interface between immiscible A and B homopolymers (65,66). Leibler's theory for
the segregation of copolymers at the A-B interface describes two different regimes of
segregation: the wet brush and dry brush models (65). When the degree of
polymerization of the A homopolymer (Np) is greater than the degree of
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polymerization of the A block of the copolymer (N¢a), then the homopolymer chains
do not significantly penetrate the copolymer brush at the interface; i.e, a dry brush
persists at the interface. When Na < N¢a, the homopolymer chains penetrate the
copolymer brush creating a wet brush. Shull and Kramer have developed a self-
consistent mean field theory that determines the adsorption of an A-B diblock to an
interface between immiscible A and B homopolymers (66). Good agreement between
experiment and the mean field theory was observed in the case of dPS-PVP
adsorption at the polystyrene-poly(2-vinylpyridine) interface (67a) and at the
polystyrene-poly(styrene-r-parahydroxystyrene) interface (675). In addition to
diblocks, copolymers exist as random copolymers, perfectly alternating copolymers,
and as ABA triblocks. The adsorption of random copolymers and triblocks has been
discussed by Marques and Joanny (68) and by Balazs et al. (69), respectively.

Shull has also developed a self-consistent mean field theory for end-functionalized
polymers segregating to an impenetrable wall (70). The segregation of
poly(deuterostyrene-b-2-vinyl pyridine) [dPS-PVP] to alkylsilanated silicon oxide
surfaces has recently been studied (77). It was observed that the segregation of dPS-
PVP diblock was much weaker to the alkylsilanated SiO2- polystyrene interface than
to the polystyrene-SiO2 interface. Furthermore, the abrupt onset of segregation above
a critical chemical potential suggested the formation of surface micelles. The bulk
concentration of dPS-PVP at this surface transition was lower than the critical micelle
concentration. Surface micelles are predicted when the attractive interactions
between a copolymer and a surface is weak - as is the case for PVP blocks interacting
with the alkylsilanated surface (72). These surface structures are not to be confused
with "bulk” micelles, which exist preferentially at the interface (73,74). In another
study, dPS-PVP segregation to an immiscible interface between polystyrene and a
random copolymer of polystyrene (70%) and poly(parahydroxystyrene) [PS-PHSS]
was monitored (67b,74). The adsorption of the dPS-PVP was accompanied by
emulsification of one of the phases; i.e., a dramatic increase in copolymer adsorption
beyond a critical copolymer concentration was attributed to an increase in interfacial
area resulting from a vanishing interfacial tension between the two bulk phases. The
tentative picture is one of a dispersion of small spheres of PS-PHSS random
copolymer surrounded by a diblock shell (dPS block outermost) and dispersed in a PS
matrix (67b). Recently, the segregation of dPS-PVP at the interface between
polystyrene and [PS-PHSS] with 30% PS content has been studied. Cross-section
transmission electron microscopy micrographs indicate that "hair-pin" structures
exist. These undulating interfaces have not pinched off to create spherical domains
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(75). As to whether these hair-pin structures are a precursor to spherical domains, it
is not known. On one hand, the kinetics for pinch off to spherical domains may be
very slow and further, work on lower molecular weight copolymers will be required
to test this hypothesis. Alternatively, the hair-pin structures may indeed be stable
phase and it may be one of a variety of complicated structures that are known to exist
for microemulsions.

Adsorption Kinetics

Studies in dynamic interfacial phenomena, such as adsorption kinetics and how
quickly an interface recovers its interfacial tension, viscosity, and elasticity following
a surface perturbation, have helped understand various technological processes such
as foaming (76,77), emulsification (76,78), demulsification (79), and high-speed film
coating (80). Adsorption kinetics of small molecule surfactants have mostly related
to the air/water interface. At surfactant concentration below the CMC, adsorption
kinetics follow a simple diffusion model (81-83). However, at surfactant
concentration above the CMC, an additional complications because of the rate at
which micelles dissociate is introduced (84-87). Other complications include
electrostatic interactions, orientation effects, and mixed surfactant-macromolecule
systems (83,86). Adsorption kinetics to liquid/liquid interfaces has additional
complication due to the transport of solvent molecules across the interface (82).
Almost invariably, adsorption kinetics has been measured by monitoring surface
tension as a function of time and surface rheology at different rates of surface
perturbation. Methods such as oscillating jets, ring and plate techniques, meniscus
shapes, drop volume, surface potential, surface relaxation, surface quasi-elastic light
scattering, and the bubble pressure method have been used to obtain adsorption
kinetics (83,87-92). Recently, in situ ellipsometry has been used to study adsorption-
desorption kinetics of nonionic polyethylene glycol monoethers at the silica-water
interface (93). In addition, a phenomenogical study on the very early stages of
polymer adsorption has been reported by Somasundaran and Sivakumar (94). In this
study, the attachment of silica particles is used to decorate the polymer that has
adsorbed.

The kinetics of block copolymer adsorption has been treated theoretically (95). In the
initial stage of the adsorption kinetics, micelle relaxation is negligible and the
adsorption is diffusion limited. The surface coverage increases as 6 ~ t!/2, where ¢ =
surface coverage and t = time. This stage of adsorption is dominated by free chains.
At larger times, micelle relaxation is important and a steady state is reached where all
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the chains released by the micelles adsorb on the surface. In this regime, surface
coverage increases as ¢ ~ t. During this process, the outer brush of the adsorbed layer
builds up and the energy barrier against adsorption increases. The theory compares
quite well to experimental data when applied to the adsorption kinetics for
polystyrene-polyvinylpyridine on silver, although in an apparent contradiction with
the Leibler model, it is claimed that adsorption is initiated by micelle adsorption
(95¢,96d). On the other hand, there is good qualitative agreement between Liebler's
theory and experiments by Motschmann et al. (96¢). Recently, Xu et al. have studied
the adsorption kinetics of polystyrene-poly(ethylene oxide) copolymer on dispersed
polystyrene latex particles (96¢). They conclude that the adsorption process is a
three-step mechanism that is initiated by direct adsorption of micelles (step 1),
followed by surface rearrangement (step 2), and lastly, formation of a final adsorbed
layer by disruption of the micelle structure and wetting of the polystyrene particle by
the polystyrene core (step 3). The kinetics of surface rearrangement (step 2) was
most sensitive to the curvature of the particle, it being slower for less curved particles
(larger particles). Direct adsorption by micelles has also been deduced by Munch and
Gast (51e), and scanning electron microscopy images of adsorbed micelles have been
presented by Cao et al. (97).

Surface Solubilization

By analogy with solubilization phenomena in micellar solutions, it is expected that
surfactant aggregates present at solid surfaces would likewise be capable of
solubilizing nonpolar molecules (98-103). The surfactant aggregates could be present
as hemimicelles, bilayers, or isolated surfactant clusters with a relatively small
aggregation number (/94). Solubilization by adsorbed surfactant layers has been
termed surface solubilization (99,100), coadsorption (101,102), or adsolubilization
(15£,103,104). Surface solubilization is often taken as proof that the adsorbed
surfactant aggregates are micelle-like (/94). To this effect, some early work verifying
the existence of hemimicelles relied on visual evidence (99,100), and later
spectroscopic evidence (98), of a dye staining solid particles at a surfactant
concentration where hemimicelles exist; i.e., the surfactant concentration
corresponding to the steep part of the adsorption isotherm. More recently, electron
spin resonance (ESR) measurements on adsorbed surfactant aggregates indicate a
hydrophobic microenvironment in the adsorbed aggregate, similar to that found in
bulk micelles (105). Structural information about adsorbed surfactant aggregates has
been obtained by fluorescence decay measurements and ESR measurements (106).
See also ref. 106e in which a unique study on the surfactant aggregation process by
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time-resolved resonance Raman spectroscopy has been described. Adsolubilization
of a series of alcohols and alkanes into SDS admicelles on alumina were measured
and compared to solubilization by micelles (104). For alkanes, the standard free
energy of transfer of the alkanes into the admicelles was similar to that found with
transfer of alkanes into micelles. Interestingly, however, for alcohols, the ratio of
adsolubilized alcohol-SDS was much larger than in bulk micelles; i.e., the partition
coefficient for the alcohol into admicelles was greater than the partition coefficient
into micelles. Lee et al. (104) explain this unexpected behavior by invoking a two-
site adsolubilization model; i.e., the alcohol is adsolubilized in the core of the
admicelle (as in the case of the alkanes) and additionally at the perimeter of the
micelle. Similarly, it was found that the two-site adsolubilization model was
applicable to the naphthol-SDS admicelle system, but not to naphthalene-SDS
admicelle system (107). A two-site solubilization model in bulk micelles has been
postulated by Mukerjee and Cardinal (108).

Another possibility for an increased solubilization capacity by admicelles in the
alcohol-SDS admicelle systems (on a per surfactant molecule basis) could be due to a
lower curvature of the surface aggregates compared to micelles (108,109). The
(higher) internal pressure of the micelle would increase the chemical potential of
solubilizate and therefore reduce its partition coefficient on a concentration basis into
the micelle. A counter to this argument would be the similar free energy of transfer
found for the alkanes partitioning into admicelles and micelles (/04). However, the
counter argument is only valid if the alkane did not transform the admicelles (~zero
curvature) to highly curved small surface aggregates postulated by Zhu and Gu. (19g)
Clearly, direct evidence rather than inferences about the shape of the surface
aggregates, and the shape of surface aggregates in the presence of various
adsolubilized solutes, such as alkanes and alcohols would be desirable. As in the
case of solubilization of solutes by bulk micelles, surface solubilization also depends
on the kinds of surfactants adsorbed, including mixed surfactant bilayers (110).
Recently, adsolubilization (coadsorption) of decane by nonionic surfactant adsorbed
at the silica-water interface has been studied by in situ ellipsometry (934).

Adsolubilization is at the core of some novel applications and technologies. It is the
basis for a separation process called admicellar chromatography (107,111) and for
the removal of organic contaminants by surfactant aggregates on solid supports
(107,112). Adsolubilization of styrene monomer into surfactant aggregates at an
alumina surface enables in siru polymerization resulting in an ultra-thin coating of
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polystyrene over inorganic particles [Fe203, TiO2 (103), and alumina (113)] and over
a flat alumina coating (99). In related work, Esumi et al. (/13) and Glatzhofer et al.
(114) have polymerized styrene adsolubilized in a polymerizable surfactant bilayer on
alumina. The resulting product is a mixture of different molecular weight
polystyrene, possibly copolymerized with the surfactant. Similarly, polymer-
encapsulated TiO2 pigment particles have been prepared (I15). Recently,
tetrafluoroethylene gas partitioned into perfluoroheptanoate admicelles on alumina
powder has been polymerized to poly(tetrafluoroethylene) (116). Methane and
butane coadsorbed with surfactant at the mineral oxide/water interface (or possibly
adsolubilized by adsorbed surfactant) was found to increase the flotation of alumina,
but not of quartz. This difference could potentially be used to separate certain
mineral ores by selective flotation (117). Nonionic surfactants adsorbed on y-alumina
(118) or polyacrylate nanoparticles (/19) are capable of adsolubilizing various drugs
suggesting the possible use of adsolubilization for drug delivery and drug
formulation.

Conclusion

The adsorption of small molecule surfactants and polymer surfactants at various
interfaces is complex and continues to be extensively studied. A variety of surfactant
aggregates have been postulated based on theoretical arguments and inferences from
experiments. These are admicelles (bilayers), surface micelles, and hemimicelles
(monolayer aggregates, and reverse orientation model). It is likely that each type of
surface aggregate exists depending on specific circumstances. Also possible is that a
number of structures could coexist if the adsorbate is heterogeneous. A similar
variety of rich structures are expected for polymeric surfactants, although well
defined limiting structures (mushroom and brush structures) have been assigned in the
case of diblock copolymers. Additionally, diblocks form a variety of two-
dimensional micelles at the air/water interface. However, much more work needs to
be carried out to achieve a global relationship between chemical structure and
adsorption. The structure of surfactant aggregates on surfaces and their correlation
with the shape of adsorption isotherms and with technologically important processes,
such as wettability, friction, adhesion, and surface solubilization, will no doubt
continue to be the subject of research for many years.
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Chapter 2

Adsorption of Surfactants and Solubilization
in Adsorbed Layers

Pasupati Mukerjee!, Ravi Sharma?, Richard A. Pyter3,
and Michael J. Gumkowski*

1School of Pharmacy, University of Wisconsin, Madison, WI 53706
ZMaterials Science and Engineering Division, Eastman Kodak Company,
Rochester, NY 14650—2158
3Abbott Laboratories, Department 493, North Chicago, IL 60064
4Pfizer Central Research, Building 156, Eastern Point Road,
Groton, CT 06340

Sodium decyl sulfate and sodium perfluorooctanoate have similar
critical micellization concentrations but behave differently in
adsorption to Graphon. Monomeric perfluorooctanoates have a
weaker affinity for the surface, reflecting some fluorocarbon-
hydrocarbon antipathy, but show stronger, cooperative, lateral
interactions in adsorbed layers. Electrolyte effects can be
represented simply: the isotherm is uniquely determined by the
mean activity of the surfactants. The observed differences in
adsorption to solid-liquid and liquid-vapor interfaces provide
rationalization for different wetting properties. Micelles tagged
by the dye Orange OT have given direct evidence of the exclusion
of ionic micelles from charged surfaces. Comparison has been
made with co-ion exclusion. Adsorbed bilayers of surfactants
solubilize Orange OT more effectively than coexisting micelles.
A two-state model of solubilization is used to describe and
compare uptake in micelles and bilayers.

This presentation gives an account of some of the findings of our research in
this laboratory on (a) adsorption of fluorocarbon and hydrocarbon surfactants to
Graphon, which is a graphitized carbon with a fairly homogeneous surface, (b)
the relation of interfacial adsorption to contact angles and wetting, (c) the
negative adsorption of micelles from charged surfaces, and (d) the comparison
of solubilization in adsorbed bilayers to solubilization in micelles in terms of the
two-state model of solubilization in lipid assemblies. Much of the research on
items (a), (b), and (c) is as yet unpublished. The material presented here has
been chosen to illustrate some important points. Although some published work
is reviewed, no attempt has been made to give a comprehensive review of the
literature, the emphasis being on work done in this laboratory.

0097—-6156/95/0615—0022$12.00/0
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Experimental

Materials. The surfactant material used is similar to the material described in
previous publications from this laboratory (/,2). Orange OT (1-o-tolylazo-2-
naphthol) was a synthetic preparation and was recrystallized from acetone-water
mixtures and ethanol (3). Alon was obtained from Degussa Inc.

Methods. The adsorption of the anionic surfactants, lithium tetradecyl sulfate
(LiTDS), sodium decyl sulfate (SDeS) and sodium perfluorooctanoate (SPFO)
were measured by using analytical procedures based on a two-phase
equilibration method in which the surfactants are extracted into chloroform as
salts of the cationic dye methylene blue (4,5). Dodecyl pyridinium chloride
(DPC) and cetyl pyridinium chloride (CPC) were analyzed by ultraviolet
spectrophotometry based on the pyridinium chromophore. In all experiments
time-dependence was investigated to assure equilibration. The solubilization of
Orange OT was estimated by using a dialysis equilibrium method (3).

Adsorption to Graphon

The adsorption of surfactants from aqueous solutions to different interfaces often
involves quite different expressions of the hydrophobicity of amphiphilic
molecules which also leads to their self-association to produce micelles and
other lipid assemblies (/,6-8). The comparison of the behavior of fluorocarbon
and hydrocarbon surfactants has been of considerable interest in this connection
(1,7,8). Remarkable differences have been found in the adsorption of
surfactants to air-water, heptane-water, and perfluoroheptane-water interfaces
from dilute aqueous solutions, particularly in comparison to the formation of
micelles in solution. The net expression of hydrophobicity depends not only
upon the interactions of the hydrophobic moieties of these surfactants with water
but also on their interactions at different interfaces or with each other where
self-association is involved.

The work presented here is a part of a study of the nature of the
adsorption of fluorocarbon and hydrocarbon surfactants to Graphon (9).
Graphon is a graphitised carbon exhibiting a nearly homogeneous surface. The
study was designed to explore the differences in the expression of
hydrophobicity of the two classes of surfactants in their adsorption to a
relatively simple hydrophobic solid surface, and to compare adsorption to solid
surfaces to adsorption to fluid interfaces.

Results and Discussion. Figure 1 shows the adsorption isotherms of SDeS and
SPFO. The critical micellization concentrations (c.m.c.) of these two substances
are very similar, 0.032 M for SDeS (11) and 0.031 M for SPFO (12). Figure 1
indicates that SDeS shows greater adsorption than SPFO from dilute aqueous
solutions, i.e., at the initial stages of adsorption. Previous work has indicated
that SPFO adsorbs some 6.4 times more effectively than SDeS at the air/water
interface, when surfactant concentrations are low (1,7). The Graphon-water
interface shows a reversal which is also seen at the hexane/water interface where
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SDeS adsorbs from dilute aqueous solutions nearly twice as effectively as SPFO
(1,7). Thus the adsorption data from dilute solutions in Figure 1 suggests
strongly that the unfavorable interactions between fluorocarbons and
hydrocarbons reflected in the hexane/water interface data (I, 7,8) are also
important for Graphon-water interface.

With increasing concentrations, however, Figure 1 shows a pronounced
difference in the adsorption isotherms of SDeS and SPFO. The SDeS isotherm
is much closer to a simple Langmuir-type isotherm than the SPFO isotherm.
The latter shows a considerable degree of cooperativity and at higher
concentrations the adsorption of SPFO exceeds that of SDeS. A number of
model isotherms, such as those carrying the names of Langmuir, Davies and
Rideal (12), Fowler and Guggenheim (13), have been examined. None appears
to be satisfactory. Qualitatively we believe the high degree of cooperativity
exhibited by the SPFO isotherm arises from attractive lateral interactions
between the fluorocarbon chains. These are probably hydrophobic in origin.
Arguments have been summarized recently to show that fluorocarbon chains are
more hydrophobic than hydrocarbon chains (7) and a major part of the
difference arises from the greater contributions of water-structure effects in the
case of fluorocarbons (7,14).

The comparison between adsorption to the solid-water interface and to
the liquid-vapor interface is of fundamental interest. It is also important in the
understanding of wetting properties of surfactants, as discussed later. Figure 2
shows plots of the ratios of the adsorption of SDeS and SPFO to the Graphon-
water interface, I'g;, and to the liquid-vapor interface, I'; y, from an earlier
publication (15). The I'g; /T'; y ratios are plotted against the reduced
concentration, C/c.m.c., of SPFO and SDeS. For SDeS I'g; is much higher
than I'} y in dilute solutions suggesting that the Graphon-water interface allows
additional attractive interactions of the hydrocarbon chain when compared to the
air-water interface. With increasing concentration, however, the I's; /Ty y ratio
decreases to a value of somewhat less than unity. In comparison, the I'g /T y
ratio is much less than unity for dilute solutions of SPFO, suggesting strongly
that the interactions of individual fluorocarbon chains at the Graphon-water
interface are less attractive than at the air/water interface. With increasing
concentration, however, the I's; /T'| y ratio increases and becomes close to unity
near the c.m.c., exceeding the ratio for SDeS. These results can be attributed
to a greater degree of cooperative chain-chain interactions in the adsorbed layer
of SPFO at the Graphon-water interface (8,9).

Effect of Added Electrolytes on Adsorption. The adsorption of ionic
surfactants to initially neutral surfaces involves the uptake of the surfactant in
presence of an electrostatic potential produced by the adsorbed layer. It is well
known that when inert inorganic electrolytes are added, with a common
counterion, surfactant adsorption is facilitated because the repulsive electrostatic
interactions in the adsorbed layer are reduced when electrolyte concentrations
are higher and the thickness of the electrical double layer is lower (12,13). In
the case of surfactant adsorption at the air/water and oil/water interfaces it has
been found that these electrolyte effects can usually be treated in a simple
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Figure 2. T /Ty as a function of reduced surfactant concentration,
C/c.m.c., on Graphon. O - SDeS, A - SPfO. Reproduced with permission
from ref. 15. Copyright 1982, Academic Press.
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manner (16,17). Thus surface and interfacial tension data for these interfaces at
various salt concentrations can be represented by single plots if the mean ionic
activity of the surfactant is used instead of its concentration. Thermodynamic
approaches in support of this treatment have been presented (16).

Surfactant adsorption to solid surfaces is expected to differ greatly from
adsorption to fluid surfaces. Nevertheless, in our study on the effect of added
sodium chloride on the adsorption of anionic surfactants to Graphon (9), we
have found that the effect of the inert electrolyte on adsorption can be
represented very well by the effect of the inert electrolyte on the calculated
mean jonic activity, a, of the surfactant salt. Equation 1 is used to calculate
the value of a .

a, = v, [(Cn, + CJCJ% Q)

Cnat represents the concentration of added NaCl, C, is the concentration of the
surfactant, a sodium salt, and . is assumed to equal to mean ionic activity
coefficient of sodium chloride at the ionic strength involved (I8). Figure 3
shows a representative plot for SPFO. Added NaCl concentration was varied
from zero to 0.15 M. The adsorption data fall on the same curve when plotted
against a, of SPFO. Similar results were also obtained for sodium decyl and
dodecyl sulfates. These results and their significance will be reported later in
full (9).

An important practical application of the results of the type shown in
Figure 3 is that the effect of electrolytes on the adsorption at any concentration
of a surfactant can be easily predicted by calculating the effect on a . of the
surfactant if the adsorption isotherm is available at one salt concentration.

Wetting of Solids. It has been shown that the relative absorbability of a
surfactant to the solid-liquid and to the liquid-vapor interfaces has a very
important implication for the wetting of relatively low-energy solids by
surfactant solutions (15). If a surfactant solution with a surface tension yy y
produces a contrast angle © on such a solid, Lucassen-Reynders (19) showed
that

d(yycosb) _ Iy Tq
dyyy Iiv

@

where I'gy, I'g, and T'; y represent the surface excesses or adsorption of the
surfactant at the solid-vapor, solid-liquid, and liquid-vapor interfaces. For
neutral surfaces I'gy can be assumed to be zero. A plot of y; yc0s© against
vLv then has a slope of -(T's; /T y). Figure 4, taken from an earlier publication
(15), shows the range of expected behavior of surfactants for the wetting of
paraffin for which cos© has the value of -0.276 in water (15). The wetting line
is the line represented by cos© = 1. The line obtained by assuming I'g; /T’y y is
zero does not meet the wetting line at any value of vy y, i.e., complete wetting
is impossible. On the other hand, if I'; /T'; is zero, wetting may occur
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Figure 3. SPFO adsorption to Graphon in the presence of various NaCl
concentration plotted against the mean activity of SPfO. O - No NaCl, A -
0.1 M NaCl, O NaCl concentrations 0.02 M, 0.05 M, 0.08 M, 0.15 M.
All equilibrium concentrations are below the c.m.c.
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Figure 4. Theoretical vy y cos© versus surface tension plots for surfactant
solutions on paraffin assuming I'g; /T y equal to zero, one, or infinity.
Reproduced with permission from ref. 15. Copyright 1982, Academic
Press.
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without any change in y;y. Johnson and Dettre (20) proposed that 'y y/T's; be
taken as unity for wetting by surfactants. For this curve the critical surface
tension for wetting is 28 ergs cm2 (Figure 4).

The above considerations have provided good qualitative explanations for
some unusual wetting properties of surface active agents. Thus fluorocarbon
surfactant solutions tend to show higher contact angles on nonpolar solids such
as paraffin and polyethylene when compared to solutions of hydrocarbon
surfactants which have the same surface tension values. The critical surface
tensions needed for wetting are thus often significantly lower (15). These kinds
of phenomena can be readily explained qualitatively by the different kinds of
I /Ty v curves represented in Figure 2. These considerations have been
examined in detail using a number of examples (15).

Exclusion of Micelles from Charged Surfaces

In 1975 a proposal was made that ionic micelles can show negative adsorption to
surfaces which bear the same charge as the ionic micelles (2). This can be
ascribed to the exclusion of micelles from the electrical double layers of the
charged surfaces (2) resulting from repulsive interactions similar to what causes
the well-known co-ion exclusion from double layers (21). Aside from its
intrinsic interest micellar exclusion may have some interesting implications for
other kinds of studies. For example, when surfactant adsorptions to solid
surfaces are estimated from the usual experiments based on measurements of the
loss of surfactant in the supernatant liquid, any estimate of the adsorption of the
surfactant monomer to the solid surface is affected by the negative adsorption of
micelles above the c.m.c. As a result there may be an underestimate of
monomeric adsorption. Under some circumstances there may even be an
apparent maximum in the adsorption isotherm. These points can be illustrated
by some experimental data presented in 1975 (2) on the adsorption of sodium
dodecyl sulfate and sodium tetradecyl sulfate (Figure 5) to a sample of Bio-Glass
200, which is a porous glass with an average pore-diameter of 18.5 nm and a
surface area of about 140 m%/g. Because of the hydrophilic nature of the glass
surface and its negative charge, the adsorption of the anionic monomers of SDS
was very small. As a result, above the c.m.c. value of about 8.5 mM (10), the
net adsorption of SDS was essentially negative as a result of micellar exclusion.
With sodium tetradecyl sulfate the adsorption of the monomer up to the c.m.c.
of about 2 mM was significant although it was an order of magnitude lower than
the adsorption of cationic surfactants to the same substrate (2). Above the
c.m.c., however, the apparent adsorption decreased with increase in
concentration, as expected from the combination of monomer adsorption and
micellar exclusion. As a result a maximum was exhibited by the adsorption
isotherm near the c.m.c.

Although a thermodynamic analysis supporting the possibility of micellar
exclusion of the kind described above has been published (22), it has also been
suggested that a maximum in an adsorption isotherm is thermodynamically
impossible (23). In view of the controversial nature of this finding we have
studied the exclusion of micelles from solid suspensions bearing the same charge
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Figure 5. Adsorption of sodium tetradecyl sulfate (STDS) and sodium
dodecyl sulfate (SDS) to Bio-GLas 200 at 35°C. O - STDS, A - STDS in
0.01 M NaCl, V - STDS in 0.03 M NaCl, [J - SDS. Reproduced with
permission from ref. 2. Copyright 1975, American Chemical Society.
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as the micelles using a direct method (24). In this the micelles are tagged by
the solubilization of Orange OT, an uncharged dye molecule which has a
negligibly low solubility, about 10”7 M, in water. The solubilization of Orange
OT has frequently been used to determine c.m.c. values of surfactants (10).
The negative adsorption of micelles can be directly determined from the
exclusion of the tagged micelles from the solid surface. This results in an
increase in the absorbance of Orange OT in the supernatant liquid when an
appropriate finely divided solid is added to the system. We have also compared
the negative adsorption of Orange OT in a micellar solution with the negative
adsorption of the surfactant itself from the same solution and the negative
adsorption of a similar surfactant below the c.m.c. as a co-ion.

Table I. Negative Adsorption to Alon

Vex ( ml ) 8 (4)
g
1. Surfactant Exclusion, Micellar, CPC, 0.73 £+ 0.015 64 +
Ci = 0.0985 M 1.3
2. Orange OT Exclusion, Micellar, CPC, 0.71 + 0.025 60 +
Ci = 0.0985 M, A; = 0.944 2.1
3. Monomer Exclusion, DPC, Ci = 4.41 0.67 57
x 103 M

Results and Discussion. Table I shows a typical set of data using Alon, a
nonporous aluminum oxide powder with a surface area of 117 sq m/g, and two
cationic surfactants. At the supernatant equilibrium pH of about 5.1 Alon is
known to have a positively charged surface. The exclusion of monomeric
dodecyl pyridinium chloride (DPC), well below its c.m.c. value, from the
double layer of Alon was measured by adding about 0.14-0.15 g of Alon per ml
of a DPC solution in water. At equilibrium the concentration of DPC in the
supernatant increased by about 10% over the initial concentration, C;, when
Alon was added. This increase indicates a negative adsorption of DPC to Alon
arising from the exclusion of the cationic surfactant from the electrical double
layers around the alumina particles. For the particular experiment reported in
Table I, assuming that the exclusion arises entirely from complete exclusion
from a region of thickness 6 around each Alon particle, the value of & can be
estimated to be 57 A, corresponding to an excluded volume, Vex, of 0.67 ml/g.
The thickness of the double layer at the final ionic strength of the solution is
about 43 A. It is possible to use the exclusion data and the Gouy-Chapman
theory for planar electric double layers (21) to estimate a surface potential of
about 55 mv which appears to be of reasonable magnitude.
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Similar experiments using micellar solutions of cetyl pyridinium chloride
(CPC) at a high initial concentration of 0.0985 M were performed to study
micellar exclusion. These solutions contained the dye Orange OT at a trace
concentration. The CPC concentration was about 100 times higher than its
c.m.c., which is about 0.0010 M (10). When Alon was added to this solution
the CPC concentration increased by about 13% whereas the absorbance of
Orange OT also increased by about 13% from initial value, A; (Table I). The
mean values of § and V,, from duplicate experiments are shown in Table I.
The  values of 64 + 1.3 A from the surfactant exclusion measurements and 60
+ 2.1 A from Orange OT exclusion measurements are quite similar, suggesting
very strongly that the effects here are almost entirely due to the exclusion of
micelles, the adsorption of monomeric CPC, positive or negative, being of little
consequence.

The data in Table I show that the direct estimate of micellar exclusion
from the increase in absorbance of solubilized Orange OT is in good agreement
with the exclusion estimated from the negative adsorption of the micellar
surfactant. It should be noted that the CPC concentration used was high. The
exclusion of micelles is expected to be lower at high micellar concentrations
because extensive intermicellar repulsions in solution counteract to some extent
the repulsive interactions the micelles experience in the electrical double layers
of the charged surfaces. Thus, although the & values for the micelles are similar
to the &-value exhibited by the monomer exclusion of DPC, a more detailed
analysis is needed to show that micelles are probably excluded more effectively
than monomers (24).

We note that the exclusion of micelles, other such colloidal species, and
polyelectrolytes from surfaces may arise from a combination of steric and
electrostatic interactions (2). Under appropriate circumstances such exclusion
effects may be useful for probing the roughness and charge characteristics of
surfaces.

Solubilization in Adsorbed Layers

It is well known that cationic surfactants at high concentrations, above the
c.m.c., produce bilayers on glass (25). The uptake of the surfactants from
dilute solutions, below the c.m.c., involves ion-exchange (25) and a lowering of
the pH in the supernatant was reported for the adsorption of tetradecyl
pyridinium bromide to porous glass (2). At higher concentrations bilayers form
at the surface.

An early observation on the ability of such bilayers to solubilize
uncharged, hydrophobic, molecules was made by Stigter, Williams, and Mysels
in 1955 (26). They noted the adsorption of Orange OT to the surface of glass
when a cationic surfactant was present well above the c.m.c. They ascribed this
adsorption to solubilization in the bilayers which they described as equivalent to
giant lamellar micelles proposed by McBain (27). In 1976, some preliminary
unpublished work done in this laboratory by R.T. Cataldi confirmed this uptake
of Orange OT in adsorbed bilayers. In addition, there were indications that the
solubilizing power of the adsorbed bilayers was actually greater than that of
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micelles in the case of Orange OT. Subsequently, a number of studies from this
laboratory have examined the nature of solubilization in micelles (3,28-32). The
findings from these studies provide a rationale for solubilization in bilayers in
relatively simple cases such as the uptake of Orange OT (33).

Solubilization of Orange OT in Micelles and Bilayers. Solubilization
of hydrophobic molecules in micelles and other lipid assemblies is due primarily
to the presence of the hydrocarbon core of the micelles. As pointed out in a
number of studies (3,28-32), for nonpolar aliphatic hydrocarbons the
solubilization capacity of micelles is much less than that of bulk hydrocarbons.
On the other hand, for many polar molecules, the solubilization capacity of
micelles is much larger. We define the micelle-water distribution coefficient,
K, w> and the hydrocarbon-water distribution coefficient, K, as

Km/w = xm/ xw; Kh/w = xh/ Xw (3)

where X, X, and X, are the mole-fractions in micelles, water, and
hydrocarbon, respectively. It is found that the ratio of K/, to Ky, in the case
of sodium dodecyl sulfate (SDS) micelles is only about 0.1 for decane but the
ratio can be much higher for somewhat polar molecules such as butanol, the
value for propionamide being as high as 3.7 x 10° (3).

A 2-state model of micellar stabilization that gives a reasonable account
of this range of behavior exhibited by different solubilizates has been advanced
in recent years (3,28-32). Solubilizates are assumed to be distributed between a
"dissolved" state associated with the micelle core and an "adsorbed" state in
which the solubilizate resides at the micelle-water interface. The relative
amounts in the two states depends greatly upon the interfacial activity of the
solubilizate, i.e., its tendency to adsorb at the micelle-water interface. In
addition, it has been proposed that the interfacial tension at the micelle-water
interface produces an intramicellar Laplace pressure (34) which reduces the
solubility of any solute dissolving in the micelle core (3,28-32). This last factor
gives a ready qualitative explanation of the low solubility of hydrocarbons such
as decane in SDS micelles. Decane is not expected to show any significant
interfacial activity at a hydrocarbon-water interface and the "adsorbed” state is
not expected to be important. On the other hand, interfacial tension data in
hydrocarbon-water systems show that substances such as butanol or
propionamide are highly interfacially active (3). Such molecules can "adsorb"
at the micelle-water interface and because of the very high surface area of the
small micelles, about 4 x 105 m%/mole for SDS micelles, this "adsorbed" state
can be responsible for the major part of the uptake by micelles.

On the basis of the above picture, the solubility of Orange OT in
micelles can be represented (3) by the equation

Xp = X,e@PVRT 1 4 Elf(_%() AB]... @
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Here X, is mole fraction in micelles and X, is the mole fraction in a
representative liquid hydrocarbon, both at saturation, AP is the Laplace pressure
of micelles, V is the partial molal volume of Orange OT, R is the molar gas
constant, T is the absolute temperature, dy/dX is the rate of change of the
interfacial tension of a decane-water interface with the mole fraction, X, of
Orange OT in decane, and A is the micelle-water interfacial area of a mole of
micellized surfactant. The 1/RT(-dy/dX) term represents the expected
adsorption per unit area of a hydrocarbon-water interface from the Gibbs
adsorption equation. The micelle-water interface contains polar groups,
however, which reduces the available area. The term B represents a correction
factor for taking this into account (3,31).

The solubility of Orange OT in SDS micelles can be analyzed by the
above approach in some detail because this micellar system has been studied in
some detail (3,31). The Laplace pressure, estimated from gas-solubility data is
440 atm (3). Using the estimated molar volume of Orange OT, the value of the
term exp[(-AP)V/RT] was calculated to be 1/89. The solubility of Orange OT
in bulk decane gives a mole fraction of 5.6 x 10~ (35), which can be used as
the value of X;. The Laplace pressure effect, by itself, should make X 89
times lower than X;. Interfacial tensions of the decane-water interface were
measured as a function of the mole fraction, X, of Orange OT in order to
estimate interfacial adsorption (3). A linear curve was obtained, from which the
value of -dy/dX was calculated to be 2150 erg cm2. Estimating the interfacial
area of micelles from geometry, the term 1/RT (-dy/dX)A was calculated to be
361. The correction factor B was estimated using a thermodynamic theory
based on competitive adsorption (3). The details will be published later. The
value of B was calculated to be 0.35. It agrees roughly with a geometric
estimate of the fraction of the surface of micelles which is not covered by polar
groups. The interfacial adsorption factor is thus expected to increase X, over
X,, by the factor (1 + 361 x 0.35), i.e., 127. The value of X, calculated from
this theory is thus 8.0 x 103, not very different from X;, because the Laplace
pressure effect and the interfacial adsorption effect counteract each other quite
effectively. The theoretical estimate of X, agrees very well with the
experimental number of 7.9 x 10~ estimated from reported solubilization data at
concentrations close to the c.m.c. (3) and a value of 8.35 x 10 estimated in
this laboratory at a high concentration, 0.2 M SDS (3). Similarly good
agreement between calculated K, and X values and experimental values for
many solubilizates have been observed and will be reported later (3).

For comparing the solubilizing powers of adsorbed layers and coexisting
micelles, the partition of Orange OT at lower concentrations between the
adsorbed layers and micelles have been determined experimentally (33). Here
porous and nonporous silica were used to study the bilayers of cationic
surfactants and the alumina Alon was used to study bilayers of lithium tetradecyl
sulfate (LiTDS). In all cases the bilayers were found to be more efficient
solubilizers than micelles. A complete report on this interesting finding with be
presented later. Here we present data for LiTDS.

For LiTDS micelles, the solubility of Orange OT determined from
solubilization experiments gave an X, value of 2.17 x 102. This value is about
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2.7 times higher than for SDS. Chain length effects on Xy, i.e., the solubility
in hydrocarbons, is much less (35). This large factor, however, is consistent
with a lowering of the Laplace process expected for the larger micelles of
LiTDS. In the experiments where Orange OT partitions between LiTDS
micelles and the bilayers of LiTDS on Alon, it was found that Orange OT-
LiTDS ratio is higher for the bilayer by a factor of 3.0 at 0.0102 M NaCl
concentration and 3.3 at 0.102 M NaCl concentration. Thus, in 0.0102 M
NaCl, the mole fraction in LiTDS bilayers at saturation should be 3.0 times the
X, value above, i.e., 6.4 x 102. This value is more than 10 times higher than
the X;, value of 5.6 x 103, It seems that interfacial adsorption is responsible for
this increase even for the bilayers.

With respect to the higher solubilizing capacity of the bilayer compared
to that of the micelle, we note that the surface area per mole of surfactant is
expected to be much less for the planar bilayer than for the spherical micelles,
particularly because one face of the bilayer is expected to be in contact with the
solid. Similarly, because of closer head-group packing, the hydrocarbon
fraction of the bilayer-water interface available for interfacial adsorption is
expected to be lower. The competitive adsorption model (3) leads to the same
conclusion. Thus the net interfacial adsorption effect arising from lower values
of A and B in Equation 3 should be lower. On the other hand, the Laplace
pressure effect is likely to be much reduced or absent for the planar bilayer.
This factor is expected to increase X, by a factor of 89 for SDS bilayers over
SDS micelles. Similarly, large factors are expected for LiTDS and other
systems as well. The superior solubilizing power of bilayers as compared to
micelles is, thus, likely to be mainly due to the abolition of the Laplace pressure
effects.
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Chapter 3

Porosity Effects on the Adsorption
of Cationic Surfactants and the Coadsorption
of 2-Naphthol at Various Silica—Water
Interfaces

C. Treiner and V. Monticone

Laboratoire d’Electrochimie, Unité de Recherche Associé au Centre
National de la Recherche Scientifique 430, Université Pierre et Marie
Curie, 4 Place Jussieu, Bdtiment 74, Paris 75005, France

The formation of surfactant aggregates at solid/liquid interfaces may
induce the coadsorption of hydrophobic molecules. This phenomenon
has been investigated in the case of 2-naphthol coadsorbed with cationic
surfactants on the surface of four porous and on nonporous silicas in
aqueous solutions. The uptake of solute from the aqueous solution may
be almost complete at a surfactant equilibrium concentration close to the
critical micelle concentration (cmc). At surfactant concentrations above
the cmc, the solute is partitioned between the surface adsorbed
aggregates and the free micelles. Coadsorption and micellar
solubilization partition coefficients have been calculated.The
corresponding standard free energies indicate that the former effect is
favored over the latter. A most probable interpretation of this
observation is suggested which takes into account the difference in
microviscosity between adsorbed and free surfactant aggregates and the
specific interaction which occurs in water between aromatic solutes
and cationic surfactants.

Publication Date: May 5, 1996 | doi: 10.1021/bk-1995-0615.ch003

The adsorption of surfactants from aqueous solutions onto various solid surfaces is a
field of continous interest, which has made recent progress especially on an
experimental viewpoint by using new methods such as neutron reflection (1) or
ellipsometry (2). The presence of surfactant ions or molecules on solid particles may
induce the adsorption of molecules or ions, which otherwise would not be adsorbed
onto the solid surface. This phenomenon has been coined surface solubilization, in
reference to the classical solubilization effect, adsolubilization (3,4) or coadsorption
(5). This coadsorption effect has bearings in various research areas such as micellar
chromatography (6), drug carriers (7,8) and more generally to environmental situations
(soil-remediation) (9-11). The influence of various physicochemical parameters such as
pH, temperature, ionic strength, specific surface and porosity on the adsorption of
surfactants on oxide minerals have been thoroughly studied. However, the effect of
these parameters on the coadsorption effect is not known. One of the questions asked
in the present investigation is the following: is the coadsorption effect only dependent
upon the amount of surfactant adsorbed, the latter quantity being dependent on the
above stated variables, or are there any other parameters involved in this effect.
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The aim of the present investigation was an attempt to answer this question in the
case of the coadsorption of a model solute, 2-naphthol, in the presence of a cationic
surfactant, hexadecylpyridinium chloride adsorbed on two different silicas, a
nonporous and a very porous one. Additional surfactant adsorption experiments on
silicas of various properties were also performed using another cationic surfactant:
dimethylbenzyltetradecylammonium chloride.

Material and Methods

The surfactants, hexadecylpyridinium chloride (CPC), and dimethyl-
benzyltetradecylammonium chloride (TBzCl) from Sigma and the naphthalene
derivative, 2-naphthol, from Aldrich (99 % pure) were used as received. The critical
micelle concentrations (cmc) of the surfactants were determined with the conductivity
method using an automatic Wayne Kerr conductivity bridge (model 6542); the cell had
platinized electrodes. The cmc agreed well with literature values. In the presence of
0.01 mol.L-1 of NaCl, the cmc was equal to 2.3 x 10-4 mol.L-1 for CPC and 6.3 x104
mol.L-! for TBzCl.

The nonporous silicas were Aerosil 200 and Aerosil OX50 both being gifts from
Degussa-France. The porous silicas were Sorbsil C30 from Rhone-Poulenc (France),
with an average pore volume of 0.6 ml.g'l and Sipernat 50S from Degussa-France
with a pore volume of 0.003 ml.g-1. The Table presents the BET surfaces of the silicas
used. The values were communicated by the manufacturers. The adsorption
experiments were performed in the presence of 0.01 mol.L-! sodium chloride, at two
equilibrium pH values: 3.6 and 6.5. The pH were adjusted with sodium hydroxyde. As
the isoelectric point (IEP) of both silicas is around 3.2, the solid surfaces are negatively
charged. However, a full bilayer seems to be obtained only at the highest of the two
pH values (5). The pK of 2-naphthol being equal to 9.51, only the neutral form of
the phenol derivative was present at both pH values investigated. Water was purified on
exchange membranes, passed over graphite and over 0.25 micron filters.

The batch-method was used. 0.1 g. of solid was equilibrated with 10 ml of

aqueous solution for 24 hrs at 25.00 £ 0.05°C. After ultracentrifugation at 10,000 rpm,
the concentrations of surfactant and solute were determined independently on the
supernatant solutions using a double-beam UV spectrophotometer (Cary 1E).
The wavelengths chosen for the analysis were 259 nm and 328 nm for CPC and 2-
naphthol respectively. The total concentration of 2-naphthol was constant and equal to
4 x 104 mol.L-! in all experiments. Note that all concentrations have been expressed in
the molar basis (mol.L-1) because solute partition coefficients between aggregates and
aqueous solutions will be calculated from the adsorption data using that concentration
scale. The concentrations refer implicitely to 1 g. of solid.

Results and Discussion

Adsorption of cationic surfactants on various silicas

Adsorption of TBzCl on various silicas. Figure 1 shows the variation of
TBzCl adsorption with equilibrium (free) surfactant concentration on the four silicas
investigated. Classical sigmoid curves are obtained. An adsorption plateau appears in

all cases for the same surfactant concentration which corresponds well with the cmc of
that surfactant in the presence of 0.01 mol.L-! of added salt with a common ion. On
figure 2, the plateau values are plotted as a function of the BET surfaces. It appears
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Table.

Some characteristic parameters of the four silicas used and the
maximum adsorption of TBzCl at two added salt concentrations.

silica type pore BET * *k

volume surface Tmax Tmax
ml.g! m2.g-1 mol.L-! mol.L-1

Aerosil 0 S0+15 0.00118 -
OX50
Aerosil 200 0 20025 0.0044 0.0075
Sipernat 0.003 450 0.0090 0.0130
508

Sorbsil C30 0.60 700 0.0055 0.0075

* NaCl = 0.01 mol.L-1; ¥* NaCl = 0.1 mol.L-!
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Figure 1. Isotherm of TBzCl on various silicas in a 0.01 mol.L-1 NaCl
aqueous solution at pH = 3.6. On all the isotherms the arrow indicates the
cmc.
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Figure 2. Variation of the plateau values of TBzCl adsorption isotherms on
various silicas as a function of their BET surfaces.

clearly that Sorbsil C30 does not fit with the other three silicas. It must be stressed that

the straight line passing through the plateau values for the three Degussa silicas goes

glrlough zero only at low salt concentration. This point will be addressed further
elow.

The large deviation of the porous Sorbsil C30 from the other silicas is most
certainly related to the size of the pores. In order to discard the possibility of an
obstruction effect due to the large size of the Debye ionic atmosphere at low solution
ionic strength which could prevent the surfactant ions to penetrate the pores, a
number of adsorption experiments were performed at a larger ionic strength with 0.1
mol.L-! of added NaCl. Also, increasing the ionic strength increases surfactant
adsorption by screening the repulsion of like charges at the silica surface; thus, more
surfactant ions are able to pack onto the solid surface, while the Debye length is
decreased. If the obstruction effect was of an electrostatic origin, the increase of
surfactant adsorption should be more important for the porous material than for the
nonporous one as it would let more surfactant ions to penetrate the pores. The Table
presents the maximum adsorption of TBzCl at the plateau at two salt concentrations.
The increase of surfactant adsorption is essentially the same for the porous and for the
nonporous materials. It may be concluded then, that the obstruction effect, which is
most certainly nonexistent for nitrogen gas (which is used for the BET surface
determinations) is important and of a geometric origin and not of an electrostatic one.
It suggests that the diameter of the pores at the solid surfaces is rather large for
Sipernat 50S and small for Sorbsil C30, even if the reverse situation is true as far as the
pore volumes are concerned.
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From the plateau adsorption values obtained on Aerosil OX50, Aerosil 200 and
Sipernat 50S in the presence of 0.01 mol.L-! of added salt, an average surface area per
surfactant monomer may be evaluated. One obtains: Ag = 0.83 nm2. It is interesting to
compare the present findings to the results obtained by Giordano et.al. (12) for the
adsorption of a nonionic surfactant, Triton X-100, on various silicas with well
characterized pore radii. These authors showed that as the BET surfaces increased,
the pore radii decreased and the plateau adsorption decreased. For example, as the BET
surface increased from 47 to 557 m2.g"1, the pore radii decreased from 30 to 2.6 nm.
These results are in qualitative agreement with the present ones concerning, for
example, Sipernat 50S and Sorbsil C30 which BET surfaces are equal respectively to
450 and 700 m2.g-1. For Sipernat 50S, the pore volume is large (80 %) but so are also
the pore radii so that there is no interference between surfactant adsorption and the
presence of the pores. Hence, the Sipernat 50S result fits with the nonporous values
but not Sorbsil SC30. In this latter case, taking into account the pore volume and the
surface area, a rough calculation leads to an average pore radius of 1.2 nm, a small
value indeed.

The fact that the linear plot shown on figure 2 goes through zero deserves
some further comments. The same linear relationship has been noted before for anionic
surfactants adsorbed on polystyrene particles (13). Figure 3 shows the variation of the
plateau values for a cationic surfactant with properties similar to those of TBzCl,
namely CPC, on Aerosil 200, in the presence of various concentrations of added
NaCl, at pH = 3.6. The left coordinate indicates the number of surfactant molecules
which may be accomodated at the silica surface per nm2. It may be concluded that the
increase of adsorption must level off at the highest salt concentrations and therefore,
cannot be proportional to salt concentration. Thus, the line passing through the three
experimental points of figure 3 may, or may not go to nonzero (positive) values as the
BET surface goes to zero, depending upon the solution ionic strength. Nevertheless,
the linearity does imply that the same surfactant surface area is found at the three
silica/water interfaces, i.e. 0.83 nm2.

Adsorption of CPC on Sorbsil C30 and on Aerosil 200. The two silicas
chosen for the coadsorption investigation of 2-naphthol were the nonporous Aerosil
200 and the highly porous Sorbsil C30. As discussed above and displayed on figure 1
for TBzCl, these two silicas differ widely in BET surfaces but the maximum surfactant
adsorption is only marginally different. Figures 4 and 5 show the isotherms for
CPC at the two pH values of 3.6 and 6.5 in the presence of 0.01 mol.L-1 NaCl. The
plateau values are attained at the cmc. Again, the adsorption on Sorbsil C30 is only
slightly higher than for Aerosil 200. Note however, that the adsorption begins to
increase at a lower surfactant concentration for the former than for the latter silica. It
may also be pointed out that the two isotherms run almost parallel to each other in the
whole surfactant concentration range.

Coadsorption of 2-naphthol on CPC adsorbed aggregates: Aerosil 200
and Sorbsil C30 as solid substrates.

The coadsorption of 2-naphthol on the silicas is extremely small or nil in the absence of
surfactant under the present experimental conditions as far as ionic strength and pH are
concerned. As CPC adsorbs on silica, 2-naphthol molecules are incorporated in the
surfactant structures formed at the silica/water interface. This effect has been described
previously (5). It may be recalled that polar as well as non polar solutes may adsorb
from aqueous solutions onto mineral oxides in the absence of surfactant. It is the case,
for example, of a nonpolar molecule such as naphthalene on Sorbsil C30 (14).

Figures 6 and 7 show the results obtained with Aerosil 200 (4) and Sorbsil C30
(14). 2-naphthol coadsorption is plotted as a function of CPC equilibrium

In Surfactant Adsorption and Surface Solubilization; Sharma, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Downloaded by NORTH CAROLINA STATE UNIV on October 14, 2012 | http://pubs.acs.org

Publication Date: May 5, 1996 | doi: 10.1021/bk-1995-0615.ch003

3. TREINER & MONTICONE

Porosity Effects on Adsorption of Surfactants

0.01 3
]
E
w
[
0.005- L 15
0 0.1 02 03

Cnacy (mol/L)

Figure 3. Variation of the plateau values for CPC adsorption isotherm on
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Figure 4. Adsorption isotherm for CPC on ( m ) Aerosil 200 and on Sorbsil
C30 (1) at pH = 3.6 and NaCl concentration of 0.01 mol.L-1.
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Figure 5. Adsorption isotherm for CPC on ( m ) Aerosil 200 and on Sorbsil
C30 (1) at pH = 6.5 and NaCl concentration of 0.01 mol.L-1,
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Figure 6. Coadsorption of 2-naphthol and CPC on ( m ) Aerosil 200 and on
Sorbsil C30 (1) at pH = 3.6 and NaCl concentration of 0.01 mol.L-1
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concentration. The solute coadsorption increases with surfactant adsorption up to the
cmc. In the case of Sorbsil C30, 97 % of the total 2-naphthol concentration is then
incorporated in the adsorbed surfactant layers. As free micelles are formed above the
cmc, coadsorption and micellar solubilization compete for incorporating the solute
molecules. Eventually, at very high CPC concentration, the solute is completely
partitioned into the free micelles.

Before attempting an interpretation of the results obtained it is instructive to
calculate the degree of solute incorportation with respect to adsorbed surfactant
aggregates. Figure 8 shows the isotherm of 2-naphthol in an aqueous silica/CPC
system, at a constant equilibrium surfactant concentration just below the cmc, at the
adsorption plateau (Cs = 5 x 10-3 mol.L-1) at pH = 3.6 in the presence of 0.01 mol.L-1
of NaCl. A straight line was drawn through the linear portion of the curve, showing the
ideal domain with respect to solute concentration. The profile of the whole curve
suggests a Langmuir-type isotherm. The end-point of the linear domain is
approximately equal to a solute concentration of 1 x 103 mol.L-! i.e. to a maximum
solute mole fraction xsp] = 0.2. Thus, below this limiing value, 2-naphthol should be
considered as infinitely dilute with respect to the adsorbed pseudo-phase. Above this
concentration, solute/solute interactions appear. As a constant solute concentration of 4
x 104 mol.L-! was used throughout this investigation, one may consider that the
conditions of dilute solutions were respected for the solute/surfactant ratios studied,
except for the most diluted surfactant concentrations. It is interesting to note that the
same solute mole fraction xgo] of 0.20 has been observed to correspond to the
maximum value beyond which interactions between solubilized alcohols molecules
appear in classical micellar solutions (15,16).

The comparison of the solute coadsorption at the two pH values with the two
silicas reveals a number of expected observations but also some unexpected ones.
Firstly, the coadsorption is higher with Sorbsil C30 than with Aerosil 200 below the
cmc and the difference is larger the lower the surfactant concentration. Furthermore the
coadsorption begins at a lower surfactant concentration with Sorbsil C30 than with
Aerosil 200. These results were expected as they follow from the behavior of CPC on
the mineral surfaces. Secondly, the difference between the two curves is nil at the cmc.
The effect was expected at pH = 6.5 because almost all of the 2-naphthol was already
coadsorbed on Aerosil 200 and this effect could obviously not be further increased on
the porous material. Such was not the case at pH = 3.6. Thirdly, the rate of the change
of the solute micellar solubilization with micelle concentration are equal at pH = 3.6
but slightly different at pH = 6.5 for the two silicas.

Partition coefficients. In order to present these observations on a more quantitative
basis, it may be useful to analyze the data using the pseudo-phase model as in the case
of micellar solubilization. The following relationship has be suggested (14):

_C:'Cf

P
T CC

(6))

where Ct and Cr are respectively the total and the free solute concentrations and Cs ads
the adsorbed surfactant concentration. The index sol, for solute, has been omitted on
equations (1) and (2) for the sake of clarity, but are indicated on the corresponding
figures. A similar equation has been used by others (17). If the decrease of
coadsorption is solely the consequence of a preferential micellar solubilization
phenomenon, the following relation applies:

_C,—-C.,-C,

P, =
“C,(C,,-cmc)

@
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Figure 7. Coadsorption of 2-naphthol and CPC on (m ) Aerosil 200 and on
Sorbsil C30 (m ) at pH = 6.5 and NaCl concentration of 0.01 mol.L-1,
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Figure 8. Adsorption isotherm of 2-naphthol on Sorbsil C30 in the presence
of 4.8 x 10-3 mol.L-1 of adsorbed CPC concentration on Sorbsil C30 at pH
= 3.6 and NaCl concentration of 0.01 mol.L-1,
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where Cs ¢t is the total surfactant concentration and Cads is the concentration of
adsorbed solute. Pdeg is a micellar solubilization partition coefficient, the subscript
emphasizing the fact that the constant corresponds to a state of competition with the
coadsorption phenomenon.

Taking the average values obtained for 2-naphthol with CPC on Aerosil 200 and
Sorbsil C30, one gets, using a CPC standard partial molar volume of 0.35 L.mol-l,
on the molar basis: for the coadsorption effect, Pads = 4650 + 150 and 8950 * 1200, at
pH = 3.6 and pH = 6.5 respectively; for the micellar solubilization process, the
corresponding partition coefficients are: Pdes = 1535 + 400 and 1925 * 150 at the same
respective two pH values. The main conclusion which may be drawn from the
examination of these data is that the coadsorption effect is independent from the type
of silica used provided that there is no adsorption of the solute on the bare solid
surfaces. The independency of the Pads values upon the type of silica used in this
study could be the consequence of the very similar surfactant adsorption isotherms on
both silicas at each pH value. Interestingly, it may be pointed out that the coadsorption
coefficients do not provide the information displayed on figures 6 and 7: the
coadsorption begins at a lower surfactant concentration for Sorbsil C30 than for Aerosil
200. Note also that the decrease of coadsorption is identical for the two silicas at the
lower pH value (figure 6) but the solubilization partition coefficients are different. This
is due to the fact that, as the solute micellar solubilization is independent upon the type
of silica and CPC adsorption is larger for Sorbsil C30, Pdes must be smaller than for
Aerosil 200.

Incidently, an adsorption partition coefficient may also be derived from the linear
portion of the 2-naphthol isotherm of figure 8. Pa(s, is here defined as ratio of the
initial slope divided by the concentration of adsorbed surfactant, which is constant and
equal to 4.8 x 10-3 mol.L-! in that case (the total surfactant concentration is 5 x 103
mol.L-1). The value of Pads is equal to 5100 in the molar basis, to be compared to
4650 £150 obtained from equation (2). The agreement is very satisfactory as it is
deduced from different sets of data and different calculation procedures.

The variation of Pads with pH for both silicas is surprising. It should not be due
to a partial dissociation of 2-naphthol because the pK value of that phenol is three
orders of magnitude higher than the solution pH, as mentioned above. More
experiments would be necessary on other phenols to interpret this result.

One of the main observations which may be derived from the present investigation
is the large difference between the coadsorption and the so-called desorption
(solubilization) partition constants. If, in the presence of an excess of micelle, the
solute is preferentially solubilized in the free micelles as a consequence of a difference
in chemical potentials, the standard chemical potential is in favor of the coadsorption
phenomenon. From the above partition coefficient values, the differences between the
coadsorption and the micellar solubilization effects can be calculated in terms of molar
stla_llndagd free energies. One finds - 2.75 kJ.mol-! at pH = 3.6 and - 3.80 kJ.mol-! at
pH = 6.5.

The interpretation of the behavior reported above can only be of a speculative
nature. The first point to be stressed is that the difference observed should not be
primarily due to a chemical effect. Arenes and other aromatic molecules seem to interact
specifically with ammonium cationic groups (18,19). Viscoelastic effects have also
been described as the result of mixing cationic surfactants with some aromatic ions or
molecules (20). Both of these chemical effects should be common to the micellar
solubilization and to the coadsorption effects. It seems therefore that any interpretation
should take into account the difference in the structure of the surfactant aggregates or to
their physicochemical properties.

A first suggestion may be put forward with emphasis on the respective
microviscosity of adsorbed and free aggregates. It has been deduced from fluorescence
measurements using dinaphthylpropane as a probe and water+glycerol mixtures as the
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reference system, that the microviscosity of an anionic surfactant monolayer is much
higher than that of a micelle (2). In the case of sodium dodecylsulfate either adsorbed
on alumina or as free micelles in the bulk solution, the microviscosities are evaluated as
90-120 cp for the former and 8 cp for the latter structure. A range of values between 20
to 40 cp has been also published for sodium dodecylsulfate using another reference
system (22). If it is assumed that the kinetics of transfer of the solute from the bulk to
the surfactant aggregates is essentially dependent upon the viscosity of the bulk, the
difference of the partition constants (assimilated to equilibrium constants for the
purpose of the discussion) noted above should be depending upon the kinetics of
transfer from the surfactant structure to the bulk. If the solute diffusion coefficient may
be considered, as a first approximation, as dependent upon the viscosity of the media,
the ratio of microviscosities should be equal to the ratio of diffusion coefficients which
in turn would then be directly related to the kinetics of solute transfer from the structure
to the bulk. A factor between 5 and 10 as noted above for the microviscosity ratio is in
global agreement with the partition coefficient ratios. Note also that the microviscosities
need not be the same for sodium dodecylsulfate on alumina and for CPC aggregates
adsorbed on silica. It must be stressed however that the suggested microviscosity effect
rests upon the hypothesis that the solute penetrates the surfactant aggregates. If the
coadsorption is only a surface effect, then the rigidity of the system should play a minor
role in the whole process.

An alternative interpretation of the effect observed would be to invoke the
difference in the geometry of the two media, spherical tridimentional micelles versus
bidimentional bilayers, to interpret the difference in the energetics of micellar
solubilization and of coadsorption. Mukerjee had suggested long ago (23) that the
reason for the larger solubility of a nonpolar gas in a hydrocarbon than in a micellar
solution (on a mole/mole basis) could be the Laplace pressure which opposes the
penetration of a particle of spherical symetry of very small dimensions. This hypothesis
has been repeatedly invoked with some success (24,25) and seems difficult to refute
(26). Although the order of magnitude is about right (for propane, a factor of about 4
is observed between sodium dodecylsulfate and hydrocarbon solubilities (25) as
compared to factors of 2 to 5, depending upon the pH of the solution, between Pads
and Pdes in the present case) the main problem lies with the extension of Mukerjee's
hypothesis to polar hydrophobic molecules. This is questionable as these molecules
should adsorb onto the surfactant structures (whether spherical or bidimentional) and
not penetrate them, at least at high dilution. However, it may be pointed out again
that the same hypothesis is involved in the interpretation based upon the rigidity effect.

The assumption of a solute penetration deserves some further comments. Neutron
reflection studies on cationic aggregates adsorbed on a hydrophilic silica surface have
suggested that double-layer stuctures appear at a surfactant coverage, as low as 20 %
(1). If that is the case, then the 2-naphthol molecules have the possibility of interacting
with the cationic head-groups of either the first layer of surfactants (turned towards the
solid surface) or the second layer (with the head-groups turned outwards). This second
layer should be preferred for steric reasons. The first layer of surfactants may
therefore structure as the concentration of adsorbed surfactant increases without the
necessity of a true penetration. This possibility does not exist with regular micelles. The
rigidity effect could then be the most probable interpretation of the difference in the
standard free energies of the solute with adsorbed versus micellar aggregates. This
effect implies some specific interaction between the aromatic solute and the cationic
head-groups of the type which has been recalled above (19). The consequence of this
interpretation is that the fraction of solute residing, as an average, within the structure
would then depend upon the degree of interaction between solute and surfactant head-
group. This effect would reintroduce the specificity of the solute in an otherwise
hydrophobic effect which dominates almost entirely the micellar solubilization
phenomenon.
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Incidently the interpretation of neutron reflection studies in terms of surfactant
aggregates at low surfactant coverage finds some confirmation in the uptake of 2-
naphthol even at very low surfactant concentrations. It also provides some support to
the use of a single partition coefficient describing the solute/aggregate interaction in the
whole surfactant/solute domain studied.

Finally, it should be noted that the comparison between the coadsorption and the
micellar solubilization processes on the same experimental run adopted here, avoids the
use of different techniques for micellar coefficients evaluation which, being usually
dependent upon some particular assumption, would introduce an uncertainty in the
calculated values and therefore on the validity of the comparison.

Conclusions

2-naphthol is coadsorbed in the presence of CTAB below the cmc both on porous or
nonporous silicas. Above the cmc, free micelles compete for the solubilization of the
neutral solute. The coadsorption effect, in the case of 2-naphthol, as calculated using
the pseudo-phase model is dependent upon the pH of the system and the concentration
of adsorbed surfactant but not on the type of silica. The main observation of the present
investigation is the larger energetics of solute coadsorption as compared to the
classical micellar solubilization effect. It is suggested that this observation may be due,
at least in part, to the very different microviscosities of the adsorbed and the free
surfactant aggregates and to the formation of bilayered surfactant aggregates at low
surfactant coverage. An alternative interpretation based upon the Laplace pressure
effect, also involves some solute penetration within the surfactant structures.
Curiously, the first hypothesis implies a physical effect which decreases the solute
ability to leave the interface, whereas the second hypothesis suggests a force which
increases the ability of the solute to penetrate the interface. However, both models
imply some solute penetration of the solute in the surfactant layers. This remains an
open question. More experiments are needed with solute of different size and polar
moieties in order to test these various hypothesis.
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Chapter 4

Adsolubilization: Some Expected
and Unexpected Results

John H. O’Haver and Jeffrey H. Harwell

School of Chemical Engineering and Materials Science and Institute
of Applied Surfactant Research, University of Oklahoma, 100 East Boyd,
Norman, OK 73019

Surfactants adsorbed at the solid/liquid interface can form aggregates that
are similar in nature to micelles. Recent studies have reinforced the idea
of an adsorbed micelle, or admicelle, which is capable of solubilizing
solutes much as micelles do. The phenomenon of adsolubilization,
solubilization in adsorbed surfactant bilayers, is just beginning to be
explored. Data presented here show that while some systems of solute
and surfactant exhibit trends similar to those seen in solubilization, others
do not. These similarities and differences, and the reasons for them, are
just beginning to be explored.

The phenomenon of solubilization has been recognized, studied, and utilized for much
of this century. Likewise, the idea that surfactants adsorbed at a solid/liquid interface
could form aggregates that are similar in nature to micelles has been recognized for
over 30 years'. In contrast, that admicelles should be capable of solubilizing organics,
in a surface analog to solubilization, has only been recognized in the literature for the
last two decades or so’, and has only been seriously studied within the past decade.
This paper takes a brief look at some of the similarities and differences between the
two phenomena.

SURFACTANT ADSORPTION

In order to fully understand the concept of adsolubilization, one must have an
understanding of the formation and structure of admicelles. Figure 1 is a schematic of
a typical surfactant adsorption isotherm. Such isotherms are frequently seen for the
adsorption of ionic surfactants on oppositely charged surfaces, while similar isotherms
are sometimes found for the adsorption of nonionic surfactants.

0097—6156/95/0615—0049$12.00/0
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These isotherms are commonly divided into 4 regions™*. Region 1, sometimes
referred to as the Henry’s Law region, is a region of low surfactant adsorption
densities. In this region surfactants adsorb as individual molecules with little
interactions; it is generally assumed that no aggregates are formed in region 1. The
surfactant concentrations in which this region occurs may be so low that measurement
of adsorption is not possible. Region 2 is characterized by a sharp increase in the
slope of the isotherm. All investigators have attributed this to the formation of
surfactant aggregates on the surface’’*, whether local monolayers (hemimicelles),
local bilayers (admicelles), or something in between. The micelle-like nature of these
aggregates has been reinforced by several spin probe and dye studies’. It should be
pointed out that these aggregates form at adsorption densities which may be lower
than 1/100th of a monolayer coverage. There is little agreement on the mechanism
for the change in slope which begins region 3. Investigators have proposed that it
may be due to increasing competition for the remaining surface area'>'®, a more
complete transition from monolayer to bilayer'”'*, or heterogeneities in the substrate
surface*”. Recent studies indicate that the aggregates have a micelle like nature
throughout regions 2 and 3*?. The transition from region 3 to 4 occurs near the
critical micelle concentration (CMC). Region 4 is called the plateau region', and for
many surfactants the adsorption in this region is nearly constant for all concentrations
above the CMC.

ADSOLUBILIZATION: THE PHENOMENON

Surfactant aggregates called micelles have the ability to preferentially absorb organic
solutes from solution, a process called solubilization. Adsolubilization is the surface
analog to solubilization, with adsorbed surfactant bilayers playing the role of micelles
(Figure 2). Organic solutes, with limited solubilities in water, preferentially partition
into the interior of the admicelle.

The studies of adsolubilization to date have predominantly been in the area of
exploring the nature of the adsorbed surfactant layer, although new technologies
based upon adsolubilization are beginning to emerge’. These applications include
admicellar chromatography, admicellar catalysis, and surface modification processes.
The surface modification process has proven to be an flexible, effective means of
modifying the nature of mineral oxide surfaces’*?*. Modified silicas have been
shown to make improved reinforcing-fillers for use in tire rubber compounding?.

ADSOLUBILIZATION STUDIES: EXPECTED RESULTS?

The adsolubilization of alkanes into sodium dodecyl sulfate (SDS) admicelles was
determined by a solute vapor pressure method, which is explained fully in the
reference’’. The basic experimental procedure is given below:
1. Add alumina, SDS and pH adjusted deionized water to a vessel of known
volume, seal and evacuated it to the vapor pressure of the slurry. The feed
was designed so that the bulk surfactant concentration at equilibrium was
below the CMC.
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Figure 2. A comparison of solubilization to adsolubilization.
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2. Incremental amounts of alkane were flashed to the system and allow to

equilibrate.

3. The pressure of the system was read by means of a transducer.

4. From the pressure data, and appropriate blank runs, the amount of

adsolubilized alkane could be calculated by performing a mass balance.
A series of n-alkanes, C5 to C7, were analyzed.

The results for the adsolubilization of the three alkanes are shown in Figure 3.
A reduced pressure, P;/P, = 1, represents the saturation concentration of the alkane in
the water, where P; is the partial pressure of the alkane and P, is the vapor pressure of
the alkane at this temperature. As would be expected, the adsolubilization increases
with increasing alkane reduced pressure. Extrapolating the data to a reduced pressure
of 1 gives saturation adsolubilizations of 333, 263, and 212 pmoles of solute per gram
of substrate for n-pentane, n-hexane, and n-heptane, respectively. Evaluation of bulk
surfactant concentration before adsolubilization and at maximum adsolubilization
indicated no appreciable increase in surfactant adsorption due to adsolubilization. As
alkane carbon chain length increased the adsolubilization was seen to decrease for a
given reduced pressure. This implies that, just as there are differing capacities for the
solubilization of various compounds in surfactant micelles, so there are differing
capacities in the admicelle. As the molecular weight of the adsolubilizate increases,
the adsolubilization capacity [(micromoles of adsolubilized solute)/(micromoles of
adsorbed surfactant) at saturation] in a given surfactant admicelle apparently
decreases.

The partitioning of the alkane between the admicelle aggregate and the bulk
solution can be described by Kapp, which is defined as [(moles of alkane in the
admicelle)/(moles alkane in the admicelle + moles adsorbed surfactant) / mole fraction
of alkane in the bulk solution]. The Kapp value at varying alkane adsolubilizations is
shown in Figure 4. The values of Kapp for the three alkanes at saturation, as well as
literature values for the Kapp of n-hexane and n-heptane in SDS micelles, are shown
in Table I. The data show that the partitioning of alkanes between the bulk phase and
admicelles or micelles is similar in magnitude and exhibits the same trends.

Yeskie also looked at the incremental change in standard state free energy per
methyl group in the series. The value he obtained, in the presence of .15 M NaCl,
was -0.79 kcal/mole. This compares favorably with the literature values for alkanes in

Table I. Kapp for alkanes at saturation in SDS admicelles and micelles. (.15 M added
NaCl)

ALKANE Kapp Kapp

in SDS admicelles on alumina in SDS micelles®
n-pentane 43 *10° N/A
n-hexane 1.8 *10° 3.5%10°
n-heptane 59*10° 1.0 * 10

SDS micelles of -0.62 kcal/mole for no added salt®, and -0.72 kcal/mole for .1 M
NaCI”’.  This again reinforces the similarities between solubilization and
adsolubilization.

In Surfactant Adsorption and Surface Solubilization; Sharma, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



53

4. O’HAVER & HARWELL Adsolubilization

-a1nssa1d paonpal Jo uoyouUNy B SB UOHEZIIqN[OSPe duey[Y ‘€ 3InTi]

aueydoy-u v
suexsy-u m
sueyusd-u @

od/d
60 80 L0 90 S0 o €0 z0 1o
|}
=
v
L
v ] ¢
[}
v [] A
. &
v L
n *
v ] L 4
]
v n ®

#00UD'ST90-GE6T-0/TZ0T 0T :10p | 966T 'S Ae N :9%q U0 jand
Bio'sdesgndy/:dny | 210z ‘€T G010 U0 ISHIHINY SLIFSNHOVSSYIN AINN Aq papeojumog

0l

001

0001

(3/s3jowod1w) UOBZIIqNIOSPY

In Surfactant Adsorption and Surface Solubilization; Sharma, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



SURFACTANT ADSORPTION AND SURFACE SOLUBILIZATION

54

"9[[90TWIPE Sy} UI SUEB[E Y} JO UONORIJ S[ow Y3 snsidA e se ddey] p a1nSig

AIIWPE Ul JUBY[E JO UOILA] I[OIAI

0S°0 340 ov'0 SE0 0£0 ST0 0zo S1'0 oro S0°0 000
t t t t t t 1 + - 00001
L4 )
* . L4 .
- °
auojday-u v
uoxay-u m
aupjuad-u @ 000001
- | g
e m " mE n
m 8 = " "
v
v v v
v \4
0000001

#00UD'ST90-GE6T-0/TZ0T 0T :10p | 966T 'S Ae N :9%q U0 jand
Bio'sdesgndy/:dny | 210z ‘€T G010 U0 ISHIHINY SLIFSNHOVSSYIN AINN Aq papeojumog

ddey

In Surfactant Adsorption and Surface Solubilization; Sharma, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Downloaded by UNIV MASSACHUSETTS AMHERST on October 13, 2012 | http://pubs.acs.org

Publication Date: May 5, 1996 | doi: 10.1021/bk-1995-0615.ch004

4. O’HAVER & HARWELL  Adsolubilization 55

Another interesting observation can be made by comparing the ratio of
adsolubilized solute to adsorbed surfactant. Defining a partition coefficient, K, as
(moles adsolubilized solute / moles adsorbed surfactant), we find that in the case of n-
alkanes, increasing equilibrium bulk surfactant concentration, and therefore adsorbed
surfactant, causes an increase in the partition coefficient (Table II). Yeskie

Table II. The partition coefficient for n-hexane at saturation for increasing levels of
surfactant adsorption

Adsorbed Surfactant Adsolubilization Capacity: K at saturation
(micromoles/g) (moles adsolubilized n-hexane / moles adsorbed
surfactant)
93 411
473 .556

hypothesized that alkanes, because of their nonpolar nature, would adsolubilize only
in the core of an admicelle. Therefore, if admicelles start as small surface aggregates
at low adsorption, and form larger and larger aggregates as the CMC is approached,
then the ratio of exterior surfactant molecules to interior ones would decrease with
increasing coverage (Figure 5). Because of this, as the surface aggregates increase in
size, the core volume increases, and more solute can partition there per surfactant
molecule. It should be noted, however, that similar trends in K have been observed
for alkanes in micelles.

ADSOLUBILIZATION STUDIES: UNEXPECTED RESULTS*

Similar. studies were conducted for the adsolubilization of the series of alcohols
isopropyl, n-butanol, n-pentanol, n-hexanol and n-heptanol. The work began by
looking at the adsorption of SDS onto alumina, both with and without the presence of
alcohols. Contrary to the alkane study, where surfactant adsorption was a weak
function of alkane concentration, the results showed that the presence of high
concentrations of alcohol in the system greatly increased the adsorption of surfactant
onto the alumina surface in regions 1, 2 and 3 of the adsorption isotherm, in Figure 6.
At an equilibrium concentration of 150 uM SDS, the adsorption is approximately 0.8
micromoles/g in the absence of any alcohol and 10 micromoles/g in the presence of
0.5 M isopropanol. These results implied a higher Henry’s Law constant for the
surfactant in the presence of high concentrations of alcohol. This is surprising as
surfactant monomers are considered to be at infinite dilution in this region, and
therefore the surfactant adsorption was not expected to change. This suggests the co-
adsorption of small surfactant monomer-alcohol aggregates of unknown size in
Region 1. The co-adsorption is not surprising in itself, but it does imply that because
the bulk concentration of alcohol is not measurably lowered, that the number of
alcohols molecules taking part in the aggregates is small. Another interesting result
was that, although adsorption was increased in Regions 1 to 3, plateau adsorption in
Region 4 was decreased by approximately 15% for all alcohols tested. Since the
extent to which the alumina surface was completely filled with alcohol saturated
admicelle-layer is unknown, it is not possible to determine whether the decrease is due
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Figure 5. A schematic of alkane adsolubilization in SDS admicelles.
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to swollen-admicelle interactions at the surface, or due to the competition with the
swollen micelles in the bulk. The results for the adsorption of SDS in the presence of
each alcohol in the series (at .1 M feed concentration) is shown in Figure 7. Because
of the varying solubilities of these alcohols in water, a more meaningful analysis was
to plot surfactant adsorption for the various alcohols at the same relative
concentrations, that is, at concentrations representing the same fraction of saturation.
These results are given in Figure 8, and show that at the same relative concentrations,
all of the alcohols impact surfactant adsorption approximately the same.

The study focused extensively on the adsolubilization of the alcohols at
varying levels of surfactant adsorption. Yeskie proposed a two-site model for the
adsolubilization of alcohols. He hypothesized that alcohols, because of the polar -OH
group, would adsolubilize not only on the interior of an admicelle aggregate, but also
along the edges of the aggregates, which are pictured as disk-like in structure (Figure
9). Therefore, at very low surfactant adsorption levels, where the surface aggregates
were small, the effect of alcohol adsorption along the edges of aggregates on the
partition coefficient would be large. As the aggregates increased in size with
increasing levels of surfactant adsorption, the impact of these “edge effects” would be
lessened, and the partition coefficient would decrease. The data show that the value
of K decreases for increasing levels of surfactant adsorption. Therefore, for
compounds which are very hydrophobic and adsolubilize almost exclusively in the
interior of the admicelle, the partition coefficient will increase with increasing levels of
adsorbed surfactant. For compounds which are more hydrophilic in nature and can
adsolubilize not only in the interior of the admicelle but also on the edges, we expect
to see a decreasing partition coefficient with increasing levels of adsorbed surfactant.
These results should not cloud the fact that the total amount of adsolubilized alcohol
increases with increasing levels of adsorbed surfactant. The data probably follow a
Langmuir-type adsorption isotherm for solubilization in the palisade layer, but this
could not be tested because of the strong edge effects.

The study also showed that there was no appreciable adsorption of alcohols in
the absence of surfactant. There was also no measurable amount of alcohol
adsolubilization in the Henry’s Law region of the surfactant adsorption isotherm,
although the previously discussed results showed that there were surfactant / alcohol
interactions at the interface in this region. A reasonable explanation of this is that a
small amount of adsolubilizing alcohol molecules allows the surfactant to adsorb to a
significantly higher degree in region 1, even though the change in alcohol bulk
concentration is at or below detection limits. This could also be viewed as the
presence of a few co-adsorbed alcohols allowing significantly larger surfactant
aggregates to form due to the dipole-induced dipole interactions between the
surfactant and alcohol molecules.

As with the alkanes, for a given level of surfactant adsorption, alcohol
adsolubilization increases with increasing equilibrium alcohol concentration (Figure
10). Figure 11 shows that for a given level of surfactant adsorption, comparing the
alcohol adsolubilization for the same relative concentrations of the alcohols, one sees
almost identical behavior for the whole series.

Recent studies in this area have shown some additional differences between
solubilization and adsolubilization. In looking at the maximum mole fraction of solute

In Surfactant Adsorption and Surface Solubilization; Sharma, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



59

O’HAVER & HARWELL  Adsolubilizati

4.

‘S|OYOd[e SNOLIBA
Jo suonenuasuod A 10’ Jo 2ouasaxd ayy ur uondiospe jueloepng ‘7 a1nJg

(aBjowrodIW) UonENUIUO) SES WnLqIInby

ol

00l

000001 00001 0001 001 ol I
L r—+ 10
. b
3 x
! -
v X
(]
X
i 3
J0yod[e ou © i e I
fouryday-u |y 10" X -
fouexay-u ;N 10" = “H
fougyuad-u W 10° ¥ o¢ .-
[oueing-u \ [0’ ® ] -
jouedoxd-1 I 10" @ X
. L

. .

» 4

£}

1T SROP % 1° Lﬁh
AT
1

¥00U2'ST90-G66T-40/TZ0T'OT *10P | 966T ‘G AN 812 Uoed!jdNnd
Bio'sze'sgnd/:dny | 2T0Z ‘€T 400010 U ISHIHINY SLIFSNHOVSSYIN AINN Ad papeojumoq

0001

(8/s3j0wroad1w) JuEIIELING PIQIOSPY

In Surfactant Adsorption and Surface Solubilization; Sharma, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



SURFACTANT ADSORPTION AND SURFACE SOLUBILIZATION

60

“UOIIBIJUIDUOD PIINPAI
aures ay) Je [ ‘sjoyode I1noj Jo 3duasaid ayy ur uondiospe jueloelng ‘g AInTiyg

(aejowodIw) uoneUIIUOCY) Juedejing wnuqinby

00001 0001 00t ol
%
Ui
|
. me
I y-ux
[ouexay-u v
Jougyuad-u @ v x
joueng-u m
B x
WX
[
. —— -

#00U'ST90-G66T-X0/TZ0T 0T :10p | 966T ‘G Ae N :9%q uoedljand
Bio'sdesgndy/:dny | 210z ‘€T #0010 U0 ISHIHINY SLIFSNHOVSSYIN AINN Aq papeojumog

ot

001

0001

(3/s3j0w0Id1UI) JUB)IELING PIGIOSPY

In Surfactant Adsorption and Surface Solubilization; Sharma, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: May 5, 1996 | doi: 10.1021/bk-1995-0615.ch004

Downloaded by UNIV MASSACHUSETTS AMHERST on October 13, 2012 | http://pubs.acs.org

4. O’HAVER & HARWELL  Adsolubilization

Sz IS FRRFT -

Figure 9. A schematic of alcohol adsolubilization in SDS admicelles.
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in a micelle, the values are generally less than 0.3, even when the solution is saturated
with solute. Recently, studies were made of the adsolubilization of 1,3-butadiene in
cetyltrimethylammonium bromide admicelles on amorphous silica®®. Data show that
at relatively high partial pressures of butadiene, the mole fraction of adsolubilizate in
the admicelle [moles adsolubilized solute / (moles adsolubilized solute + moles
adsorbed surfactant)] can reach values as high as 0.7 (Table IIT). These higher values,
representing higher solubilizing capacities, may be due to the differing geometries of
micelles and admicelles (Figure 12). Using an idealized spherical micelle, the “volume
available for solubilization” per molecule can be thought of as the volume of a cone.
For an admicelle, where the surfaces are relatively smooth on a molecular level, the
“volume available for adsolubilization” can be thought of as a circular cylinder. For

Table III. Mole fraction of adsolubilized monomer in the admicelle at various
monomer partial pressures

solubilization within the core, perhaps including the last half of the surfactant alkane
chain, the volume for the cylinder divided by the volume of the cone is nrzh/(1/37|:r2h),
or 3. This ratio is constant, whatever fraction of the alkane chain you choose to use
in order to make the calculation. This calculated ratio of adsolubilizing volume in
admicelles to solubilizing volume in micelles is close to the ratio of adsolubilization to
solubilization capacities observed experimentally.

CONCLUSIONS

Adsolubilization can be seen as the surface analog to solubilization, with admicelles
playing the role of micelles. The data presented here, from just a few studies, show
that although the phenomenon of adsolubilization has many similarities to
solubilization, it also has several distinctive characteristics. Similarities include: the
adsolubilization of various solutes increases with increasing solute concentration,
increasing the molecular weight of the solute in a homologous series decreases the
capacity of the admicelle and the micelle to take up that compound; the increase in
partition coefficient with increasing surfactant loading; similar incremental free
energies per methyl group; decreasing partition coefficients for alcohols at increasing
surfactant concentrations; and nonpolar compounds tend to partition into the
admicelle core, while polar compound tend to partition into the palisade layer and by
the head groups. Differences include; “edges” to admicelles which allow for areas of
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Figure 12. A schematic showing the relative volumes available for solubilization
in a micelle versus adsolubilization in an admicelle.

greatly changing polarity in the admicelle; solubilization by surfactant monomers; and
apparently higher solubilizing capacities on a mole fraction basis. The impact of the
presence of another interface, that of the solid, is only now being explored. The
possibilities of capillary condensation within small pores on some substrates could
increase apparent adsolubilization, as well as adsorption due to the hydrophobic
effect. All of these interactions must be taken into account in future studies.

Some of the many possible applications of adsolubilization, as well as the
fundamental nature of the phenomenon itself, are just beginning to be explored. The
ability to concentrate compounds in a surfactant layer at the solid/liquid interface
opens up possibilities in surface modification, admicellar catalysis, structuring of
nanoscale materials, and many other as yet unthought of areas. The authors believe
that adsolubilization, and applications utilizing it, may well end up being as significant
a discovery as solubilization has proven to be.
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Chapter 5
Admicellar Catalysis

Chung-Ching Yu and Lance L. Lobban

School of Chemical Engineering and Materials Science,
University of Oklahoma, Norman, OK 73019

Our earlier study has demonstrated the catalysis by sodium dodecyl
sulfate (SDS) surfactant adsorbed on solid surfaces (admicellar
catalysis). The adsorbed SDS aggregates have catalytic activity compa-
rable to that of SDS micelles for the acidic hydrolysis of trimethyl
orthobenzoate (TMOB). In the present study we investigate pH and
buffer concentration effects on the admicellar catalysis of the same
reaction. At constant surfactant adsorption, the reaction rate increases as
the pH or buffer concentration decreases. A significant change is
observed in the dependence of rate constant on surfactant adsorption.
The transition may be due either to a higher packing density of the
surfactant aggregates or to an adsorbed aggregate structure change. The
solubilization of organic solute into admicelles (adsolubilization) is also
measured. Adsolubilization constants of reactant TMOB and product
methyl benzoate (MB) are roughly constant (164 M-1 and 80 M1
respectively) at SDS adsorption levels below 300 umol/g. As SDS
adsorption increases beyond 380 umol/g, the adsolubilization constants
of both species decrease.

Reactions catalyzed by surfactant micelles have been extensively studied for decades
(I1-4). In spite of the great rate enhancement observed for many reactions, few practical
applications of micellar catalysis have been developed due to the difficulties of product
isolation (5). This major shortcoming can render micellar catalysis ineffective or disad-
vantageous even for lab scale organic synthesis (6). For industrial scale application,
these difficulties are even more prohibitive. Thus, development of techniques to solve
this problem while maintaining or improving the rate enhancement is required for
practical employment of catalysis by surfactant aggregates.
An alternative technique of catalysis comprises using surfactant aggregates
adsorbed on a solid surface to facilitate the surfactant/product separation step. Surfac-

0097—-6156/95/0615—0067$12.00/0
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tant aggregates adsorb onto mineral oxide surfaces at bulk phase concentrations signifi-
cantly below the critical micelle concentration (cmc) (7-8), making the catalysis by
adsorbed surfactant (admicelles) possible at very low aqueous phase surfactant concen-
tration.

There is continuing debate in the literature about whether the adsorbed surfactants
on solid surface are monolayered aggregates, called hemimicelles (9) or bilayered
aggregates, called admicelles (10-11). However, for ionic surfactant adsorption on
charged hydrophilic surfaces, studies of the aggregate structure using fluorescence
probe (12), electron spin resonance and fluorescence spectra (/3), 2H NMR spec-
troscopy (/4), neutron reflection (/5-16) or theoretical predictions (/7) have indi-
cated that at sufficiently high surface coverage the surfactant aggregates are
bilayers.

Analogous to micelles, adsorbed surfactant aggregates solubilize organics into the
hydrophobic environment of the hydrocarbon chains (/1-12, 18-19). Solubilization of
organic substrates into admicelles (adsolubilization) has been studied to investigate
admicellar chromatography (20) and the polymerization of styrene in admicelles which
serve as reaction solvents (2/-23). Recently, O'Haver and coworkers (24) have
reported a study on in situ formation of polystyrene in admicelles to modify the surface
properties of inorganic powders.

In our earlier study (25), we demonstrated catalysis by adsorbed anionic sodium
dodecyl sulfate (SDS) surfactant on high surface area solid supports. The results
showed adsorbed SDS aggregates have catalytic activity comparable to that of micelles
(26-27) in the acidic hydrolysis of trimethyl orthobenzoate (TMOB). In our laboratory,
admicellar catalysis in a continuous flow packed bed reactor was also demonstrated
(28).

In this study, we investigate pH and buffer concentration effects on the catalytic
activity of admicelles in the TMOB hydrolysis reaction. We also discuss how the
morphology of adsorbed surfactant aggregates may be affected by the pH and buffer
concentration and how the morphology is related to the catalytic activity of the
admicelles.

Experimental Section

Materials. Anionic sodium dodecyl sulfate (SDS) surfactant was electrophoresis grade
from the Eastman Kodak Company and was employed without further purification
since there is no surface tension minimum in plots of surface tension versus
concentration. TMOB and methyl benzoate (MB) from Aldrich Chemical Company
were used as received. Sodium acetate from Fisher Scientific and acetic acid from
Mallinckrodt Inc. were used for the buffer solution. Porous activated acidic alumina
from Aldrich Chemical Company was sieved before use. A particle size distribution of
37-100 microns was obtained and a BET surface area of 173 m?/g was measured. All
the solutions were prepared with deionized distilled water.

Adsorption Measurements. 500 mL of aqueous SDS solution was mixed with 20 g of

In Surfactant Adsorption and Surface Solubilization; Sharma, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Downloaded by UNIV MASSACHUSETTS AMHERST on October 14, 2012 | http://pubs.acs.org

Publication Date: May 5, 1996 | doi: 10.1021/bk-1995-0615.ch005

5. YU AND LOBBAN  Admicellar Catalysis 69

the alumina particles in a 600 mL beaker. The room temperature solutions were
buffered to various pH at different acetate buffer concentrations and occasionally
agitated over a period of at least 4 days to allow equilibrium adsorption of SDS. The
aqueous phase SDS concentration was determined using a Perkin-Elmer high perform-
ance liquid chromatograph (HPLC) with a Wescan conductivity detector and a 5 cm
C18 reversed-phase silica column. Peak areas were calculated on a Varian 4270
integrator. A simple mass balance then gave the amount of SDS adsorbed on the
alumina, from which the adsorbed SDS per gram of alumina (umol/g) was calculated.

Adsolubilization Measurements. Methyl benzoate (MB) was mixed with methanol at
a volume ratio of 1:2. An MB solution was prepared by adding 25 pL of the
MB/methanol mixture to 50 mL of water. Then 1 mL of the MB solution was injected
into a 15 cm-long glass test tube containing 10 mL of SDS solution and 0.4 g of
alumina. After manually agitating the test tube for 2 minutes, samples were withdrawn
from the solution by syringe filtration. Samples were put in a quartz cuvette and the
MB concentration was measured using a Hewlett-Packard 8452A diode array UV/Vis
spectrophotometer. Absorbance at Ap,, =230 nm was used to determine the concen-
tration. The concentration of MB in the admicelles was obtained by subtracting that in
the aqueous phase from the total concentration. The partition coefficient, K,,,, of MB is
defined as the ratio of MB concentration in the admicelles (defined as moles
adsolubilized MB per unit total volume) to that in the aqueous phase. The ad-
solubilization constant, K, is then expressed as

K,
Kads = -
[Dlaas

where [D],4, is the adsorbed surfactant concentration (M), i.e., moles of adsorbed
surfactant per liter of total solution volume. K4, has units of M-1. TMOB adsolubiliza-
tion measurements were carried out in a similar fashion. The 208 nm absorbance peak
was used to determine the aqueous phase TMOB concentration.

Kinetics Measurements. To initiate the reaction, 5 pL of TMOB (the resulting initial
concentration was 5.82x10-5 M) were injected into the beaker containing admicelles.
The reaction mixture was constantly mixed using a magnetic stirring bar. The reaction
mixture was continuously sampled through a 5 micron filter placed in the beaker by
pumping a side stream to a flowcell of the UV spectrophotometer and measuring the
absorbance at 230 nm, an absorbance maximum of the reaction product methyl
benzoate (MB). The filter prevented removal of the adsorbed surfactant from the
beaker and precluded alumina particles' interference with the UV measurements. After
passage through the UV flowcell, the sample was returned to the 600 mL beaker.

At some conditions when air bubbles formed and interfered with the UV meas-
urements, an alternative batch method was used to measure the reaction rate. The reac-
tion was initiated by injecting 1 uL of TMOB into a 100 mL reactor. This reactor
contained 4 g of alumina and adsorbed SDS. Periodically, samples were withdrawn
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and put in a quartz cuvette to measure the absorbance of MB. From the MB concen-
tration versus reaction time, the observed first-order rate constant was calculated
through a simple kinetic fit.

Results and Discussion

Critical Micelle Concentration (cmc). It is important to determine the cmc to avoid
micellar catalysis contributions. The cmc of the SDS solutions was measured using a du
Noiiy ring tensiometer or a bubble tensiometer. We noted that, at constant aqueous
phase surfactant concentration, the surface tension of surfactant solution after contact-
ing with alumina is lower than that of a solution of the same surfactant concentration
not in contact with alumina (as shown in Figure 1). Moreover, the cmc of a surfactant
solution in contact with alumina is lower than that of a solution in the absence of
alumina. The cmc's at various acetate buffer concentrations are listed in Table I. In the
surfactant solution after adsorption, some of the sodium ions in the admicellar phase
dissociate from adsorbed SDS bilayers, causing an increase of sodium ions in the
aqueous phase and a decrease of the cmc. Organic solute has also been reported to shift
the cmc of surfactant solutions (77, 29). In our study, the effect of TMOB or MB on
the cmc is assumed to be negligible since the concentration of TMOB or MB is very
low (~10-5 M).

Table I. cmc of Various SDS Solutions in a Buffered System (uM)
Acetate buffer concentration 001M 005M 010M 015M
SDS solution in the absence of alumina* 5500 2500 1900 1000
SDS solution in contact with alumina* 3100 1900 1500 900
SDS solution in contact with aluminat 2900 1700 1300 800

* using a bubble pressure tensiometer T using a du Noiiy ring tensiometer

Adsolubilization. For the adsolubilization measurements, we used syringe filtration to
obtain a clear supernatant solution. The method of sampling did not affect the results.
All the data shown in Figures 2 and 3 are at aqueous phase SDS concentrations below
the cmc so that no micelles are present. Figure 2 shows that the partition coefficient of
MB and TMOB between phases varies linearly with adsorbed SDS concentration
below 0.015 M (400 pmol/g). The partition coefficient of MB starts to decrease as the
adsorbed SDS concentration increases above 0.015 M. Figure 3 shows the plots of
adsolubilization constant versus SDS adsorption. Since the adsolubilization constant is
calculated by dividing the partition coefficient by the adsorbed SDS concentration, the
deviation of the data points is larger due to the small value of the denominator.

The results indicate that at high SDS adsorption level, the admicelles become less
effective at adsolubilizing MB, possibly due to the blocking of some small pores in
alumina particles by the second surfactant layer. When the SDS bilayer is forming, the
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long alkyl chain could sterically block MB molecules from penetrating the pore as
bilayers from the opposite walls approach each other (24). Another possible
explanation could be that the tighter packing of the surfactant molecules in the
aggregates hinders the incorporation of solutes into the admicelles. Therefore, in this
range of adsorbed SDS concentration, the available sites to adsolubilize MB decrease
as the SDS adsorption increases.

For adsorbed SDS concentration from 0 to 0.017 M, TMOB adsolubilization
shows a trend similar to MB adsolubilization, the partition coefficient increasing with
increasing adsorbed SDS concentration (see Figure 2). Below 0.011 M (300 pmol/g),
the slope gives a TMOB adsolubilization constant 164 M-1, about two times that of
MB, ie, 80 M-l. Above 0.011 M, the partition coefficient increases slowly with
increasing adsorbed SDS concentration, while the adsolubilization constant decreases
as shown in Figure 3. To avoid the interference of MB with TMOB adsolubilization
measurements, the solution pH was kept above 7 to inhibit the reaction. At high pH,
the maximum SDS adsorption was reduced, therefore no adsolubilization constant for
TMOB was obtained above the adsorption level of 450 umol/g.

In this study, no experiment was conducted for the adsorption of solutes on
alumina. But from the extrapolation of the partition coefficient shown in Figure 2,
it is reasonable to assume that alumina has no capability of adsorbing organic sol-
utes in the absence of SDS. This assumption agrees with other studies on adsolubi-
lization which stated no appreciable adsorption of alcohols in the absence of
surfactant (//) and no styrene adsorption on solid substrate (27).

pH Effect on the Rate Constant. Figure 4 shows the solution pH effect on the appar-
ent first-order rate constant. As can be seen in Figure 4, at constant SDS adsorption,
the apparent rate constant increases as the pH decreases. As the pH decreases, the con-
centration of free hydrogen ions in the aqueous phase increases. The higher aqueous
phase concentration leads to more hydrogen ions bound to the opposite-charged head
groups of the top layer of the admicelles. Since the hydrolysis of TMOB is an acid
catalyzed reaction, an increase in hydrogen ions bound to the admicelles will enhance
the reaction rate. As aqueous phase pH is increased, the concentration of hydrogen ions
bound to the admicelles decreases, decreasing the admicelle-catalyzed reaction rate.

Also in Figure 4, at surfactant adsorption below 380 pumol/g, the rate constant
depends only weakly on pH. Above 380 umol/g, the pH effect on rate constant
becomes more significant. The results seem to indicate that the binding of hydrogen
ions becomes more important at high surfactant adsorption, suggesting a change in the
surfactant aggregate morphology from monolayer to bilayer. An alternative explana-
tion, however, is that tighter packing density of admicelles at higher adsorption level
(resulting in higher charge density) leads to a higher hydrogen ion concentration bound
to the exposed head groups. At sufficiently high pH (see Figure 4 at pH = 6.1), no
transition is observed. Perhaps at high pH the change in slope is very small due to the
low hydrogen ion concentration.

We are presently developing a pseudophase kinetic model which we hope will
enable us to better determine whether the transition in reaction rate in Figure 4 repre-
sents a change in morphology, or merely an increase in packing density of the bilayer.
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Buffer Concentration Effect on the Rate Constant. The relationship between rate
constant and acetate buffer concentration is shown in Figure 5. As expected, at
constant buffer concentration, the rate constant increases with increasing surfactant
adsorption. At constant adsorption and nearly constant pH, however, an increase in
buffer concentration decreases the reaction rate. As the buffer concentration increases,
the concentration of sodium ions in the system increases. Higher sodium ion concen-
tration in the aqueous phase will cause sodium ions to replace hydrogen ions bound to
the admicelle charged head groups, i.e., there is a competition between sodium ions and
hydrogen ions in the region of the charged admicelle head groups. Therefore, when a
swamping salt is applied, virtually all the hydrogen ions bound to the admicelles could
be replaced by the competitive counterion. In that case, the admicelles will not enhance
the reaction rate, instead the reaction should be inhibited by the surfactant admicelles.

At the highest buffer concentration used in our study (0.15 M), the rate constant
increases only very slowly as the adsorption increases. If a much higher buffer concen-
tration were used, the rate constant would probably remain constant or even decrease
with increasing SDS adsorption. Since inhibition by admicelles was not our objective,
no experiments were conducted for the rate inhibition.

Particularly at the lowest buffer concentration of 0.01 M, the break in the slope of
rate versus surfactant adsorption can be observed. However, it remains unclear from
these data whether a transition in morphology occurs, or whether the slope gradually
increases as, for example, admicelle packing density increases.

Adsolubilization Effect on the Rate Constant. Since at higher adsorption level there
is lower TMOB local concentration in the admicellar phase (see Figure 3), the apparent
first-order rate constant should also decrease. But our data show the opposite trend.
We postulate that at higher adsorption either the bilayer forms or the packing density of
admicelles increases, either one leading to higher charge density. The greater charge
density attracts hydrogen ions from the bulk phase to the admicelles. Therefore, the
reaction rate increases with increasing surfactant adsorption, i.e., the rate enhancement
due to increased hydrogen ion concentration overcomes the effect of the poorer
adsolubilization.

Conclusions

Admicellar catalyzed hydrolysis reaction of TMOB at various pH and buffer concen-
trations has been demonstrated. At constant SDS adsorption, the reaction rate
increases with decreasing solution pH and buffer concentration. A significant transition
was observed in the plots of reaction rate versus SDS adsorption, except at pH 6.1 and
at the buffer concentration of 0.15 M. The adsolubilization results also showed that
TMOB is more hydrophobic than MB. Below SDS adsorption of 300 umol/g, the
adsolubilization constant of MB is half that of TMOB, 80 M-! versus 164 M-1_ At high
levels of SDS adsorption, adsolubilization may be hindered by pore blockage or tighter
packing density, causing the adsolubilization constants to decrease.
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Chapter 6

Self-Assembly of Ionic Surfactants
Adsorbed on Mineral Okxides:
Surface Charge and Salt Effects

Luuk K. Koopal and Tanya Goloub!

Department of Physical and Colloid Chemistry, Wageningen Agricultural
University, Dreyenplein 6, 6703 HB Wageningen, Netherlands

Adsorption of ionic surfactants on mineral oxides is studied by
comparing calculated results with experimental data for the
sodium nonyl benzene sulphonate - rutile (SNBS-TiO;) and the
dodecyl pyridinium chloride - silica (DPC-5i03) system. In the
calculations a distinction is made between constant charge and
constant potential surfaces. Experimental (SNBS-TiO3z) and
calculated isotherms for a constant potential surface at different
salt concentrations show a common intersection point (cip) where
the electrostatic interactions vanish. The cip marks the transition
from "head-on" adsorbed surfactant molecules (hemi-micelles) to
bilayer structures (ad-micelles). The course of the surface charge
adjustment upon surfactant adsorption supports this conclusion.
Constant potential surfaces like rutile promote surfactant self-
assembly in hemi-micelles and ad-micelles. For constant charge
surfaces theory also predicts a cip coinciding with the charge
equivalence point. The transition from head-on adsorbed
molecules to ad-micelles is more distinct than for the constant
potential surfaces. The shapes of the DPC-SiO; isotherms reflect
the constant charge case. Yet, the surface charge of SiO7 adjusts to
DPC adsorption. This adjustment hardly promotes surfactant
self-assembly and self-assembly of DPC in hemi-micelles does
not occur at low salt concentration.
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The adsorption of ionic surfactants on solid surfaces is of both practical and
academic interest. This interest has led to a large number of studies.
Adsorption of cationic surfactants is often studied on negative silicas (1-9),
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and that of anionic surfactants on positive metal hydroxide surfaces (10-19),
but also the adsorption on a variety of other surfaces has been investigated
(e.g. 20-25). The generally accepted view is that surfactant self-assembly in the
adsorbed layer may contribute to the adsorption. Aggregate structures
termed hemi-micelles (5,6,10,12,13,19,20) and ad-micelles (16,17,19) or more
generally solloids (27) are suggested. Micro polarity and micro viscosity of
surfactant layers has been studied by ESR, Raman and luminescence
spectroscopy (27-31). Neutron reflection (7,32,33), small angle neutron
scattering (34,35) and NMR spectroscopy (36,37) are used to give insight in
the distribution of the surfactant molecules at the interface. However, the fact
that the nature of the aggregates may depend on factors like pH, salt
concentration and surface type is often not clearly recognised.

With ionic surfactants both coulombic and non coulombic interactions
are important, this leads to a more complicated situation than often realised.
For instance: (a) the charge density of the surface may be more important
than the nature of the surface, (b) surfaces may change their surface charge
upon surfactant adsorption, (c) the salt concentration determines the
magnitude of the coulombic interaction and (d) specific interactions may
occur between the surfactant ion and its counter ion and between the surface
and its counter ion. A good understanding of these and the more common
factors affecting the amount adsorbed and the structure of the adsorbed layer
is important in optimising the use of surfactants.

Based on the experimental studies several models for the isotherm and
the adsorbed layer structure have been proposed. Most models have an ad hoc
character, i.e. a priori assumptions are made with respect to the structure of
the adsorbed layer. A review of extended Langmuir and Frumkin (Fowler-
Guggenheim) type models has been given by Koopal (39). Models not
mentioned in ref. 39 that also presume the structure of the adsorbed layer are
the bilayer model of Scamehorn et al. (15) and Mehrian et al. (25), the hemi-
micelle models of Chander et al. (12), Gu and co-workers (6,26,40,41) and
Lajtar et al. (42) and the model suggested by Narkiewicsz-Michalek et al. (43).
All these models cannot independently resolve questions about the structure
of the adsorbed layer, because the structure itself is characteristic for the
model. Yet, they may help to unravel the adsorption behaviour as a function
of the solution conditions.

Koopal et al. (8,18,19,44,45,46) have shown that with the self consistent
field lattice theory for association and adsorption (SCFA) there is no need to
make assumptions about the adsorbed layer structure. The SCFA theory can
be used to study micellization (47) or adsorption of surfactants
(8,18,19,44,45,46). For ionic surfactants near surfaces the equilibrium
distribution of segments in the direction perpendicular to the surface (1D-
SCFA) can be calculated. In the case of non ionic surfactants it is also possible
to consider local surface aggregates of which the structure follows from the
calculation (2D-SCFA) (44). For ionic surfactants with their electrostatic
interactions it is not yet possible to do this. In this case the theory can
therefore not give accurate insight in the surfactant concentrations at which
the local surface aggregates are formed. However, trends predicted with
respect to the surfactant orientation are relevant.
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Results obtained with the SCFA theory show that the shape of the
isotherms is quite complex, even if the surface is homogeneous. Therefore,
invoking heterogeneity as sole source to explain the complex shape of
surfactant isotherm, as is done by some authors (e.g., 15,16,21,43), is certainly
overestimating the role of surface heterogeneity. As soon as self-assembly of
surfactant molecules dominates the adsorption process surface heterogeneity
is of secondary importance. This is especially true for surfaces with a random
heterogeneity. On patchwise heterogeneous surfaces heterogeneity may be
important for adsorption at high electrolyte concentrations, but at low
electrolyte concentrations, when the characteristic dimension of a patch is
smaller than the Debye screening length, patchwise surfaces resemble
random surfaces (38) and the heterogeneity is relatively unimportant.

To review and further investigate surfactant adsorption the trends
observed in the isotherms calculated with the SCFA theory will be compared
with experimental results. Specifically the differences between surfactant
adsorption on silica and metal oxides, like Aly03, TiO; and Fe203, will be
critically examined. To this aim the adsorption of sodium nonyl benzene
sulfonate (SNBS) on rutile will be compared with that of dodecyl pyridinium
chloride (DPC) on Aerosil, a pyrogenic silica. Results for SNBS adsorption on
rutile are taken from previous work (18,19), those for DPC on silica are new. It
will be shown that both the surface type and salt concentration are very
important with respect to surfactant self-assembly at the surface. To
discriminate between different structures we will call aggregates of "head-on"
adsorbed molecules hemi-micelles and local bilayer structures ("head-on" +
"head-out" adsorbed molecules) ad-micelles.

Materials

Surfactants. Pure sodium para 3-nonyl benzene sulphonate (SNBS) and
dodecyl pyridinium chloride (DPC) are used as surfactants. The critical
micelle concentrations or cmc's of these surfactants in various NaCl solutions
are reported in (45) and in good agreement with existing literature values
(48,49).

Solids. Rutile (TiO,) with a BET surface area of 52 m2/g is used. The rutile is
synthesised according to the method described by Bérubé and De Bruyn (50).
Aerosil Ox-50 is a pyrogenic silica (SiO), obtained from Degussa, with a BET
area of 50 m2/g. Before use the silica is washed several times with pure water.
The surface charge of both rutile and Aerosil is characterised by means of
potentiometric titrations at different salt concentrations. For rutile the
charging behaviour is found to agree with previous measurements (51). The
point of zero charge (pzc) equals 5.8. The charge - pH curves of Aerosil Ox-50
reflect those of a "hard" surface SiO3 (52,53). The pzc is approached
asymptotically at low pH values and it may be assumed that at pH 3 the
surface charge is negligible.

Chemicals. All other chemicals used were of pro-analyse quality, and the
water was deionised and purified using an Elgastat UHP unit.
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Experimental Techniques

Surfactant Adsorption Isotherms. Adsorption isotherms were measured at
constant pH and ambient room temperature, 21°+1°C, using a depletion
method which has been described in detail elsewhere (18,45). The initial and
final pH values were matched by repeated additions of OH- or H* to restore
the pH to its initial value. UV spectrophotometry is used to determine the
surfactant concentration in the supernatant, and thus the amount adsorbed.

Surface Charge Adaptation. A method of following the response of the
surface charge on adsorption throughout the isotherm has been described by
Bohmer and Koopal (18). During the surfactant adsorption measurements the
number of moles of H* or OH" required to maintain the pH at its fixed level
are measured. The amount of OH- or H* added is a direct measure of the
change of surface charge per unit area due to surfactant adsorption. At each
point of the surfactant isotherm the surface charge of the mineral can now be
calculated from its value in the absence of surfactant, obtained by
potentiometric titration, and the surface charge adjustment at the given pH
and surfactant load.

SCFA Theory

Outline. A detailed account of the self-consistent field theory for adsorption
and association of surfactants and its extension with electrostatics can be
found elsewhere (8,18,19,46,54-57). The equilibrium distribution of segments
perpendicular to the surface is calculated by minimising the free energy of the
system (1D-SCFA). In the 1D-SCFA theory the molecules are placed in a
lattice that facilitates the counting of the conformations of the molecules. The
lattice consists of M lattice layers numbered z=1,.....,M parallel to the surface.
Layer z=1 is adjacent to the solid (layer z=0).

The surfactant is modelled as a chain of r segments and water and ions

as monomers. Every lattice site in the system is filled with one of these

segments or monomers. The conformational statistics of the chains are
calculated using the rotational isomeric state (RIS) scheme of Leermakers et
al. (54,55). The RIS scheme prevents conformations in which backfolding of
segments occurs and allows for an energetic distinction between trans and
gauche conformations in the chains. These restrictions are intended to give
the chain a realistic flexibility.

In the calculations the surfactant ion is assumed to be a linear A12B3
chain, viz. the tail section consists of 12 aliphatic A segments and the head
group of 3 hydrophilic B segments. The difference between CH; and CH3
segments is neglected. The head group segments each carry 1/3 of a unit of
charge, i.e. each head group (B3) is monovalent. In addition to the surfactant,
water and a fully dissociated monomeric salt CD is included: C defined as the
surfactant co-ion and D its counter ion.

For the electrostatic interactions, the charges are assumed to be located
on the mid-planes between lattice layers and the intervening space is free of
charge. Consequently two neighbouring planes can be treated as a charged
condensor and their potential difference can be calculated using basic
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electrostatics. The potential on the solid surface serves as a reference point for
the calculation of the electrostatic potentials (8,57).

The contact interactions between the various segments and between
segments and the surface are accounted for using Flory-Huggins %
parameters.

Choice of Parameters. For the lattice layer spacing, I, we take 0.31 nm, 12 is
the area and I3 the volume of a lattice cell. The present choice corresponds
with 55.5 moles of lattice sites per dm3 indicating that each of the lattice cells
has about the same size as a H,0 molecule or a CH3 segment. The dielectric
constants are taken as 2gg for the aliphatic A segments and 80¢g for the
remaining segments.

The yx parameters between the aliphatic A segments and the
hydrophilic segments, W, B, C, and D are taken as 2 reflecting the mutual
hydrophobic repulsion between the aliphatic segments and all other segment
types. A value of about 2 for yax (x= W, B, C, D) is required to correctly
predict the aliphatic chain length dependence of the cmc. The remaining
solution y parameters are set to zero unless specifically stated. Therefore
water, W, is a perfect solvent for B, C, and D. The latter species interact with
each other only through coulombic forces and differ only in their valency.
These conditions are comparable to those underlying the Gouy-Chapman
theory. The choice for ) equal to zero implies that the ions and ionic head
segments are not preferentially hydrated. The present values of the
parameters give for micelles of ionic surfactants a fair agreement between
calculated and measured aggregation numbers and cmc's as a function of
chain length and salt concentration (47).

The specific (non-coulombic) interactions of the segments with the
surface are also expressed as y parameters. Only one non-zero surface ¥
parameter is used, that between the surface and the head group segments, xps
=-10. This value of xps amounts to a Gibbs energy of adsorption (an exchange
quantity) of -2.5 kT per segment. The head group is therefore modelled as
having a strong specific interaction with the surface. That in general a fairly
strong non coulombic attraction exists between the ionic head group and an
oxide surface can be deduced from the surface charge adjustment that is
caused by the surfactant adsorption (see Figures 7 and 9). Although x As=0 the
tail segments have a weak attraction (-0.5 kT) for the surface due to the fact
that the number of unfavourable water/A contacts is diminished upon
adsorption.

To introduce a distinction between surface types calculations will be
presented for constant potential (variable charge) and constant charge
(variable potential) surfaces. Most crystalline metal oxide surfaces can be
considered as constant potential surfaces, amorphous SiO3 is neither constant
potential nor constant charge (39). In the constant potential case the surfactant
ion A17B3 is allowed to adsorb on an oppositely charged surface with a
surface potential of 1001 mV, unless stated otherwise. For a crystalline metal
oxide surface a surface potential of 1100| mV is attained at a pH slightly less
than 2 pH units from the pristine pzc of the oxide (39). In the constant charge
case a charge of 0.1 charges per lattice site is assumed. This value corresponds
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with a charge density of 0.17 C/m?2 and is about the same as the initial charge
of the constant potential surface.

Remarks. The choice of parameters intends to give a fairly realistic
representation of the system and yet not to overburden the calculation with
unnecessary detail. The aim is not to fit data, but to investigate the qualitative
effect that salt concentration and surface properties have on the isotherms
and related properties. The calculations are used to aid the interpretation and
understanding of effects observed in the experimental data. As mentioned
above the 1D-SCFA theory cannot give accurate insight in the concentration
at which local aggregates are formed nor about their size. This type of
information can only be obtained from measured isotherms (19) and/or
specific experiments (27-31). Nevertheless, the SCFA predictions made with
respect to the orientation of the surfactant molecules in the different regions
of the isotherm will represent the orientation of the surfactant molecules in
the centre of the local aggregates very well if the aggregates are not too small.

Theoretical Results: Constant Potential Surfaces

Adsorption Isotherms. Calculated adsorption isotherms for a surface
potential of 100 mV are given on log-log and lin-log scales in Figure 1 for
three salt concentrations. The adsorbed amount is expressed as nexc, the
excess number of surfactant molecules per surface site. On the horizontal axis
the total volume fraction is shown, below the cmc it is equal to the bulk
volume fraction and above the cmc it is the average volume fraction of free
surfactant and surfactant in micelles. The critical micelle volume fractions at
different salt concentrations have been calculated using a lattice of spherical
geomet_ll:z (8,47). )

e log-log isotherms are presented in Figure 1a, they emphasise the
lower part of the isotherms. The isotherms show four regimes. In region I the
slope is unity and the adsorption follows Henry's law. In region II theory
predicts a phase transition or condensation step caused by surfactant self-
assembly. The phase transition indicates that two coexisting phases are
present on the surface at a given bulk solution volume fraction. Region III has
a slope much smaller than region II, the coulombic attraction changes to a
coulombic repulsion. Region IV starts where a plateau is reached slightly
above the cmc.

The four regions can also be seen in the lin-log isotherms that show
more clearly the upper part of the isotherm, see Figure 1b. The plateau
adsorption increases only slightly with increasing salt concentration.

The adsorption isotherms as a function of salt concentration show a
common intersection point (cip). The cip marks the point where the salt effect
inverses, i.e. the point where the coulombic interactions vanish. As the
potential in the plane (or region) where the surfactant head groups adsorb is
zero, the adsorption does not depend on the salt concentration. Before the cip
coulombic attraction between surface and surfactant occurs and an increase of
the salt concentration increases the screening and thus decreases the
adsorption. Beyond the cip the coulombic repulsion between the surfactant
head groups dominates and salt addition has the opposite effect, a better
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Figure 1. Calculated adsorption isotherms for the model surfactant
A12B3 on a surface with a fixed potential of 100 mV at three salt (CD)
concentrations.

The following y parameters are used: Y AW=(AB=XAC=XAD=2, other y
parameters in solution are zero. The ), parameters for the interaction with
the surface are xBs=-10 and ¥ aAs=xcs=xps=0. The relative dielectric
constants are 80 for W, B, C and D and 2 for A; the lattice layer thickness
l equals 0.31 nm and the cross section of a site is /2. The cmc's are
indicated with a marker. Results are shown in a log-log plot, Figure 1a,
and in a lin-log plot, Figure 1b.
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screening enhances the adsorption. In the absence of specific interactions of
the salt ions with the other components the cip coincides with the overall iso
electric point (iep). This has been proven on a thermodynamic basis also (60).

Structure of the Adsorbed Layer. Segment volume fractions as a function of
the layer number z give information on the structure of the adsorbed layer.
Results for four surface coverages, corresponding with three regions (I, Il and
M) in the isotherm are shown in Figure 2 for a salt concentration of 0.01 M. In
the panels at the right the volume fractions are plotted on a logarithmic scale
to be able to show the surfactant co-ions and counter ions more clearly.

In region I (n®xc=0.01) the adsorbed molecules are fairly flat on the
surface, see Figure 2a. Besides the coulombic and specific interaction between
the head groups and surface the tails are squeezed out of the water because of
the high value for y aw. The surface charge is screened by both surfactant (B)
and salt ions. The head group segments are almost all located in the first
layer. The distribution of the CD ions is shown in the semi logarithmic plot.
The D ions are attracted by the surface charge, the C ions expelled.

At the end of region II (nexc=0.2, see Figure 2b) mainly a head-on
adsorbed monolayer is on the surface, the surface is hydrophobized by the A
segments, but some B segments appear at the solution side of the adsorbed
layer. The surface charge is almost completely neutralised by B segments in
layer 1. The profile of the surfactant counter ions C follows that of the B
segments. The D ions are excluded from the surfactant rich regions. Beyond
about layer 7 the C and D ions follow the diffuse layer pattern.

In region III (n®x<=0.3, see Figure 2c) the density of the head-on
adsorbed molecules still increases, but the main effect is that a second layer of
head-out adsorbed molecules is assembling on the first layer. In region III the
surface becomes gradually more hydrophilic until the cmc is reached (region
IV). In regions III and IV the segment distribution is basically the same.
Further adsorption leads to an increase in layer thickness with most of the
additionally adsorbing molecules in a head-out orientation. The head group
charges at the solution side are mainly compensated by accumulation of C
ions in between the head groups, the residual surfactant charge is
compensated by the ions in the diffuse layer in the solution. Some counter
ions C intercalate between the head groups at the surface side of the bilayer,
see the semi logarithmic part of Figure 2c. The D ions are excluded from the
surfactant layer, but the excluded amount hardly contributes to the charge
balance.

Near the cmce the hydrocarbon core of the adsorbed surfactant bilayer
separates two net uncharged parts of the system. On the surface side the sum
of the surface charge and the charge of the surfactant head groups B plus
some intercalated salt ions C equals zero and on the solution side the head
groups B, the C ions in between them and salt ions in the diffuse layer have a
total charge of zero. The head group segments at the solution side of the
adsorbed layer are distributed over about six lattice layers. This distribution
strongly resembles the distribution in the head group region of a micelle (47).
The fact that the head segments are not in the same plane makes it very
difficult for the D ions (surfactant co ions) to contribute to the charge balance.
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Figure 2. Calculated adsorbed layer structure for A12B3. Volume fraction
profiles of the A and B segments and the ions C and D near a surface of
constant potential of 1100/ mV in a 0.01 M CD solution are shown for
four values of nex< (panels a to d) The volume fractions of C and D are
sometimes too small to be seen in the normal plots, therefore at the right
results are replotted using a semi logarithmic scale. See Figure 1 for the
parameters, z is the layer number.
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Surface Charge Adaptation. As a constant potential surface is able to adjust
its charge upon surfactant adsorption this effect is also investigated. In Figure
3 the surface charge, expressed in number of charges per lattice site, 6pas/e,
and the adsorbed amount of surfactant, I's, are plotted as a function of the
volume fraction of surfactant for two different salt concentrations and three
values of the surface potential. Initially the surface charge adjusts strongly to
neutralise the adsorbed surfactant charge (the arrow marks the initial surface
charge). At higher coverages the adjustment of the surface charge levels off,
whereas the surfactant adsorption still increases considerably. The plateau
value of the surface charge decreases with decreasing surface potential. For a
given surface potential the plateau value of Gpas/e is mainly determined by
the surfactant adsorption and only weakly dependent on the salt
concentration. The small difference between the plateau values is due to the
fact that at high salt concentration more positive salt ions intercalate between
the head-on adsorbed surfactant molecules.

In general the calculations are in qualitative agreement with
experimental results (18,19,45,46). In the section "SNBS adsorption on rutile" a
more detailed comparison will be made.

Theoretical Results: Constant Charge Surfaces

Adsorption Isotherms. Figure 4 shows calculated adsorption isotherms of
A12B3 at three salt concentrations for a surface with a fixed charge of 0.1
charges per lattice site, panel a shows the double logarithmic plots, panel b
the semi-logarithmic isotherms. Similarly to Figure 1 the initial adsorption
decreases with increasing salt concentration, whereas at high adsorption this
effect is reversed. The distinction between the two regions is again marked by
a cip of the isotherms. Also in this case the log-log isotherms show about four
regions. In contra-distinction with the constant potential case the adsorption
isotherms at low salt concentrations show two steps, this is very clear in the
lin-log plot. Both steps are caused by surfactant self-association.

Region I is composed of a Henry region followed by a steep increase.
The steepness of this first step is depending on the surface charge and the
magnitude of xgs and y aw. For low charge densities and weak interactions
the slope will be more gradual. The first plateau corresponds with region II in
the log-log isotherm.

The cip and the first plateau in the adsorption isotherm exist at a
coverage of 0.1 molecule per surface site. This corresponds with the
neutralisation of the surface charge by surfactant. Unlike with the constant
potential surface the charge can not adapt to the situation and once the
surface charge has been compensated there is no electrostatic driving force for
surfactant adsorption anymore. Further adsorption may still occur because
the tail segments dislike the aqueous environment and they can reduce the
number of contacts with water by association with the adsorbed layer.
Moreover, the lead segments have a specific affinity for the surface. However,
at low salt concentration and adsorption values slightly larger than 6o/F an
electrostatic repulsion between the head groups occurs. This repulsion is so
strong that the adsorption hardly increases with increasing equilibrium
surfactant volume fraction. As a consequence the slope of region II in the log-
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Figure 3. Surface charge adjustment of a constant potential surface upon
surfactant adsorption. Both the adsorption of A12B3 and surface charge
(expressed in the same units) are plotted as function of the volume
fraction A12B3 in solution. The surface potential and the salt
concentration are indicated. See Figure 1. for parameters.
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Figure 4. Calculated adsorption isotherms for the model surfactant
A12B3 on a surface with a fixed charge of 0.1 charge per lattice site at
three salt (CD) concentrations. Results are shown in a log-log plot, panel
a, and in a lin-log plot, panel b. See for parameters Figure 1.
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log plot is smaller than that in region I. At about a factor of 10 before the cmc
region III starts (the second step in the isotherm) the adsorption increases
substantially and a bilayer is formed due to surfactant self-assembly.

At high salt concentrations (0.1 M) both the coulombic surface /
surfactant attraction and the surfactant / surfactant repulsion are much
weaker and the first and the second step in the isotherm are so close that the
two steps can hardly be distinguished.

Region IV starts, as before, when the cmc is reached. At high salt
concentration the adsorbed amount beyond the cmc is somewhat higher than
at low salt concentrations, see Figure 4b. The decreasing repulsion between
the head groups with increasing ionic strength causes more adsorption as
well as a lower cmc. The decrease of the cmc with increasing salt
concentration partly cancels the effect of the salt concentration on the
adsorbed amount so that the differences in the plateau of the isotherm are
relatively small.

The calculated isotherms are in fair agreement with those found for
surfactant adsorption on carbon black (61), biotite and fluorite (21),
polystyrene latex (62) and PTFE latex (63).

Structure of the Adsorbed Layer. Volume fractions of the different segments
or ions as a function of the layer number z are shown in Figure 5 for three
adsorbed amounts of surfactant and 0.001 M salt. To be able to see the profiles
of ions C and D more clearly the results are also plotted on a semi logarithmic
volume fraction scale. When the surface excess of surfactant is low (néxc =
0.006, Figure 5a) adsorption will make the surface somewhat hydrophobic.
The amount of head segments near the surface is still rather small. The
surface charge is mainly compensated by positive adsorption of ions D and
some negative adsorption of ions C.

At nexc = (.1, Figure 5b, the surface charge is exclusively compensated
by surfactant ions. Almost all surfactant molecules are head-on adsorbed and
they largely compensate the surface charge. A few surfactant molecules are
adsorbed with their head group towards the solution. As the surface charge is
balanced by the surfactant charge the volume fractions of C and D equal their
bulk values. The A segments accumulate at the solution side of the adsorbed
layer and the surface has become most strongly hydrophobic at the charge
neutralisation point.

At coverages above the cip (nexc = 0.3, Figure 5c) a surfactant bilayer is
present on the surface and the system becomes more hydrophilic again. In
general the bilayer is asymmetric; the head groups near the surface are
distributed over about two lattice layers, whereas at the solution side the
head group distribution is much wider. Moreover, the second step of the
isotherm is larger than the first one, but not all additionally adsorbing
surfactants orient with their hydrophilic heads to the solution side. At both
sides of the surfactant layer counter ions C accumulate between the head
group segments B. The surfactant co-ions D are excluded from the adsorbed
layer region. The dip in the A and B segment profiles near layer number 15
shows that also the surfactant ions are expelled from the diffuse layer.
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Nonyl Benzene Sulphonate Adsorption on Rutile

Adsorption Isotherms. In Figure 6 adsorption isotherms of SNBS on rutile at
pH 4.110.1 at three salt concentrations are shown as log-log (panel a) and lin-
log (panel b) plots. Similarly as in the theoretical isotherms four regions can
be distinguished in the double logarithmic plots. The initial part of the log-log
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Figure 5. Calculated adsorbed layer structure for A12B3 on a constant
charge surface. Volume fraction profiles of A, B, C and D near a surface
in a 0.001 M CD solution are shown at three values of the adsorbed
amount, n€xc, as indicated. The figures on the left hand side are lin-lin
plots, they match the semi logarithmic plots on the right hand side. See
Figure 1 for the parameters, z is the layer number.
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plots can be understood by considering the empirical proportionality I's~cg"
where n expresses the local co-operativity of the adsorption process. For n>1
a positive and for n<1 a negative co-operativity is observed, whereas the
Henry limit (ideality) gives n=1. In region I the coverage is too low for the
adsorbed molecules to interact with each other, the slope is about unity.

Mutual interaction starts in region II, where the coverage is still very
low: roughly between 0.03 and 3% of the maximum coverage. The transition
point between regions I and II is often called the critical hemi-micelle
concentration. A straight line with a slope of about four fits the data points in
region II, indicating a strongly positive co-operativity of the adsorption and
proof for surfactant self-assembly.

The slope in region III is considerably lower than that of region II and
it depends notably on the salt concentration. It is less than unity for low salt
concentrations and somewhat higher than unity for 0.1M salt. Salt addition
promotes the adsorption in region III by screening the head group repulsion.
The transition between regions II and III is more pronounced for low salt
concentrations, which also indicates that at low salt concentrations the
repulsion between head groups becomes important in region III. The cmc
marks the transition to region IV, where the plateau is reached.

The main difference between the experimental and calculated
isotherms is situated in region II. The calculations over-exaggerate region II
both with respect to range and steepness. This is due to the fact that in reality
molecules adsorb in local aggregates, whereas in the calculations 2D
condensation occurs in at least one entire lattice layer. Therefore 2D
condensation starts at relatively high coverage and proceeds till a dense
monolayer of surfactant has been formed. As the calculated range of region II
is too large, the slope of region III becomes relatively small compared with
experimental results.

An important similarity between calculated and measured isotherms is
the cip of the isotherms obtained at different salt concentrations and the
inversion of the salt effect.

In Figure 6b, the lin-log plot, the strong co-operativity present at the
low coverages is evident at low salt concentrations as a weak shoulder in the
isotherms. The lin-log isotherms show much better than the log-log isotherms
that the "bulk" of the adsorption occurs in region III. Also the existence and
the position of the (near) cip is clearly shown. The cip is located at I'=0.6
pmol/m?2 where the equilibrium concentration is about 0.6 mmol/dm3. It is
shown in ref. (18) that the cip corresponds to the iep. In agreement with the
theory the plateau values reached in region IV are about the same for the
different salt concentrations.

Surface Charge Adjustment and Layer Structure. To study the surface
charge adjustment experiments were done at pH 4, 5 and 6 and two salt
concentrations. In Figure 7 the adsorption of SNBS and surface charge are
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Figure 7. Experimental isotherms of SNBS adsorption and (absolute)
surface "charge" I'(0) (both in pmol/m?2) on rutile at three pH values and
two electrolyte concentrations as indicated in each panel.
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shown as function of the surfactant concentration. To facilitate the
comparison surface charge and adsorbed amount are both expressed in
umol/m2. That is, the surface "charge” is expressed as I0) =op/F.
Information about the structure of the adsorbed layer can be obtained by
comparing I'0) and I's. Head-on adsorption may either cause a new charge to
be formed at the surface to couter balance its own charge, or it may be
exchanged with an adsorbed ClI- ion. Head-out adsorption will not affect the
surface charge. Hence, as long as the surface charge adjusts to the surfactant
adsorption head-on adsorption occurs. The difference between I's and I'(0) is
due to head-out adsorption plus some head-on adsorption of molecules that
are accompanied by a counter ion. Therefore, head-out adsorption is about
proportional to I's-T(0) but not necessarily equal to this difference.

The proton uptake due to surfactant adsorption is the strongest at low
surfactant adsorption and low salt concentrations: with almost every
adsorbing surfactant molecule a proton is adsorbed, indicating that all
surfactant molecules will be adsorbed head-on. At higher salt concentrations
the initial slope is less, partly the surfactant ions cause proton adsorption,
partly a displacement of CI- ions at the surface by NBS- ions takes place. At
high adsorbed amounts the surface charge becomes almost independent of
the salt concentration: the surfactant is responsible for the screening of the
surface charge.

In general the proton adsorption tends to level off after the point
where the surface charge and the surfactant charge balance, the equivalence
point. This point corresponds for SNBS with the cip in the isotherms and with
the iep (18). The strong surface charge adjustment before the cip in
combination with the observed steep slope of region II of the isotherms
indicates that hemi-micelles are formed at the surface. Hemi-micelle
formation is promoted by the "flexibility" of the surface charge. Changes in
surface charge due to SNBS adsorption still occur beyond the cip. This
demonstrates that the head-on adsorption is not completed at the cip. The
substantial difference between I's and I'(0) beyond the cip indicates that a
large part of the additionally adsorbing molecules is oriented with its head
groups towards the solution: after the cip the formation of ad-micelles starts.
The rate of transition from hemi-micelles to ad-micelles depends strongly on
the salt concentration, the higher c; the sharper becomes the transition. At all
three pH values the SNBS adsorption around the cmc depends only weakly
on the salt concentration, increasing cs increases the adsorption somewhat
due to the better screening of the head group charges.

The effect of pH on the adsorption is also relatively weak in region IV
but present. The pH effect is most strongly observed at the initial part of the
isotherm (region I and II): the higher the pH the lower is the affinity of the
surfactant for the surface. At pH=6 the bare rutile surface has the same charge
sign as the surfactant. The specific affinity of the head group for the surface is,
however, sufficient to overcome the coulombic repulsion and the adsorption
induces a positive charge on the surface.

For a further discussion of surfactant adsorption on rutile or the metal
hydroxides in general we refer to refs. 18,19,45,46. In ref. 45 and 46 the
adsorption of SNBS on positive rutile is compared with that of DPC on
negative rutile and an extensive discussion is given on the adsorbed layer
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structure in each of the four regions of the isotherm. For the weakly adsorbing
DP+* ion the situation is considerably more complicated than for the strongly
adsorbing NBS- ion. However, the cip remains the transition point for hemi-
and ad-micelle formation.

Dodecyl Pyridinium Chloride Adsorption on Aerosil

Adsorption isotherms. The adsorption isotherms for DPC, measured at pH 9
and two salt concentrations are shown in Figure 8a as log-log plot and in
Figure 8b as lin-log plot. To make comparison with older results easy also a
lin-lin plot is included, Figure 8c. The isotherms at low and high salt
concentrations have different shapes. At low salt concentration the lin-lin plot
shows clearly a two step isotherm, but the "hesitation" in the adsorption is
also evident in the lin-log and log-log plot. The type of adsorption isotherm
shown in Figure 8c is usually observed for adsorption of cationic surfactants
on silica at low salt concentrations (2-6). At high salt concentration the
isotherm is of the S-type in all three plots.

At both low and high salt concentrations four regions may be
distinguished in the log-log plots. For low salt concentration the different
regions can also be observed in the other plots. The initial slope (region I) of
the DPC isotherms in the double logarithmic plot is equal to unity within
experimental error. In this region specific and coloumbic interactions between
charged surface groups and surfactant ions take place, but the adsorbed
molecules cannot interact with each other. In region II, the slope of isotherms,
measured at low salt concentration, is less than unity. This indicates that the
electrostatic repulsion between head groups is important and it demonstrates
that surfactant self-assembly does not occur! This behaviour deviates strongly
from that observed for adsorption on the crystalline metal oxides like rutile.
On silica surfactant molecules adsorb, at low salt concentration, without
appreciable lateral interaction up to the end of region II. The surfactant
concentration has to increase to about 0.1 of the cmc before the aggregation
starts and region III begins. Due to lateral hydrophobic attraction the slope of
the isotherm in region III is steeper than that in I

Increasing the salt concentration increases the slope of region II
considerably due to a better screening of head group repulsion. Consequently
head groups can be adsorbed relatively close together and surfactant self-
assembly occurs. The slope in region III depends only weakly on the salt
concentration. Consequently at high salt concentration this slope is smaller
than in region II, whereas at low salt concentration the situation is reversed.
The transition to region IV is observed at the cmc. An increase in the salt
concentration leads to a rise of the plateau value and small decrease of
concentration (cmc), where plateau is reached: diminishing the lateral
repulsion allows a closer packing of the molecules and/or a higher aggregate
density.

The isotherms show a cip in region II, the concentration at which the
intersection occurs, corresponds well with the point where the surfactant
charge and the surface charge balance, the equivalence point, see Figure 9.
The reasons for the cip are the same as those mentioned for SNBS adsorption
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Figure 8. Experimental isotherms of DPC on Aerosil Ox-50 at pH=9 and
two electrolyte concentrations as indicated. The data is shown on log-log

(a), lin-log (b) and lin-lin (c) scales.
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on rutile. The difference with the SNBS-rutile case is that the cip is located in
region II instead of in region III of the isotherm.

In general, the experimental isotherms, with their low slope in region II
for the low salt concentrations and the presence of the cip in this region,
resemble those of the calculated isotherms for a constant charge surface at
low and high salt concentration more closely than those of the constant
potential surface. The fact that the charging of silica differs from that of rutile
also follows from modeling studies on the charging behaviour of the solids
(39,58,59). Bohmer and Koopal (8) have suggested that silica could be
approximated as a constant charge surface. In the next section it will be
shown however, that the surface charge of silica adapts significantly to
surfactant adsorption. The correct conclusion is that silica is neither a constant
charge nor a constant potential surface but a "regulating” surface. This type of
surface charge behaviour can in principle also be described with the SCFA
theory, but at present such calculations are not yet made.

Surface Charge Adjustment and Adsorbed Layer Structure. The effect of
DPC adsorption on the surface charge of Aerosil at pH 9 is shown in Figure 9
for two salt concentrations (0.001 M and 0.1M). For the comparison the
surface "charge" (I'0)=6¢/F) and adsorbed amount of surfactant are both
expressed in pmol/m?2. The maximum change in surface charge occurs at low
surfactant and low salt concentrations, where the adsorption and surface
charge isotherms almost coincide. It means, that at low salt concentrations
with almost every adsorbing surfactant ion a proton is desorbed and
practically all adsorbed surfactant ions will adsorb head-on. After
compensation of the surface charge by surfactant (the equivalence point) the
surface charge continues to increase weakly whereas the surfactant
adsorption increases substantially. This indicates that locally adsorption of
surfactant in a second layer starts, i.e. with its head group directed to the
solution. The weak increase of I'(0) shows that some of the additionally
adsorbing molecules are still head-on adsorbed. On top of this some other
surfactant ions may adsorb head-on if they are accompanied with a counter
ion. In general, one may conclude that small ad-micelles are formed around
the initially head-on adsorbed (isolated) molecules. This representation of the
surface aggregate corresponds with that suggested by Zhu et al. (40,41).

At high salt concentration the changes in surface charge due to the
surfactant adsorption are much less, evidently DP+/Na+ exchange is
important. The high salt concentration screens the surface charge fairly well
and it is difficult for the surfactant to start its adsorption. Once the adsorption
starts it increases strongly over a rather small concentration range and a sharp
intersection point with the I'(0) isotherm is found. This equivalence point
corresponds with the cip of the DPC isotherms. Before the equivalence point
DP+ adsorption occurs by exchange of Na*, beyond the equivalence point the
adsorbing surfactant ions bring their "own" counter ions to compensate their
charge. The latter effect has been stressed before by Bijsterbosch (4). The super
equivalent adsorption indicates again ad-micelle formation. The effect of a
high salt concentration is twofold: (1) before the cip hemi-micelles are formed
(compare the steep slope of region II of the log-log isotherm) and (2) the
transition from head-on adsorbed molecules to ad-micelles becomes very

In Surfactant Adsorption and Surface Solubilization; Sharma, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Downloaded by NORTH CAROLINA STATE UNIV on October 13, 2012 | http://pubs.acs.org

Publication Date: May 5, 1996 | doi: 10.1021/bk-1995-0615.ch006

100 SURFACTANT ADSORPTION AND SURFACE SOLUBILIZATION

sharp. In summary, below the cip head-on adsorption occurs: at low salt
concentration as isolated molecules, at high salt concentration as hemi-
micelles, above the cip ad-micelle formation occurs at all salt concentrations.

Increasing the salt concentration increases the packing density of the
adsorbed surfactants, but the values of the I'(0) at the cmc hardly depend on
the salt concentration. This indicates that the bilayer becomes more
asymmetric and that around the cmc the screening of the surface charge is
almost entirely done by surfactant.

Conclusions

The SCFA isotherms for homogeneous surfaces resemble measured surfactant
adsorption isotherms with their four regions if plotted as log adsorption
versus log concentration. So far no other theory could do this unless ad hoc
assumptions were made about surface heterogeneity and the structure of the
adsorbed layer. Nevertheless for the constant potential surfaces a typical
difference appears with the experimental isotherms: region II is over
exaggerated. In practice local aggregates (hemi-micelles) are formed so that
region II will both start and end at lower surfactant concentrations than
predicted theoretically. The phase separation in the mean field approximation
is postponed and exaggerated as it can only occur in at least one entire lattice
layer.

Both SCFA theory and experiments show that the course of the
isotherms is dependent on the salt concentration and the charge
characteristics of the surface. Isotherms obtained at different salt
concentration show a common intersection point or cip. The cip marks the
point where the coulombic interaction vanishes and the surfactant orientation
of the newly adsorbing molecules changes form mainly "head-on" to
predominantly "head-out".

For constant potential (variable charge) surfaces, like the crystalline
metal oxides (39), the adsorption increases gradually at all salt concentrations.
The surface charge tends to follow the surfactant adsorption up to the cip.
New charges at the surface are created in the vicinity of the sites that are
already occupied with head-on adsorbed surfactant molecules. As a result
hemi-micelle formation is promoted. Beyond the cip the head-on adsorption
still increases somewhat, but most of the newly adsorbed surfactant is
adsorbing head-out and ad-micelles are formed.

For constant charge (variable potential) surfaces and at low ionic
strength the calculated isotherm shows an adsorption "plateau” at an
adsorption level corresponding to the surface charge density. Approaching
concentrations close to the cmc the adsorption increases again and reaches a
final plateau value at the cmc. At high salt concentration this "hesitation” in
the isotherm disappears. The reason for the hesitation is the coulombic
repulsion between the surfactant head groups, this repulsion is minimised at
high salt concentration. Isotherms on silica resemble this behaviour, yet silica
is not a constant charge surface. Measurements show that at low salt
concentration the surface charge of silica increases significantly due to
surfactant adsorption. In the case of silica this charge adjustment does not
promote hemi-micelle formation, at low salt concentration isolated head-on

In Surfactant Adsorption and Surface Solubilization; Sharma, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Downloaded by NORTH CAROLINA STATE UNIV on October 13, 2012 | http://pubs.acs.org

Publication Date: May 5, 1996 | doi: 10.1021/bk-1995-0615.ch006

6. KOOPAL & GOLOUB  Ionic Surfactants Adsorbed on Mineral Oxides 101

adsorbed molecules are present on the surface. Apparently the new charges at
the silica surface cannot be created in the near vicinity of the charged sites
occupied with a head-on adsorbed surfactant molecule. In this respect the
silica surface is much less "flexible" than that of the crystalline metal oxides.
Further arguments for this difference in behaviour can be found in refs. 39, 58
and 59. At high salt concentration the charge adjustment is much smaller, but
in this case the initial surface charge is larger and the head group repulsion is
smaller than at low salt concentration. As a result hemi-micelles are formed
before the cip. After passing the cip ad-micelles are formed both at low and
high salt concentrations. The size of the ad-micelles is however determined by
the salt concentration: at low concentration the ad-micelles are significantly
smaller than at high concentration.

The surfactant orientations in the adsorbed layer as deducted from the
present analysis relate very well to experimentally observed maximums in
hydrophobicity (14,64-66) and flotation recovery (67,68) of particles as a
function of surfactant concentration: at low adsorbed amounts the particles
are hydrophobized, whereas at high adsorbed amounts the presence of head
groups at the solution side make the particles more hydrophilic again. The
results also indicate that around the cip the colloidal stability will be at its
minimum, not only because the particles plus adsorbed layer are uncharged,
but also because the particles are hydrophobized.

In general we conclude that although the 1D-SCFA theory is not
perfect, it definitely is of use in helping to understand surfactant adsorption
and to design experiments to gain further insight in the adsorption behaviour.
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Chapter 7

Spectroscopic Characterization of Surfactant
and Polymer Solloids at Solid—Liquid
Interfaces

P. Somasundaran, S. Krishnakumar, and Joy T. Kunjappu

Langmuir Center for Colloids and Interfaces, Henry Krumb School
of Mines, Columbia University, New York, NY 10027

Adsorbed surfactant and polymer layers play a major role in several key
industrial operations such as flocculation/dispersion,ceramic processing,
lubrication flotation and detergency. Much work has been done to
understand the physico-chemical interactions that govern the formation
of colloidal layers adsorbed on surfaces (solloids). The structure of
these layers plays a critical role in determining interfacial properties and
information on such structures, particularly at microscopic and
molecular levels , can be helpful for controlling the behavior of the
systems. We have recently adapted fluorescence, electron spin
resonance, Fourier transform infrared, and excited-state resonance
Raman spectroscopic techniques to obtain information on
microstructure of adsorbed layers on a molecular level. In-situ
characterization techniques that have been used recently for examining
the adsorbed layers at the solid-liquid interface are reviewed here.
Effects of surfactant and polymer structure, pH, and their synergistic
effects on the evolution and properties of the adsorbed layer are
discussed.

Adsorption of surfactants and polymers at the solid-liquid interface is a key
phenomena in many important processes such as flocculation, flotation, dispersion,
and stabilization (7). These applications are a sequel to the modification of the solid
surface by the adsorbates in terms of the electrical and allied processes. Optimum
performance of these processes is possible by a detailed understanding of the
adsorbates at the solid-liquid interface and the related structure-performance
relationship of these species.

In this article, we discuss some of the advanced techniques and methodologies
that we have used recently for investigating the microstructure of the adsorbed
monomeric and polymeric aggregates at the solid-liquid interface, which are known
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as solloids (surface colloids). We have investigated the complex dependence of the
adsorbed layer structures on the processes of dispersion, flocculation and flotation.
We have used mainly the techniques of fluorescence emission, electron spin resonance,
Fourier transform infrared, and excited state Raman spectroscopy to delineate the
microstructure of the adsorbed layers of surfactant and polymeric aggregates.

We first give a description of the basic principles of the above spectroscopic
techniques as used in our studies. This description is followed by a discussion of the
individual systems comprising of surfactants, polymers, mixed surfactants and
surfactant-polymer aggregates at various solid-solution interfaces. These interfaces
include alumina and silica in aqueous and non-aqueous media.

Techniques

Fluorescence Spectroscopy. Fluorescence emission is the radiative emission of light
by an excited molecule returning to its ground state energy level. This phenomenon
bears a wealth of information on the environment of the light absorbing species and has
been exploited for a long time for exploring the solution behavior of surfactants.
Parameters of fundamental importance in fluorescence emission are 1) emission
maximum (wavelength of maximum intensity), 2) quantum yield of fluorescence
(emission efficiency measured as intensity) and 3) fluorescence life-time (time taken by
the excited state to decay to 1/e of its initial value).

The fluorescence measurements are generally carried out by a steady state
fluorescence spectrofluorometer and lifetime of fluorescence by time resolved
fluorescence lifetime instrument (2). The dependence of fluorescence intensity and life-
time on the physicochemical environment of the fluorescing molecule has been well
documented (3). Such data for micellar photochemistry has been used to understand
the microenvironment within micelles (4). We have recently adapted this technique as
a tool to investigate the adsorbed layer structures of surfactants on solids to obtain
information on the micropolarity, microviscosity of the probe environment and the
aggregation number of the surfactant adsorbed at the interface. To determine the
micropolarity, a fluorescent molecule like pyrene, which possesses a highly structured
fluorescence spectrum whose vibrational lines are susceptible to intensity fluctuations
brought on by polarity changes of the medium, is used. This empirical knowledge has
been found to be of universal applicability and used widely to investigate the
micropolarity of micelles. A properly resolved fluorescence spectrum of pyrene in fluids
exhibits five vibronic bands in the region from 370 to 400 nm. The intensities of the first
(1,) and the third (I;) are found to be particularly sensitive to the changes in the probe
environment. The ratio of these peaks (I,/I,), sometimes referred to as the polarity
parameter, changes from ~ 0.6 in water to a value greater than unity in hydrocarbon
media.

The dynamics of fluorescence emission of pyrene has been previously studied
in homogeneous and micellar solutions using time resolved fluorescence spectrometry
(5). While the decay kinetics of monomer and excimer emission may be derived directly
for a homogeneous solution (continuous medium), statistical methods are to be applied
to arrive at similar kinetics in aggregated micellar ensembles. This stems from a need
to recognize the possibility of random multiple occupancy of the probe in the
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aggregates which affects the excimer forming probability within the aggregate. If the
micellar system is viewed as a group of individual micelles with n probes, P, the
average number of probes per micelle, may be related to n, by Poisson statistics through
the relation

P, = n"exp(-n)/n! 1)

This model yields the following relation for the time dependence of monomer
emission

Ly = Lnpoi€Xp [-k.t + n(exp (-kt)-1)] 2)

where k, is the reciprocal lifetime of excited pyrene in the absence of excimer
formation, k, is the intra micellar encounter frequency of pyrene in excited and ground
states, and I, and L, represent the intensity of monomer emissions at time zero and
time t respectively. Knowing n, one can calculate aggregation number N using the
expression

n=[P)/[Agg] = [P] N/ ([S] - [S,)) (€))

where [P] is the total pyrene concentration, [Agg] is the concentration of the
aggregates and [S] - [S,] is the concentration of the adsorbed surfactant.

Electron Spin Resonance Spectroscopy (ESR). Molecular species with a free
electron possesses intrinsic angular momentum (spin), which in an external magnetic
field undergoes Zeeman splitting. For a system with S=1/2, two Zeeman energy levels
are possible whose energy gap (A E) is given by

AE = hv =gBH, @)

where v is the frequency of the electromagnetic radiation corresponding to AE, g is a
proportionality constant, B is the Bohr magneton (natural unit of the magnetic moment
of the electron), and H,, is the applied magnetic field.

The magnetic moment of the free electron is susceptible also to the secondary
magnetic moments of the nuclei and thus the Zeeman splitting will be superimposed by
the hyperfine splitting which brings about further splitting of the absorption signal. The
hyperfine splitting pattern depends on the spins and the actual number of the
neighboring nuclei with spins. If the electron is in the field of a proton (s=1/2, where
s is the spin quantum number) then the ESR spectrum would yield two lines of equal
intensity and similar interaction with a nucleus, as in nitrogen (s=1), would produce a
triplet of equal intensity. The line shapes of ESR signals are subject to various
relaxation processes (spin lattice and spin-spin relaxations) occurring within the spin
system as well as anisotropic effects due to the differentially oriented paramagnetic
centers being acted upon by an external magnetic field (6). These effects result in a
broadening of the absorption lines. Three types of ESR studies can be applied to probe
surfactant microstructures - spin probing, spin labeling and spin trapping (7). In the
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spin-probing technique, a molecule with a spin is externally added to the system,
whereas in spin labeling a spin bearing moiety forms a part of the molecule through
covalent bonding. The spin trapping technique is mainly used for the identification of
radicals produced thermally, photochemically or radiolytically by trapping the radical
through chemical reactions with a spin trap (like butyl nitroxide) and converting the
radical to a free radical which can be examined by ESR. This technique has been used
widely to study micellization of different surfactants in both aqueous and non-aqueous
media (8),(9),(10). This has also been used to study the exchange kinetics and
solubilization sites in water-in-oil microemulsions (7) . ESR studies as applied to
micellar systems rely on the sensitivity of a free radical probe to respond to its
microenvironment.

Information on micropolarity and microviscosity can be obtained by measuring
the hyperfine splitting constant A,; and the rotational correlation time t. The latter is
the time required for a complete rotation of the nitroxide radical about its axis. Its
value can be defined as the time required for the nitroxide to rotate through an angle
of one radian. The rotational correlation time (t) measured from the ESR spectrum is
reflective of the probe mobility and can be used to monitor the changes in
microviscosity of the adsorbed layer brought about as a result of adsorption followed
by close packing of molecules in the adsorbed layer. The hyperfine splitting constant
(Ap) that can also be measured from the spectrum, changes as a function of the
environment polarity and hence yields information on the formation of different
microdomains at the interface as a result of adsorption. In the case of slow anisotropic
motion the observed changes in the spectrum can be quantified by using the concept of
order parameter S which can be calculated from the spectrum using the following
equation

5. 166 Arimear)

.66 wher - (1.45-0. A 5
424 (measyC) e C - (1.45-0.019(4,-4 (meas))) gauss o)

and A4, and A, are the hyperfine splittings measured from the spectra. The order
parameter is usually a parameter of molecular motion and varies between 0 (low order)
and 1(high order).

Infrared Spectroscopy (IR). The vibrational frequencies of bonds in a molecule
correspond to the infrared region of the electromagnetic spectrum. Different groups
in a molecule possess characteristic absorption frequencies which serve as their
identification marks. Moreover, these frequencies are related to the bond strength,
bond energy and other related parameters. In the case of a diatomic molecule, the
stretching frequecy v is expressed as,

v=1/2m) vV (Kp) (6)

where £ is the force constant, c the velocity of light, and 4, the reduced mass which is
equal to(m,+m,)/m;m,, m, and m, being the masses of the atoms forming the bond (12).
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A prerequisite for the absorption of infrared radiation by a molecule is that the
concerned vibration should cause a change in its dipole moment. Both the stretching
and bending vibrations are useful for the identification of the bonding characteristics.
The frequency positions and the frequency intensities help in the qualitative detection
and the quantitative estimation respectively.

The common IR sampling methods such as KBr pelletting, nujol mulling, etc.
cannot be applied to an aqueous environment. The analysis of solid samples has been
accelerated by the use of attenuated total reflectance technique (ATR). In this mode,
the powdered sample or the slurry is smeared on an internal reflection element (IRE).
The evanescent field of the IR light undergoing multiple internal reflections samples the
material adhering onto the IRE and gets attenuated collecting information on the
vibrational aspects of the material. Equations are available which relate the adsorption
density (I') of surfactants quantitatively to the parameters of IRE and IR light
exemplified as follows (13),

T = [{A/(VcotB) - €C,d,}] / 1000€ (2d/d,) ™

where A = integrated absorbance (cm™), | = IRE length, t = IRE thickness, € = molar
absorptivity of surfactant (I/(cm” mol)), C, = surfactant bulk concentration (mol/l), d,
= depth of penetration, d, = effective depth, and 6 = incident angle of light on IRE
(degrees).

Raman Spectroscopy. Raman spectroscopy is essentially a scattering technique
giving information on the vibrational modes of a molecule. Those vibrations causing a
polarizability change of a molecule are Raman active. Raman spectroscopy has an
edge over infrared spectroscopy since it is ideal in an aqueous environment and
versatile in its ease of sample handling.

The Raman process (inelastic scattering) is inherently weak in sensitivity due
to its low cross section (~10°). An inelastic impact of the molecule with the light
quantum results in transferring the vibrational energy from the light quantum to the
molecule (Stokes process) or from the molecule to the light quantum (anti-Stokes
process). The electric field of the light induces in the molecule a dipole moment p'
which is related to the field strength £ and polarizability o of the molecule according
to the equation

W=akE ®)

The directional dependence of the polarizability is described by a tensor which
becomes symmetrical for a non-chiral molecule. Quantum mechanical treatment
provides a good estimate of the intensities of the Stokes and anti-Stokes lines, though
the classical picture does not provide a resonable estimate.

The earlier Raman studies have been carried out under continuous wave light.
With the advent of lasers, both continuous wave and pulsed lasers are used for
collecting Raman spectra. To enhance the intensity of Raman lines, the excitation can
be localized to a narrow absorption band (Resonance Raman Scattering). The intensity
problem is overcome in a few cases by the Surface Enhanced Raman Spectroscopy
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(SERS). Another approach to circumvent this problem involves the use of Excited
State Resonance Raman Spectroscopy in which the scattering property of a molecule
in the excited state is utilized. The excited state produced by a laser pulse is scattered
by the same pulse or another pulse in a one-color or two-color laser pump-probe
experiment (/4). The potential of this process to study interfacial phenomena is
discussed in this account.

Surfactant/Solid Systems

Adsorption of Sodium Dodecyl Sulfate on Alumina. The adsorption of sodium
dodecyl sulfate on alumina from aqueous solutions has been studied extensively and
used as a model system here to illustrate the different stages in the mechanisms of
adsorption of an ionic surfactant on a charged solid. A systematic analysis of such an
isotherm was first done by one of us in 1964 (15) and is referred to as the S-F isotherm
(16). A typical example of an S-F isotherm is shown in Figure 1, where the adsorption
of SDS on alumina at pH 6.5 under constant ionic strengh conditions is shown. This
isotherm is divided into four regions. Mechanistically, these regions may be viewed as
follows.

-Region I which has a slope of unity under constant ionic strength conditions results
from the electrostatic interactions between the ionic surfactant species and the
oppositely charged solid surface.

-Region II is marked by a conspicuous increase in adsorption which is attributed to the
onset of surfactant aggregation at the surface through lateral interactions between
hydrocarbon chains. The aggregates formed on the surface, in general, between
surfactant and/or polymer species are referred to as solloids (surface colloids)(77). In
the case of simple ionic surfactants it has also been called hemi-micelles, admicelles,
surface micelles and surfactant self assemblies.(18),(19),(16)

-Region III shows a decrease in the slope of the isotherm and this is ascribed to the
increasing electrostatic hindrance to the surfactant adsorption following interfacial
charge reversal caused by the adsorption of the charged species. In Region III and
beyond, both the adsorbent species and the adsorbate are similarly charged.

-Region IV and the plateau in it correspond to the maximum surface coverage as
controlled by the micelle formation in the bulk or monolayer coverage whichever is
attained at the lowest surfactant concentration; further increase in surfactant
concentration does not alter the adsorption density.

The application of spectroscopic techniques to study these systems gives a
better insight into the internal structure of Al,0,/SDS solloid system. I,/I, values for
pyrene were determined using fluorescence spectroscopy for alumina/sodium
dodecylsulfate/water systems for various regions of the adsorption isotherm (20).
Figure 2 indicates an abrupt change in local polarity of the probe from an aqueous
environment to a relatively non-polar micelle type environment as the SDS adsorbs on
to the alumina surface. It is to be noted that this abrupt change occurs in a region that
is well below the critical micelle concentration (CMC) and coincides approximately
with the transition in the adsorption isotherm from Region I to Region II. In the
plateau region Iy/I, value coincides with the maximum value for SDS micellar solutions
indicating completion of aggregation on the surface. It can also be seen that the polarity
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Figure 1. Adsorption isotherm of sodium dodecylsulfate (SDS) on alumina at
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(SDS) in alumina slurries. (Reproduced with permission from ref. 20.
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parameter is fairly constant throughout most of the Region III and above and hence
seems to be independent of the surface coverage.

Information on microviscosity of the adsorbed layer is obtained by studying the
excimer (excited dimer) forming capabilities of suitable fluorescent molecules like 1,3-
dinaphthyl propane. The excimer, which is a complex of a ground state and an excited
state monomer, has a characteristic emission frequency. The intramolecular excimer
formation is a sensitive function of the microviscosity of its local environment. This
property, expressed as the ratio of the monomer to excimer yield (L/I) for 1,3-
dinaphthyl propane, is determined (Figure 3) for the solution and for the adsorbed layer
for the various regions of the adsorption isotherm (21). These are then compared to
the /I, values of DNP in mixtures of ethanol and glycerol of known viscosities. Based
on the I/I, values of DNP for ethanol-glycerol mixtures, a microviscosity value of
about 100 cP is obtained for the adsorbed layer compared to a value of 8 cP for
micelles. A higher value of microviscosity in the solloid as reported by DNP is
indicative of a highly condensed surfactant assembly.

A kinetic analysis based on the relation of the decay profiles of pyrene in the
adsorbed layer for different regions of the alumina/dodecylsulfate adsorption isotherm
yielded the aggregation numbers marked in Figure 4 for dodecyl sulfate solloids (20).
These results yield a picture of the evolution of the adsorbed layer. The aggregates in
Region II appear to be of relatively uniform size while in Region IHI there is a marked
growth in the aggregate size. In Region I, the surface is not fully covered and some
positive sites are still available for further adsorption. Since the aggregation number is
fairly constant in Region I, further adsorption in this region can be considered to occur
by the formation of more aggregates but of the same size. The transition from Region
II to I1I corresponds to the isoelectric point of the solid, and adsorption in region III
is proposed to occur through the growth of existing aggregates rather than the
formation of new ones due to lack of positive adsorption sites. This is possible by the
hydrophobic interaction between the hydrocarbon tails of the already adsorbed
surfactant molecules and the adsorbing ones. The new molecules adsorbing at the solid-
liquid interface can be expected to orient with their ionic heads towards the water, as
supported by the hydrophobicity studies(22), since the solid particles possess a net
negative charge under these conditions. A schematic representation of the adsorption
by lateral interactions is given in Figure 5.

These studies were complemeted by using ESR to further investigate changes
in microviscosity within the adsorbed layer using three isomeric stable free radicals 5-,
12- and 16- doxyl stearic acids as the spin labels. These spin labels were co-adsorbed
individually on the alumina along with the main adsorbate, sodium dodecylsulfate, and
the main regions of the isotherm were investigated. The hyperfine splitting constants
of 16-doxyl stearic acid measured in dodecyl sulfate solloids (15.0G) are indicative of
a less polar environment in comparison to its value for water (16.0G) and SDS micelles
(15.6G). Similarly microviscosities were estimated from © measurements and calibrated
against T measured in ethanol-glycerol mixtures (Figure 6). These give reasonably high
values for the solloids in reference to the values for water. Three different
microviscosities were obtained using different probes indicating that the nitroxide
group in each case experienced a different viscosity within the solloid. These
observations may be explained by assuming a model for the adsorption of the probe in
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SDS-alumina slurries as a function of SDS adsorption density. The viscosities
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DNP. (Reproduced with permission from ref. 20. Copyright 1987, Academic
Press)
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which the carboxylate group is bound to the alumina surface. Such a model would
require greater mobility of the nitroxide moiety near the SDS/H,O interface (as in the
16-doxyl stearic acid case) and less mobility of the 12-doxyl and S-doxyl probes
(23),(24). This work is the first reported indication of variations in microviscosity
within a surfactant solloid as estimated by any known technique.

The alumina/dodecylsulfate system has also been probed by excited state
resonance Raman Spectroscopy using Tris(2,2"-bipyridyl) ruthenium (II) chloride
[Ru(bpy),>'] as a reporter molecule(25). It has been shown that ruthenium polypyridyl
complexes serve as excellent photophysical probes for biopolymers like nucleic acids.
The excited state of Ru(bpy),** shows strong resonance enhanced Raman transitions
when probed at 355 nm. Furthermore, it has been shown that binding of this ion to clay
particles results in substantial changes in the ground-state transitions of the excited
state-resonance Raman spectrum. For these reasons this probe was chosen to study the
solloids formed at the alumina-water interface with excited-state resonance Raman
spectroscopy. The third harmonic of a Nd-YAG laser excited and scattered the
Ru(bpy),** molecules at a pulse energy of 5 mJ, pulse width of 6 ns, and a wavelength
of 354.5 nm. The excited state Raman spectrum of Ru(bpy),**consisting of 14 lines (7
lines each from the ground and the excited states) was calibrated using an authentic
spectrum.

Raman spectra of Ru(bpy),** above the CMC show frequency shifts as well as
intensity changes as compared to its spectrum in water. These transitions can be
attributed to the perturbation of the excited state by the SDS micelles. Excited state
resonance Raman spectrum of this probe in various regions of adsorption isotherm for
the alumina/SDS system is shown in Figure 7. The spectrum of Ru(bpy);>* on alumina
in the absence of SDS is very much similar to its spectrum in water both in terms of
frequencies and relative intensities. This trend is continued into region II, where the
solloid aggregation process begins. In regions III and IV, the Raman spectrum shows
significant changes. The frequency shifts are more pronounced than in the case of
micelles. A plot of change in wave numbers for some of the lines in the four different
regions of the adsorption isotherm is shown in Figure 8. The changes in Raman
frequency and intensity assume substantial significance in the transition regions II and
IIT onwards only. This could be due to the change of net charge on the alumina surface
from positive to negative. The favorable net negative charge enhances the adsorption
of the probe at the solid-liquid interface. Accordingly, no adsorption of Ru(bpy);>* was
observed when the supernatants were analyzed in Region I and Region II or in the
absence of SDS. These results indicate that adsorption of Ru(bpy);>* onto alumina
becomes significant only close to the isoelectric point. The transitions at 1213, 1286
and 1428 cm show significant increments and these trends clearly suggest the probe
adsorption on to the solloids. Also it was seen that the 1286 peak shifted to 1281 in
the presence of solloids while it was practically unchanged in the sodium dodecylsulfate
micelles. It may be speculated that Ru(bpy),’* may be sensing different environments
within the SDS micelles and the alumina/SDS solloids. Implicit in these results is also
the potential of the time resolved Raman spectroscopy as a powerful diagnostic tool to
explore the solid - liquid interface.
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Figure 7. Resonance Raman spectrum of Ru(bpy)
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Isomeric Surfactants at an Interface (26). Studies of changes in the position of the
sulfonate and the methyl groups on the aromatic ring of alkylxylenesulfonate showed
a marked effect of such changes on the micellization and adsorption at the
alumina/water interface. Fluorescence spectroscopy was used to probe the
microstructure of the adsorbed layers in these systems. Adsorption isotherms for 4-(4-
undecyl)-2,6-dimethylbenzenesulfonate (Para-1), 4-(4-undecyl)-2,5-dimethylbenzene
sulfonate (Para-2) and 5-(4-undecyl)-2,4-dimethylbenzenesulfonate (Meta) on alumina
from water and the I,/I, values along various regions of the isotherm are shown in
Figure 9 and 10 respectively. At low adsorption densities the value of the polarity
parameter , I/I, , is ~ 0.6 and once the solloids form the value goes up to about 1. It
can also be seen that there is no measurable difference among the polarities of the
adsorbed layers of the three surfactants indicating that these layers in all three cases are
structurally similar with minimum water penetration. Average aggregation numbers
(determined using fluorescence decay) of the solloids increase from 17 to 76 with
increase in adsorption in all the three cases (Figure 11). The aggregation numbers of
the two paraxylene sulfonates are similar throughout the range studied. However, at
higher adsorption densities, the aggregation number of the metaxylenesulfonate is lower
than those of the paraxylenesulfonates. This suggests higher steric hindrance to the
packing of the surfactant molecules in the solloids of the metaxylenesulfonate. Based
on this evidence, the effect of change of functional groups on the aromatic ring of the
alkylxylenesulfonates on adsorption can be attributed to the steric constraints to the
packing of surfactant molecules in their aggregates.

Conformation of Aerosol-OT at Alumina-Cyclohexane Interface (27),(28).
Colloidal dispersions in non-aqueous media have a number of technological
applications, but water is present in most of these cases and plays a major role in
determining the dispersion behavior. The adsorption of Aerosol-OT , sodium bis(2-
ethylhexyl) sulfosuccinate, on alumina was investigated using Infrared spectroscopy
(29). Figure 12 shows the IR spectrum of AOT adsorbed on alumina in cyclohexane
along with the spectra for alumina and AOT. The spectrum does not show any new
absorption bands or shifts in the existing bands on alumina or AOT due to the
adsorption. This suggests that the adsorption proceeds via weak physical interaction.
The effect of water on the stability of a colloidal suspension of alumina in cyclohexane
in the presence of surfactant, Aerosol-OT is shown in Figure 13. A succession of
flocculated, dispersed and flocculated states are observed as the amount of water added
to the suspensions is increased. ESR studies were conducted using 7-doxyl stearic acid
as a probe to get structural information on the adsorbed layer.

Figure 14 shows some of the spectra obtained at different water concentrations
with 7-doxyl stearic acid coadsorbed with a full monolayer of Aerosol-OT on the
alumina surface. The changes observed in the ESR line shape correspond to an increase
in the probe mobility consistent with a decrease in the ordering of the probe
environment. The calculated order parameter (eqn. 5) plotted as a function of water
concentration is shown in Figure 15. It can be seen that as more water is added to the
suspension the order parameter decreased until it reached a constant value of 0.75.
These results are interpreted in terms of an increase in the probe lateral diffusion within
the adsorbed surfactant layer. Such an increase in the probe lateral diffusion is realistic,
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Figure 12. Infrared spectrum of (a) pure alumina (b) pure AOT and (c) AOT
adsorbed on alumina. (Adapted from ref. 29)
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spectra of 7-doxyl stearic acid coadsorbed with Aerosol OT at the
alumina/cyclohexane interface.(Adapted from ref. 28)

In Surfactant Adsorption and Surface Solubilization; Sharma, R.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: May 5, 1996 | doi: 10.1021/bk-1995-0615.ch007

Downloaded by UNIV MASSACHUSETTS AMHERST on October 14, 2012 | http://pubs.acs.org

7. SOMASUNDARAN ET AL.  Surfactant and Polymer Solloids 125

considering the structural reorganization of the complex adsorbed layer when water is
present at the interface. At low water concentrations, water molecules bind the
carboxylic groups of the stearic acid molecules and the polar groups of Aerosol OT,
directly to the hydroxyl groups of the alumina surface. This binding limits the ability of
the probe to move within the adsorbed layer and is consistent with a model of localized
adsorption where the adsorbed molecules have limited degrees of freedom. As the
water adsorption density increases, the carboxylic groups of the probe molecules
interact with water molecules not bound directly to the hydroxyl groups of the mineral
surface. Similar interactions between the polar groups of Aerosol OT and water
molecules are most likely, as a result of which the adsorbed layer can become loosely
bound to the mineral surface. The molecular diffusion limited by the binding of the
surfactant molecules at low water concentrations thus increases markedly as water
adsorbs on particles.

Oleate on Dolomite and Francolite. FTIR spectroscopy in the ATR mode has been
employed to investigate the surface precipitation phenomenon during the adsorption
of oleate on Francolite and Dolomite. Near total flotation of the individual minerals
could be achieved with oleate collector, a reagent used to induce surface
hydrophobicity. Based on that, the flotation of binary mixtures attempted under
restricted conditions of pH deemed to provide excellent selectivity based on the data
for individual minerals. It was conjectured that the loss in selectivity of flotation of the
above mixed minerals could be due to the alteration of the surface properties of the
minerals due to the interactions between dissolved mineral species and the oleate
resulting in surface and bulk precipitation. An FTIR experiment was performed in a
Harrick's ATR liquid prism assembly with dolomite/oleate system. Dolomite shows a
strong C=O stretching frequency of the carbonate group at 1488 cm™. Figure 16 shows
the FTIR spectra of dolomite mixed with oleate at various concentrations of the latter.
The dolomite peak is seen to diminish with increasing oleate concentration and a new
peak characteristic of the oleate appears at a lower frequency. The decrease in the
dolomite peak is attributed to direct oleate adsorption, formation of Ca and Mg oleate
precipitates on the mineral surface and/or to the masking of carbonate groups on the
mineral surface. This observation was in agreement with the results from depletion
isotherms of the oleate and the dependence on the concentrations of the dissolved Ca®*
and Mg”" species at the interface and in solution (30).

Mixed Surfactants on Alumina. Most of the practical situations related to industrial
processes such as enhanced oil recovery deal with mixed surfactant systems (31)
arising either as contaminants or as deliberately added components to tune the surface
properties. Mixed surfactants are considerably less expensive and readily available than
pure components. Moreover, in mixed systems comprising ionic and non-ionic
surfactants, the problem of precipitation is abated and greater salt tolerance is achieved.

While the solution properties of mixed surfactant systems have been addressed
recently (32), the nature of aggregation of mixed suractants on solids has been only
scantly investigated. We have attempted recently to elucidate the microstructural
properties of adsorbed layers of mixed surfactants on solids like alumina, silica and
kaolinite by spectroscopic techniques to supplement the information gathered from
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Figure 16. ATR spectra of dolomite slurry at different concentrations of
oleate; (a) low concentration region, (b) high concentration region.
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adsorption, microcalorimetry and allied studies (33). The microstructures of sodium
dodecylsulfate and dodecyloxyheptaethoxyl ethyl alcohol (C,,EO;) layers on alumina
were probed with pyrene. The polarity parameter measured at various points on the
isotherm is shown in Figure 17. It is seen that the polarity parameter is nearly a
constant along the isotherm, while the value in dodecylsulfate micelles is lower than
that obtained for it at the alumina-water interface. This throws light on the compact
nature of the adsorbed layers. Pyrene probing of the C,EO,, (nonylbenzene
derivative) aggregates on silica showed that no hydrophobic aggregates were formed
at the solid-liquid interface.

Polymer/Solid Systems

Polymer Conformation in the Adsorbed State. Polymers can exist in different
conformations both in solution and in the adsorbed state. The adsorption of polymeric
materials onto solid surfaces can be quite different from the adsorption of small
molecules in that the polymer adsorption is greatly influenced by the multifunctional
groups that it possesses (34). This stems from the widely varying sizes and
configurations available for the polymer. In addition, macromolecules usually possess
many functional groups each having a potential to adsorb on one or more given
surfaces.

Among the polymeric materials, polyelectrolytes are the most important because
of their participation in many biological processes and their utility in processes like
dispersion, flocculation, adhesion and rheology. Polyacrylic acid (PAA) is chosen here
as a model polyelectrolyte to gain insight into the adsorption behavior of
polyelectrolytes in general. Such an understanding is important in acquiring effective
control over processes of colloidal stabilization and flocculation.

Polyacrylic acid can exist in different conformations depending on the solvent,
pH, and ionic strength conditions (35). Such a flexibility also influences its adsorption
characteristics on solids and in turn affects the subsequent suspension behavior. Using
a fluorescent labelled polymer and by monitoring the extent of excimer formation it was
shown that the polymer at the interface could have a stretched or coiled conformation
at the interface depending on the pH. The rationale behind the use of this technique is
the observation that the extent of excimer formation which depends on the interaction
of an excited state pyrene pendant group of the polymer with another pyrene group in
the ground state and therefore depends on the polymer conformation. This may be
understood by examining Figurel8 which shows that at low pH, there is a better
probability for intramolecular excimer formation between pyrene groups resulting from
a favorable coiled conformation. Similarly a low probability for the excimer formation
at high pH may be understood as a consequence of the repulsion between the highly
ionized carboxylate groups in the polymer and the subsequent stretching of the polymer
chain. This difference is reflected in the nature of their fluorescence spectra as seen in
Figure 19 where at low pH the intensity due to the excimer emission is larger than at
higher pH.

We have also performed a detailed investigation on the flocculation behavior
of alumina particles with and without added polymer under fixed and shifted pH
conditions. The polymer conformation was shown to be a controlling factor of the
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flocculation process in this case. The results of fluorescence emission studies using
pyrene labelled PAA in the adsorbed state under shifted pH conditions i.e. adsorbing
the polymer at a fixed pH and then changing the pH to a desired value showed that the
excimer fluorescence emission intensity of the polymer at the solid/liquid interface
after adsorption at high pH values remains the same even after changing the pH to
lower values (Figure 20). From this observation the variation of polyacrylic acid
conformation at the solid-liquid interface under shifted pH conditions may be
represented as shown in Figure 21. It may be inferred that the polymer conformation
at a given pH may be manipulated by controlling the adsorption conditions (36). In
contrast, the polymer adsorbed in the coiled form at low pH did stretch out when the
pH was increased.

Dapral at Solid-Liquid Interface. Hydrophobically modified polymers have been
increasingly used nowadays to increase the viscosity and elasticity of solutions as they
can undergo interesting intramolecular and intermolecular association by hydrophobic
interactions. These polymers are also promising as steric stabilizers as well as
flocculating agents for hydrophilic and hydrophobic surfaces in both aqueous and non-
aqueous media. We have studied the stabilization effects of Dapral GE 202 (maleic
anhydride a-olefin copolymer with both hydrophobic and hydrophilic side chains)
which is a hydrophobically modified comb-type polymer whose structure is as indicated
in Figure 22. The observed changes in suspension stability cannot be explained in terms
of the corresponding changes in electrokinetic properties (37). Fluorescence studies
were conducted using free pyrene as the probe and the polarity parameter measured at
different levels of Dapral adsorption (Figure 23). At low concentrations the I,/I, value
for pyrene is similar to that in water but with increase in concentration this increases
reaching upto a value of 1 at a Dapral concentration of 500 ppm. These suggest the
formation of aggregates at the interface with the creation of hydrophobic 