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CHAPTER1

INTRODUCTION

1.1 General

The use of surfactants in subsurface remediation has been evaluated for many
years (Harwell et al., 1999). The economics of surfactant-enhanced subsurface
remediation are affected by the losses of surfactants due to precipitation, sorption, and
other phenomena. Single surfactant systems using either ionic or nonionic surfactants
have been used in remediation of organic contamination with moderate success.
Appropriate anionic/cationic mixtures are expected to enhance the remediation of
subsurface by increasing the solubilization/adsorption capacity of mixed surfactant
micelles and admicelles. In order to take advantage of the synergism of
anionic/cationic surfactant mixtures, the adsorption of mixed anionic and cationic
surfactants on silica and alumina is studied. Later these adsorbed mixed surfactant
phases (anionic/cationic admicelles) will be used to design subsurface barriers to trap

or retard the spread of organic contaminant plumes in aquifer media.

1.2 Hypotheses

First, we hypothesize that by using mixtures of anionic and cationic
surfactants we will observe a synergistic adsorptive behavior as evidenced by having
higher surfactant adsorption at sub-CMC surfactant concentrations and by reaching
the adsorption plateau (Region IV) at lower surfactant concentrations compared to

single surfactant systems; this hypothesis is based on the lower CMC observed for
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mixtures of anionic and cationic surfactants compared to mixtures of similarly
structured surfactants.

The second hypothesis is that an increased level of plateau surfactant
adsorption will result because of the tighter packing density in adsorbed aggregates of
these mixed surfactants due to reduction in charge repulsion between adjacent
adsorbed surfactants compared to single surfactant systems.

The third hypothesis is that by introducing mixtures of anionic and cationic
surfactants it is possible to improve the solubilization capacity of micelles and
admicelles, and that this effect will depend on the mole ratios of mixed admicelles
and the polarity/hydrophobicity of the solute.

The last hypothesis is that the adsorbent with mixed adsorbed surfactant will
cause more retardation of styrene and ethylcyclohexane than the adsorbent without
admicelles, and with surfactant-alone. It is also hypothesized that, due to the lower
CMC, the stability of the mixed surfactant admicelles on the adsorbent will be greater

than for the single surfactant system.

1.3 Objectives of the study

The main goals of this work are to evaluate synergism of surfactant adsorption
onto.-solid - surfaces by -using -anionic rand. cationic surfactant-mixtures, and to
determine how properties of these adsorbed mixtures impact the co-adsorption or
adsolubilization of different types of solutes. While of secondary interest, we will also
evaluate the precipitation of anionic/cationic surfactant mixtures to define isotropic

concentration regimes in which to conduct the adsorption studies.



The third objective of this study is to evaluate the solubilization capacity of
micelles and admicelles formulated with mixtures of anionic and cationic surfactants
as a function of anionic/cationic molar ratio, and to probe the internal environment of
micelles and admicelles produced with these mixtures by using solutes of differing
polarity.

The fourth objective of this work is to use column studies to build on results of
batch studies using adsorbent with mixed admicelle surfactant as compared to the
adsorbent without admicelle.

Finally, this research aims to investigate the structure of the admicelles by
using microscope techniques in order to study and compare the size of the admicelles
of surfactant-alone and mixed surfactants. The minimum coverage area of monolayer
and bilayer of surfactants onto mineral oxide surface is also studied by using surface

tension experiments.

1.4 Scope of the study

The research seeks to investigate how the composition of mixed
anionic/cationic surfactant - systems (AIS/CIS) impacts the adsorption of both
surfactants onto negatively and positively charged solid media (silica and alumina
respectively), -in -batch adsorption experiments and-in continuous flow (column)
experiments.

The adsorption isotherms and solubilization will be obtained and analyzed in
terms of the CMC of the mixture and compared to the behavior of single surfactant

systems to identify evidence of synergism.
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The adsolubilization of styrene and ethylcyclohexane in mixed surfactant
admicelles formed on the surface of silica and alumina will be studied. The
retardation of the organic solutes and the mass balance of the organic solutes and the
surfactant will be studied. The admicelle structure of mixed and single surfactants will

be investigated.



CHAPTER 11

BACKGROUND AND LITERATURE REVIEW

This chapter describes the theoretical background and provides a literature
review on precipitation of mixed surfactant, surfactant adsorption, solubilization,
adsolubilization of organic solutes, the column study, and electron microscope

studies.

2.1 Precipitation of mixed surfactant

Mixtures of anionic and cationic surfactants have demonstrated synergistic
behavior, as evidenced by ultralow critical micelle concentrations (CMCs), increased
surface activity (Scamehorn, 1986a; Mehreteab, 1999) and improved detergency
performance (Randal, 1993). The main disadvantage of mixed anionic and cationic
surfactant systems is their tendency to form precipitate or liquid crystal phases
(Scamehorn and Harwell 2005). Precipitation negatively impacts surfactant use in
many applications, such as detergency performance and subsurface remediation of oil
contamination (Harwell, 1992; Scamehorn and Harwell 2005).

To understand surfactant precipitation, it is helpful to recognize that at low
concentrations, ' anionic - and " cationic ‘surfactants' exist ‘as dissociated surfactant
monomers. As the surfactant concentration increases, micelles begin forming at the
critical micelle concentration or CMC (Rosen, 1989a; Scamehorn et al., 2004a). For
anionic and cationic surfactant systems, when the monomer concentration equals or
exceeds its solubility limit, precipitate will form (Scamehorn et al., 1986b). Below the

CMC, all of the surfactants are present as monomers; and as the concentration of one
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of the surfactants increases, a lesser concentration of the oppositely charged surfactant
is needed to cause precipitation. This equilibrium is modeled using the solubility

product as shown in Equation 2-1 (Scamehorn et al., 1986b):
AC & A +C" => K,=[A][CT] [2-1]

where A is the concentration of the anionic surfactant monomer, C* is the
concentration of the cationic surfactant monomer, AC is the concentration of the
precipitate, and K, is the concentration-based solubility product of the precipitate.
Activity coefficients are omitted from Equation 2-1 since they vary little over the
concentration range of interest and can be difficult to evaluate for micellar systems.
The monomers, precipitate and micelle phase boundaries for the surfactant
mixtures hexadecyl-diphenyloxide disulfonate (SHDPDS) and dodecylpyridinium
chloride (DPCI) and sodium dihexyl sulfosuccinate (SDHS) and already defined DPCI
are presented in Figure 2-1. Three precipitation boundaries are apparent in Figure 2-1;
the first one occurs at low concentrations of both surfactants and corresponds to the
monomer-precipitate equilibrium described by Equation 2-1. The right-hand side of
the phase boundary corresponds to the equilibrium between anionic-rich micelles and
the precipitate. The left-hand phase boundary corresponds-to-the equilibrium between
the cationic-rich micelles and the precipitate. The vertices of the phase diagram
correspond to the critical micelle concentrations of the surfactant mixtures. By
looking at the precipitation phase diagram in Figure 2-1, it is apparent that the
precipitation region in the system SHDPDS/DPCI is smaller than the precipitation of
the system SDHS/DPCI (Doan et al., 2003). Doan et al. (2003) suggested that the

twin-head structure of SHDPDS caused it to resist precipitation and thus accounted
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for the smaller precipitation region. In this work we evaluate the precipitation of a
twin-head cationic surfactant (pentamethyl-octadecyl-1,3-propane diammonium
dichloride - PODD) with an oppositely charged and single-head anionic surfactant
(sodium dodecyl sulfate - SDS); we expect that this combination will be more
resistant to precipitation, and can thus be formulated over a wider range of
concentrations than a combination of two oppositely-charged single-head surfactants
(SDS/DPCI).

The ability to reduce the precipitation potential of anionic and cationic
surfactant mixtures will allow exploitation of the potential synergism for these
systems to produce ultra-low CMCs, to enhance oil solubilization and microemulsion
formation and to enhance adsorption. In this research we are especially interested in
the possibility of increasing the adsorption of surfactant mixtures onto mineral

surfaces (silica and alumina) for use as adsorbent materials for organic molecules.



2.2 Adsorption isotherm
Figure 2-2 presents a typical adsorption isotherm of an ionic surfactant on an

oppositely-charged mineral surface which can be divided into four regions
(Scamehorn et al., 1982). At very low surfactant concentration (Region I or the
Henry’s Law region), the adsorption is proportional to surfactant concentration. In
Region I, adsorption density is so low that no significant interaction between adsorbed
molecules occurs. Region II is characterized by a rapid increase in adsorption due to
tail-tail interactions and the onset of bilayer coverage or admicelle formation. In
Region II, adsorption increases with concentration as successively less energetic
patches fill with admicelles. In Region IlI, the adsorption increases more slowly with
concentration than in Region II, likely due to lateral hindrances between adsorbed
surfactants and heterogeneities in surface potentials. Region IV is the plateau
adsorption region where adsorption is constant because the surfactant concentration
exceeds the CMC.

From the adsorption experiments by solution depletion, the amount of the
surfactant adsorbed onto silica and alumina surface is obtained by Equation 2-2
(Rosen, 1989D).

Y VL(CI 'Cz)

m

r [2-2]

where I is the adsorption of surfactant on the solid surface in mole/gram, Vi is the
volume of the liquid phase in L, C; is the concentration of surfactant before
adsorption in mole/L, C, is the concentration of surfactant at adsorption equilibrium
in mole/L, and m is the mass of the adsorbent in gram. Alternatively, the adsorption
can be expressed on a unit area basis (mole/m”) by dividing I' from Equation 2-2 by

the adsorbent surface area (m?/ 2).



10

Region IV

Region III

Region I1

Region I

Admicelle

centration, M

(s

Hemimicell

Monomer

Wau/anas[ouw ‘uondiospy juejoejing 30

Log Surfactant Con:

FIG. 2-2. Adsorption isotherm of a surfactant onto a solid surface (Modified from

Scamehorn et al., 1982).
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To date, only a limited number of adsorption studies have been conducted

with mixtures of anionic and cationic surfactants due to precipitation limitations and
analytical challenges (Marques et al., 1993; Li et al., 1996; Bergstrom 2001; Kang et
al., 2001; Rodriguez et al., 2001; Chen et al., 2002) Thus, while adsorption is the
primary focus of this research, we also conducted precipitation studies to indicate
where we can conduct our adsorption studies and avoid precipitation. In this work we
take advantage of the smaller precipitation region which results from using a
combination of single-head and twin-head ionic surfactants, which results in a larger

isotropic concentration regime in which adsorption can be studied (Doan et al., 2003).
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2.3 Solubilization

Micelles are formed when the surfactant concentration exceeds the critical
micelle concentration (CMC). Above the CMC, surfactant monomers associate with
one another to form micelles which have a hydrophobic interior. When an oil phase is
in contact with an aqueous micellar solution, oil molecules partition into the
hydrophobic core of these micelles, a process known as solubilization (Rosen, 1989c;
Broze, 1995; Scamehorn et al., 2004b). Solubilization is sometimes expressed as the
amount of oil solubilized per mass, volume or moles of surfactant present in micelles
at saturation (Rosen, 1989¢c) (Figure 2-3). Surfactant systems with higher
solubilization capacities are desirable as they reduce surfactant requirements and
formulation costs in applications such as surfactant-based separation processes,
enhanced oil recovery and environmental remediation technologies (Harwell, 1992;

Rouse et al., 1993; Sabatini et al., 2000).
The partition of various organic solutes into the micelle can be described by the

micellar partition coefficient, K shown in Equation 2-3 (Rosen, 1989c; Edwards et

mic

al., 1991).

K — mic [2_3]

where X . -is the mole fraction of the organic solute in the micelle pseudophase

and X, is the mole fraction of organic solute in the aqueous phase. X, and X are

calculated by Equations 2-4 and 2-5, respectively (Rosen, 1989c; Edwards et al.,
1991; Nayyar et al., 1994).

MSR

Xmic =T [2_4]
1+ MSR
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c
X, =9 [2-5]
"7 C, +55.55

where the molar solubilization ratio (MSR) is the moles of the solute solubilized per
mole of surfactant in micelles and is determined by the slope of the graph of

surfactant concentration versus oil concentration in mole/L. C,, is the equilibrium

concentration of the organic solute in water alone and 55.55 is the inverse molar

volume of water. In solubilization studies, C_  is the water solubility concentration of

eq

the oil, as shown in Table 3-2.



FIG. 2-3. Solubilization of organic solutes in mixed micelles.
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2.4 Adsolubilization

When supra-CMC ionic surfactant solutions are contacted with solid surfaces of
opposite charge, the surfactant will adsorb on the solid surface and form “adsorbed
micelles” or admicelles. Similar to micelles, admicelles have a hydrophobic interior
which can solubilize oil, a process known as adsolubilization (O'Haver et al., 1995;
Scamehorn et al., 2004b). Adsolubilization can occur in the hydrophobic inner core of
the admicelle or in a region of medium polarity located near the surfactant head
groups known as the palisade layer (O'Haver et al., 1995). Previous studies (Esumi et
al., 1996; Dickson and O’Haver, 2002) indicated that organic solutes tend to partition
into the region of the admicelle that has similar polarity to the solute. Thus, while a
nonpolar solute is expected to primarily partition within the core region, a polar solute
is expected to preferentially adsolubilize in the palisade layer (Figure 2-4). Since
adsolubilization may be used to remove organic pollutants from contaminated
groundwater or wastewater, it is important to understand the partition of contaminants
in the different regions of the admicelle (Esumi et al., 1996; Abe et al., 2000; Esumi et

al., 2000; Esumi et al., 2001; Pradubmook et al., 2003; Okamoto et al., 2004).
For adsolubilization studies of styrene and ethylcyclohexane in mixed
admicelles (SDS/PODD on silica and SHDPDS/DPCI on alumina), the mole fraction

of the organic solute in the admicelle, X,4s, can be calculated by Equation 2-6 (Nayyar

et al., 1994).
S, =S,
Xadm = ( I f) [2_6]
($;=S,)+(A-A)+(C,-C,)
where X, is mole fraction of organic solute in admicelle, S;and S, are the initial and

equilibrium aqueous concentrations of the organic solute, A, and A, are the initial
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and equilibrium aqueous concentrations of anionic surfactant, and C, and C, are the

initial and equilibrium aqueous concentrations of cationic surfactant.
The admicellar partition coefficient, K,4m, is defined similar to the micellar
partition coefficient as shown in Equation 2-7 (Rosen, 1989c; Nayyar et al., 1994).

X
o\ = adm [2_7]
X

g

K

For economic reasons, it is important to find ways to improve the
solubilization and adsolubilization capacity of surfactant systems. Recent work on
microemulsions has found that mixtures of anionic and cationic surfactant help
increase the solubilization capacity of these systems (Doan et al., 2003). This finding
agrees with previous observations that suggest that mixed anionic and cationic
systems (Bergstrom, 2001) and mixed ionic and nonionic systems (Rosen and Gu
1987; Kunieda et al., 1998; Zhu and Feng, 2003) exhibit synergistic behavior, (i.e.

lower CMC, higher solubilization enhancement) when mixed at an appropriate ratio.
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2.5 Column study

Groundwater contamination is a very challenging form of environmental
pollution (Fetter, 1988). A common source of groundwater contamination is the
accidental release of hydrocarbon fuels and solvents into the subsurface. The
widespread detection of organic solvents and other petroleum-based products in
groundwater has prompted intensive studies of nonaqueous-phase liquid (NAPL)
transport and distribution in subsurface environments (LaGrega et al., 2001).
Nonaqueous-phase liquids normally enter the unsaturated zone as discrete liquid
phases and are transported downward by gravitational and capillary forces (Lyman et
al., 1992). As NAPLs are transported through the subsurface, a portion of the organic
phase will be trapped within the soil pores as immobile globules (residual saturation)
due to interfacial forces. The low water solubility of most NAPLs causes the residual
organic phase to serve as a long-term source of groundwater contamination (Freeze
and Cherry, 1979).

Surfactant enhanced groundwater remediation has proven to be much more
effective than the conventional pump-and-treat method (Fortin et al., 1997; Li and
Rosen, 2000; Sabatini et al., 2000; Mulligan et al., 2001a). Surfactants can be used to
increase the solubility of the NAPL constituents in water, or can lower the interfacial
tension at the water-NAPL interface and thus mobilize the. NAPL. (Fountain et al.,
1991; Willson et al., 1999).

At concentrations above the critical micelle concentration (CMC), surfactant
monomers associate with one another to form micelles which have a hydrophobic
interior (Rosen, 1989c). The partition of organic solutes into micelles is called

solubilization (Broze, 1995; Scamehorn et al, 2004b). The economics of surfactant-
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enhanced subsurface remediation is sometimes affected by losses of surfactants due to
many phenomena such as precipitation, sorption, liquid crystal, etc. (Doan et al.,
2003). To avoid such phenomena, mixed surfactant systems have been studied to
minimize surfactant losses (Stellner et al., 1988; Bergstrom, 2001; Kang et al., 2001;
Chen et al., 2002).

The adsorption of surfactant onto the surface of soils forms adsorbed
surfactant structures with properties similar to micelles which are thus referred to as
admicelles (Esumi et al., 2001). The partition of organic solutes into admicelles is
called adsolubilization (Dickson and O’Haver, 2002). The admicelles can be used to
create additional sorption sites and thus cause an increased retardation of organic
contaminants (Wagner et al., 1994) by acting as a permeable sorptive wall (see Figure
2-5) (US Environmental Protection Agency, 1995). The study of adsorption of
surfactants on soil particle surface is also important for predicting the transport of
surfactants for the design of groundwater remediation applications and for the fate and
transport of surfactants as environmental contaminants themselves (Kibbey and
Hayes, 2000). Thus, solubilization and adsolubilization of organic contaminants
dissolved in groundwater can be used in groundwater quality management efforts.
(Finkel et al., 1999; Behrends and Herrmann, 2000).

The adsolubilization -of styrene and- ethyleyclohexane-in -both PODD-alone
system and mixed SDS/PODD system can be calculated by the mass balance (Knox et

al., 1993), as shown in Equation (2-8).

Mass of chemical adsorbed = (Mass of chemical entering column — Mass of chemical

existing column — Mass of chemical in pore water) / mass of solid particle
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GV -IC, Vv -Cy-V,,
4= W

9

[2-8]

where q is the mass of chemical adsorbed in mole/gram, C, is the initial chemical
concentration in mole/L, C, is the time dependent concentration exiting the column
during breakthrough, V is volume of chemical injected in L,V is volume of pore
water in L, and W, is weight of solid particle in gram.

The adsorption of the surfactant adsorbed onto silica surface can be obtained

by Equation (2-2).



21

Source of contamination

N\

/7N

Permeable reactive barrier

SR

e

LA T L e T )

o
e e

R

Groundwater level

b
e
ahs

i

P T A
e
e

v
'y
Iy
'y

Groundwater flow i

v

i
ety n
Fr

el

Yy

FIG. 2-5 Permeable reactive barrier for groundwater contamination (Adapted from

Mulligan et al., 2001b).



22

2.6 Surface tension study
Since surfactants are highly surface active, one of their main functions is to
reduce surface tension (see Figure 2-6). Surface tension studies also can be used for
investigating the minimum coverage area (An,) of monolayer surfactant molecule.
The Anin of the monolayer surfactant molecule can be used as the evidence of the
bilayer or double layer of the surfactant molecules which formed admicelles on solid
particle surface. The A, of the admicelles which performs bilayer is expected to be
at least two times smaller than the A, of the monolayer of the surfactant molecules.
While the A, of the admicelle is determined by the adsorption experiments of the
surfactants onto solid particle surface, the A, of the monolayer of surfactant was
determined by the surface tension experiments with the calculation from Equation 2-9
and Equation 2-10 (Rosen and Gu, 1987; Rosen et al., 1994; Rosen and Song, 1996;
Lin et al., 1999; Cui and Canselier, 2000; Medrzycka and Lamparska, 2000; Prosser

and Franses, 2001).

=3
. 1x10 oy [2-9]
2.303nRT \ Olog C ).
20
¥q 1x10 [2-10]
NT

where [ is the saturation adsorption values in -mole/m~, vy is-the surface tension in

mN/m (millinewton per meter), log C is the log surfactant concentration in molar, R is
the constant value of 8.31 in joules/mole/K, T is the absolute temperature, K (30

degree celcius, 303.15 K), n is the number of species at the interface whose

concentration at the interface (unitless, changes with C =1+ ﬁ =1 when the

surf

surfactant concentration used to calculate Ay, are less than 1/10 of the ionic strength
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(IS of NaCl = 0.01 M), and N is the Avogadro’s number, 6.023x10%. Api, is the

minimum coverage area in A°/molecule (divided by 100 to convert to nm?/molecule).
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FIG. 2-6 Schematic for surface tension study (Adapted from Sabatini et al., 2003).
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2.7 Electron microscope studies
To study the structures, such as surface features, size, shape, and arrangement,
of the adsorbent, which has surfactant admicelles adsorbed on the surface, SEM
(Scanning Electron Microscopy) and TEM (Transmission Electron Microscopy)
techniques were use. In this research, these methods are used to characterize
adsorbents of silica with the admicelle of mixed SDS/PODD, 1:3 ratio (the best ratio
of adsorption, solubilization, and adsolubilization from adsorption, solubilization, and
adsolubilization experiments, see Chapter IV) and PODD-alone. The formation of
ultrathin films polystyrene from styrene adsolubilized in mixed SDS/PODD and
PODD-alone admicelles on silica was prepared in order to preserve the structure of
admicelles while running the electron microscope. The formation of ultrathin films in
adsorbed surfactant, bilayer or admicelles, has been previously investigated both in
anionic surfactant on alumina by Wu et al. (1987) and cationic surfactant on silica by
O’Haver (1995). The size of silica with and without admicelle adsorbed on the surface
is expected to be studied by SEM and TEM in order to confirm the arrangement of

bilayer of the surfactants.

2.7.1 SEM (Scanning electron microscopy)

Electron microscopy takes advantage of the wave nature of rapidly moving
electrons. Where visible light has wavelengths from 4,000 to 7,000 Angstroms,
electrons accelerated to 10,000 KeV have a wavelength of 0.12 Angstroms. Optical
microscopes have their resolution limited by the diffraction of light to about 1000
diameters magnification. Electron microscopes, so far, are limited to magnifications

of around 1,000,000 diameters, primarily because of spherical and chromatic
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aberrations. Scanning electron microscope resolutions are currently limited to around
25 Angstroms, though, for a variety of reasons.

The scanning electron microscope generates a beam of electrons in a
vacuum. The beam is collimated by electromagnetic condenser lenses, focused by an
objective lens, and scanned across the surface of the sample by electromagnetic
deflection coils. The primary imaging method is by collecting secondary electrons
that are released by the sample. The secondary electrons are detected by a scintillation
material that produces flashes of light from the electrons. The light flashes are then
detected and amplified by a photomultiplier tube.

By correlating the sample scan position with the resulting signal, an image
can be formed that is strikingly similar to what would be seen through an optical
microscope. The illumination and shadowing show a quite natural looking surface
topography. The explanation of typical SEMs workings is as shown in Figure 2-7.

The Virtual Source at the top represents the electron gun, producing a
stream of monochromatic electrons. The stream is condensed by the first condenser
lens. This lens is used to both form the beam and limit the amount of current in the
beam. It works in conjunction with the condenser aperture to eliminate the high-angle
electrons from the beam. The beam is then constricted by the condenser aperture,
eliminating some high-angle electrons. The second condenser lens forms, the electrons
into a thin, tight, coherent beam. A user selectable objective aperture further
eliminates high-angle electrons from the beam. A set of coils then scan or sweep the
beam in a grid fashion, dwelling on points for a period of time determined by the scan
speed. The final lens, the Objective, focuses the scanning beam onto the desired

region of the specimen. When the beam strikes the sample interactions occur inside
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the sample and are detected with various instruments. Before the beam moves to its
next dwell point these instruments count the number of interactions and display a
pixel on a CRT whose intensity is determined by this number. This process is
repeated until the grid scan is finished and then repeated, the entire pattern can be

scanned 30 times per second.
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FIG. 2-7 A detailed explanation of how a typical SEM functions. (Modified from

http://www.unl.edu/CMRA cfem/semoptic.htm).
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2.7.2 TEM (Transmission electron microscopy)

A TEM works much like a slide projector. A projector shines a beam of
light through (transmits) the slide, as the light passes through it is affected by the
structures and objects on the slide. These effects result in only certain parts of the
light beam being transmitted through certain parts of the slide. This transmitted beam

is then projected onto the viewing screen, forming an enlarged image of the slide.

TEMs work in the same way as SEMS except that they shine a beam of
electrons through the specimen. Whatever part is transmitted is projected onto a
phosphor screen for the user to see. A technical explanation of typical TEMs
workings is as shown in Figure 2-8.

The Virtual Source at the top represents the electron gun, producing a
stream of monochromatic electrons. This stream is focused to a small, thin, coherent
beam by the use of condenser lenses 1 and 2. The first lens largely determines the spot
size; the general size range of the final spot that strikes the sample. The second lens
actually changes the size of the spot on the sample; changing it from a wide dispersed
spot to a pinpoint beam. The beam is restricted by the condenser aperture, knocking
out high angle electrons.  The beam strikes ' the specimen and parts of it are
transmitted. This transmitted portion is focused by the objective lens into an image
optional objective and selected area metal apertures can restrict the beam; the
objective aperture enhancing contrast by blocking out high-angle diffracted electrons,
the selected area aperture enabling the user to examine the periodic diffraction of
electrons by ordered arrangements of atoms in the sample. The image is passed down
the column through the intermediate and projector lenses, being enlarged all the way.

The image strikes the phosphor image screen and light is generated, allowing the user
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to see the image. The darker areas of the image represent those areas of the sample
that fewer electrons were transmitted through. The lighter areas of the image represent

those areas of the sample that more electrons were transmitted through.
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CHAPTER III

METHODOLOGY

3.1 Materials
3.1.1 Anionic surfactants

3.1.1.1 The gemini anionic surfactant sodium hexadecyl-diphenyloxide
disulfonate (SHDPDS or Dowfax 8390), which is a mixture of mono-hexadecyl and
di-hexadecyl diphenyloxide disulfonate (80% and 20%, respectively (Rouse et al.,
1993)), was obtained from Dow Chemical Company (Midland, MI) (36% active).

3.1.1.2 The single anionic surfactant sodium dodecyl sulfate (SDS, 98%
active) was purchased from Aldrich Chemical Company (Milwaukee, WI) and used as

received.

3.1.2 Cationic surfactants

3.1.2.1 The twin-head cationic surfactant pentamethyl-octadecyl-1,3-
propane diammonium dichloride (PODD or Duoquad ® T50) was donated by Akzo
Nobel Surface Chemistry LLC (McCook, IL) as a 50 % solution in isopropanol; while
mainly octadecyl (38% C18-1 and 25% C18), PODD is also 29% hexadecyl with the
remaining 8% being Cl14, C14-1, C16-1, and C18-2. The isopropanol was evaporated
by cyclic heating at 80°C under vacuum extraction. The purified sample was re-
diluted and titrated until the remaining alcohol was < 1 %.

3.1.2.2 The single cationic surfactant dodecylpyridinium chloride (DPCI,
98% active) was purchased from Aldrich Chemical Company (Milwaukee, WI) and

used as received.
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3.1.3 Organic solutes
3.1.3.1 Polar organic solute styrene (99%) was purchased from Fisher
Chemicals (Fairlawn, NJ).
3.1.3.2 Non-polar organic solute ethylcyclohexane (98%) was purchased
from Aldrich Company (Milwaukee, WI).
The chemical properties of the surfactants and solutes are shown in

Table 3-1 and Table 3-2, respectively.

3.1.4 Initiator
The initiator for polystyrene, [2-(Acryloyloxy) ethyl](4-benzoyl benzyl)
dimethyl ammonium bromide or DMAB were purchased from Aldrich Chemical
Company (Milwaukee, WI) and used as received. The chemical properties of the

initiator is shown in Table 3-3.



TABLE 3-1 Chemical properties of surfactants.

Molecular | CMC,
Chemicals Molecular structure weight, mM
g/mole
Pentamethyl- CH; CH; 463.62 1.3¢
octadecyl-1,3- | |
propane A 0.01 M
diammonium R—N= Gl =N~ CH; (CD: NaCl)
dichloride®” | |
(PODD) e CH;
Sodium dodecyl CH3(CH;);;SO4 Na 288.38 6.87
sulfate (SDS)
0.15M
NaCl)
Dodecylpyridinium 283.88 4.0
chloride (DPCI) NN (CH2)11 ~ »x
. 0.15M
N /” Cl NaCl)
Sodium hexadecyl- C.H 642 6.3e
diphenyloxide ntiant
disulfonate 0.15M
(SHDPDS) @ <:§ NaCl)
— O_
SO;3;Na SOs3;Na

* http://surface.akzonobelusa.com/cfm/2page2.cfm?PID=100

b http://www.lion.co.jp/laco/e/prod/p/44dqad  e.htm

“ Fuangswasdi et al., 2005a.

4 Stellner, et al., 1988.

°Rouse, et al., 1993.

34



TABLE 3-2 Chemical properties of oils.

35

Molecular Water Vapor
Chemical Molecular | Weight solubility | Log | Density | Pressure
structure (g/mole) (mole/L) | Kow g/cm3 (mm Hg)
Styrene® " CsHg 104.15 0.0027 295 | 0.9045 5
D (highly
volatile)
Ethylcyclohexane® ¢ CsHie 112.24 0.00056 | 3.13 | 0.788 N/A

“ http://www.epa.gov/OGWDW/dwh/t-voc/styrene.html

? http://chemfinder.cambridgesoft.com/result.asp

“ http://chemfinder.cambridgesoft.com/result.asp

d http://risk.1sd.ornl.gov/tox/profiles/ethylbenzene.doc
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TABLE 3-3 Chemical properties of the initiator.

Molecular
Chemical Molecular Structure Weight,
g/mole

[2-(Acryloyloxy) 0 CH, 0 418.32
ethyl](4-benzoyl I | I _
benzyl)dimethyl H,C=CH— C—OCH,CH— l|\1+— CH— @—C— @ Br
ammonium CH;
bromide®
(DMAB)
* data from

http://www.thermo.com/e Thermo/CMA/PDFs/Product/productFile_1000001344628.pdf
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3.1.5 Mineral oxides

3.1.5.1 Alumina oxide (Al,O3), mesh size 150, was purchased from
Aldrich Chemical Company and has a reported point of zero charge of 9.1 and a
measured specific surface area of 133 m?/g.

3.1.5.2 Silica Hi-sil ® 233 (SiO,) was donated by PPG Industries Inc.,
with a reported point of zero charge of 2 to 4 and a measured specific surface area of
143 m?/g.

The BET specific surface area of the mineral oxides was determined
using a Micromeritics model Flow Sord II 2300 instrument. The samples were
prepared by heating while simultaneously evacuating or flowing gas (nitrogen as the
adsorbed gas and helium as the carrier gas) over the sample to remove the liberated
impurities. The prepared samples were then cooled with liquid nitrogen and analyzed
by measuring the volume of gas adsorbed at specific pressures (Rouquerol et al.,
1994).

Anionic and cationic surfactant concentrations were measured using a
Dionex ion chromatograph in reversed-phase mode using an IonPac NSI1 column
(Dionex, Sunnyvale, CA) with a water-acetonitrite mixture as a mobile phase
containing either 10 mM of tetrabutyl ammonium hydroxide or 10 mM of methane
sulfuric acid as coupling agents for anionic and-cationic surfactants, respectively. The
individual coupling agent forms a neutral complex with one of the surfactants, which
is then chromatographically separated in the NS1 column. The effluent from the
column is contacted with an anionic suppressor (ASRS, 4 mm; Dionex) or cationic

suppressor (CSRS, 4 mm; Dionex), causing the complex to decouple and thus allow
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the surfactant to be detected by conductivity using a CD-25 conductivity detector. All
calibration runs resulted in a linear fit with good correlations (R2 > 0.99).

Styrene and ethylcyclohexane concentrations were measured by gas
chromatography using a Varian 3300 GC equipped with a 50 m SPB25 hydrophobic
capillary column, an auto sampler model 8100 and flame ionization detector (FID).
Additional details on this method can be found elsewhere (Acosta et al., 2004).

The surface tension study was measured by the tensiometer model, Kruss
digital tensiometer K10T. The polystyrene adsorbent samples were analyzed by SEM
model JEOL JSM-880 high resolution scanning electron microscope, and by TEM
model JEOL 2000-FX intermediate voltage (200,000 volt).

The experiments for SDS/PODD and SHDPDS/DPCI systems were carried
out using 0.01 M and 0.015 M NaCl, respectively, to maintain a constant ionic
strength. The experiments were conducted at 25°C + 1°C with at least duplicate
samples; for selected experiments triplicates were run and error bars are included with
these data (typical variations for batch experiments were + 8 % and for column

experiments were + 4 %).
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3.2 Methods
3.2.1 Precipitation studies of SDS and PODD.

To study their precipitation, surfactant systems were prepared in 20 mL
vials with Teflon-lined caps with either 0.01 M or 0.15 M NaCl (the latter for
comparison to data from previous research). The solutions were supercooled at 0° C
for 2 days to prevent supersaturation effects. The samples were then placed in a water
bath shaker at constant temperature (30.0 + 0.1 °C) for 4 days. The precipitation phase
boundaries were determined by visual inspection according to the procedure described

by Stellner et al., 1988.

3.2.2 Adsorption experiments.

The adsorption of SDS and PODD was evaluated individually and in
mixtures (initial ratios 1:3 and 1:10, cationic-rich) and at various initial concentrations
in 40 mL vials. The vials were shaken for 2 days to reach equilibrium at 25°C + 1°C.
The pH of the solution was checked and adjusted in the range of 6 to 7 using NaOH
and HCl solutions; if pH adjustment was required, the vials were shaken again for one
day. Five mL of the supernatant sample was taken from each vial after centrifuging at
2,000 to 2,500 rpm for 30 minutes. The samples were subsequently measured by
HPLC. for ‘both anionic-and cationic surfactants. The surfactant adsorption was
calculated according to Equation 2-2 in Chapter II. A similar procedure was used for
SHDPDS and DPCI, individually and for SHDPDS/DPCI] mixtures at ratios of 3:1,

10:1, 30:1, anionic-rich.
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3.2.3 Solubilization study.

The methodology of solubilization and adsolubilization relies on the
results of precipitation and adsorption experiments, which are mentioned in Chapter
IV. The appropriate ratio of the mixed surfactants and the CMC of the mixed
surfactants from Chapter IV are used to design the solubilization and adsolubilization
experiments.

The solubilization capacities of styrene and ethylcyclohexane were
measured for SDS and PODD alone and for differing concentrations of SDS/PODD
mixtures in 1:3 and 1:10 ratio; these ratios were selected to be outside the
precipitation region (see Figure 4-1). (eight to nine concentrations for each ratio). A
10-mL aliquot of each surfactant solutions was pipetted into 15 mL vials, followed by
addition of an excess amount of solute oil (500 uL styrene or 400 pL
ethylcyclohexane) which were subsequently sealed with Teflon caps. The solutions
were slowly shaken for 1 day to let the oils solubilize in the aqueous solutions. After
centrifuging for 30 minutes, the aqueous surfactant solutions were carefully sampled
(1.5 mL for each sample). The concentration of styrene and ethylcyclohexane was
measured using gas chromatography (GC). ‘The solubility studies of mixed
SHDPDS/DPCI in the ratios  3:1, 10:1, SHDPDS alone, 'and DPCl alone were
conducted in-the same manner. The ratios for SHDPDS/DPCI were selected to be
outside the precipitation region as (see Figure 4-2).

3.2.4 Adsolubilization study.

Supra-CMC surfactant solutions (20 mL samples in 40 mL vials) of PODD

alone and SDS/PODD mixtures were contacted with a given mass of silica in such a

way that the final total aqueous surfactant concentration (after adsorption) was just
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below the CMC (i.e. just below maximum adsorption) for the particular surfactant
sample to make sure that no micelles remained in solution after adsorption. Styrene or
ethylcyclohexane were added at concentrations less than their solubilization capacity.
The volume of oil adsolubilized was calculated by the difference in concentration
between the initial and final aqueous concentration of the oil (Nayyar et al., 1994).
Blank samples (without silica) were used to assess potential volatilization of the
solutes, which was shown to be negligible. The samples were shaken for 2 days
which is sufficient to achieve equilibrium as established from unpublished studies and
from previous work (Kitiyanan et al., 1996; Wang et al., 1999). The solution pH was
maintained in the range of 6 to 7 by using NaOH and HCI solutions if pH adjustment
was required; in that case, the vials were shaken again for one day. The samples were
centrifuged and a sample of the aqueous solution was collected to measure surfactant
and solute concentrations. The same approach was used for mixed SHDPDS/DPCI

and SHDPDS-alone adsorbed onto alumina.

3.2.5 Column experiments
Column experiments.were designed based on results of adsorption
experiments. The CMC of mixed SDS/PODD from the adsorption experiments gives
the limit of the surfactant concentrations in column-experiments. The column study of
SHDPDS and DPCI is not conducted in this research due to the results of the CMCs
of SHDPDS-alone and mixed SHDPDS/DPCI showed the same pattern. Thus, it is
assumed that the results from the column experiments of SHDPDS-alone and mixed

SHDPDS/DPCI will be in the same trend.
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The column studies were conducted using Chromaflex borosilicate glass
chromatography columns which were 2.5 cm in diameter and 15 cm in length. A total
of 2 grams of silica Hi-Sil 233 and approximately 30 grams of glass beads are packed
incrementally and homogeneously until the height was 5 cm in the column. The glass
beads were added to reduce the effective reactive (adsorptive) length of the column.
The column media was saturated by introducing deionized water, which was degassed
using helium; flow was from the bottom in the column. Silicone tubing was utilized in
the pump and Teflon tubing elsewhere in an effort to eliminate adsorptive losses. A
peristaltic high precision pump (Masterflex® L/S digital standard drive, Cole-Parmes
Instrument) was used to maintain a constant flow rate (0.36 mL/min). Nitrate (in the
form of 0.01 M NaNO3) was used as a conservative tracer during column studies with
silica. Sodium nitrate breakthrough was monitored by wusing an UV/VIS
spectrophotometer (DVW-10, D-Star Instruments) at the wave length of 240 nm. The

schematic for surfactant & oil / water flushing experiment is shown in Figure 3-1.
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FIG. 3-1 Setup for surfactant & oil / water flushing experiment.
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Styrene and ethylcyclohexane were studied at concentrations below their
water solubility, which are 2.7 mmole/L and 0.12 mmole/L, respectively. After the
tracer study, styrene and ethylcyclohexane were pumped in an upward mode at
constant flow (0.36 mL/min). Distilled water was subsequently pumped through the
bottom of the column to evaluate desorption of solute and surfactant from the column.
The concentrations of styrene and ethylcyclohexane were analyzed by UV/VIS
spectrophotometer.

Surfactant was adsorbed on the silica-packed columns by using PODD-
alone and by using the optimum ratio of mixed SDS/PODD, 1:3 (cationic-rich)
flowing through the column. The surfactant concentrations entering the column were
above the critical micelle concentration (CMC), which were 0.02 M and 0.004 M for
PODD-alone and mixed SDS/PODD, respectively, to expedite establishment of the
surfactant bilayer in the column.

For adsolubilization studies, the adsorption isotherms of PODD-alone and
mixed SDS/PODD were used to determine an appropriate concentration of the
surfactants upon introduction of styrene and ethylcyclohexane. The appropriate
concentration from adsorption isotherm was just below the CMC of the surfactant
(transition point) to ensure the maximum surfactant coverage without the presence of
micelles -in  the bulk solution-(see Figure 4-5).-Thus, the concentrations of PODD-
alone and mixed SDS/PODD were 0.001 M and 0.0004 M, respectively.

Adsolubilization experiments of styrene through silica adsorbent, with
PODD-alone admicelle adsorbed on the surface, packed in the column was conducted.
The mixed solution of styrene, 2.7 mM, and PODD-alone, 1.0 mM, was pumped

through the column in an upward mode with constant flow rate. The concentration of
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styrene was analyzed by UV spectrophotometer. A similar procedure was used for
styrene and mixed SDS/PODD system using 2.7 mM styrene, and 0.4 mM
SDS/PODD with a 1:3 ratio.

Adsolubilization experiments of ethylcyclohexane through the silica
adsorbent with PODD-alone and with mixed SDS/PODD, 1:3 ratio, were conducted
using the same procedure as with styrene. The concentration of ethylcyclohexane was
0.56 mM, while the concentrations of surfactants were the same as styrene’s
procedure. The concentrations of ethylcyclohexane were analyzed by UV
spectrophotometer.

The adsolubilization of styrene and ethylcyclohexane in both PODD-alone
system and mixed SDS/PODD system were calculated by Equation 2-8 in Chapter II.
The amount of surfactant adsorbed onto silica surface was obtained by Equation 2-2
in Chapter II.

Breakthrough curves were plotted as relative styrene or ethylcyclohexane
concentration (C/Cy) versus relative pore volume (volume eluted / pore volume). Then
the retardation factors can be determined and compared between systems. This step is
to compare the retardations of styrene and ethylcyclohexane while passing through
silica adsorbent with PODD-alone admicelle and with mixed SDS/PODD admicelle in

the column:

3.2.6 Admicelle stability in batch experiments
Supra-CMC surfactant solutions (20 mL samples in 40 mL vials) of PODD
alone and SDS/PODD mixtures were contacted with a given mass of silica in such a

way that the final total aqueous surfactant concentration (after adsorption) was just
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below the CMC (i.e. just below maximum adsorption) for the particular surfactant
sample to make sure that no micelles remained in solution after adsorption. The
samples were shaken for 2 days to achieve equilibrium (Fuangswasdi et al., 2005a).
The samples were centrifuged at 2,000 to 2,500 rpm for 30 minutes and the
supernatant was measured by HPLC for both anionic and cationic surfactants to check
the concentrations of SDS and PODD. Thus, we can calculate the concentrations of
the admicelles adsorbed on silica surface before the adsorbent was rinsed by distilled
water. Then, the samples were rinsed by distilled water, shaken for one hour,
centrifuged for 30 minutes, and the supernatant was subsequently measured by HPLC
for both anionic and cationic surfactants. Rinsing was repeated five times. The
concentrations of surfactants desorbed from the adsorbent during each washing were
plotted on the graph to compare the stability of the PODD-alone admicelles and the

mixed SDS/PODD, 1:3 ratio, admicelles.
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3.2.7 Surface Tension Experiments

The surface tension of SDS and PODD were measured individually and in

mixing ratio 1:3 (cationic-rich) at various concentrations. The measurements were
conducted at 30°C with 0.01 M NaCl in order to have the same concentration of
electrolyte as the previous study of adsorption. The surface tension measurements
were made by the Wilhelmy vertical plate technique, using a sand-blasted platinum
blade of ca. 5-cm perimeter suspended from the arm of a Bethlehem dial-type torsion

balance.

3.2.8 Electron Microscope Studies
3.2.7.1 Polystyrene - Ultrathin Film Formation
The method used for the modification of mineral surface particles by
the formation of ultrathin films was conducted. The formation of admicelles followed
by adsolubilization of monomers into the admicelle and then polymerization of the
monomers in-situ constitutes a three step process (Figure 3-2) to construct a thin layer

on a solid substrate via a low energy process (Wu et al., 1987; O’Haver, 1995).
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FIG. 3-2 Schematic of the proposed film-forming process: (1) surfactant adsorption
on substrate (silica) and formation of the admicelle; (2) concentration of monomer

within the bilayer; (3) initiation of polymerization.
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From Figure 3-2, step (1) consists of admicelle formation by the
adsorption of a surfactant bilayer onto the surface of the substrate. Adsorption is
accomplished through the use of a suitable surfactant under appropriate system
conditions. The choice of surfactant is influenced by the point of zero charge of the
substrate, the chemical nature of the polymer to be formed, and the chosen
polymerization initiator system. A study of the point of zero charge (PZC) for the
substrate provides information on the pH ranges in which cationic or anionic
surfactants may readily be utilized. The instability or dissolution of components in
certain pH ranges may further define the range of useful operating conditions, and
hence, surfactant type.

Step (2) in the process is the solubility of monomer into the admicelle, a
phenomenon called adsolubilization. Many organic monomers are nearly insoluble in
water. Thus, at equilibrium, they preferentially partition into the hydrophobic interior
of the admicelle. This process can occur after the formation of the admicelles, or
concurrently with surfactant adsorption. It is convenient experimentally to dissolve
the monomer, and sometimes the initiator ([2-(Acryloyloxy)ethyl](4-benzoylbenzyl)
dimethylammonium bromide), in. the surfactant feed solution prior to surfactant
adsorption. In these cases, the presence of micelles promotes the solubility of the
monomer in -the feed. solution, increases the rate of the adsolubilization of the
monomer in the admicelles, and helps prevent the formation of emulsions. When this
feed solution is contacted with the mineral substrate, the adsorption of the micelles is
thought to carry the solubilized monomer onto the substrate surface.

Step (3) is the in-situ polymerization of the monomer. For free radical

polymerization, this is accomplished by the generation of radicals capable of initiating
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the polymerization reaction. In some cases, the compatibility of the initiator system
with anionic or cationic surfactants may also affect the choice of an appropriate
surfactant a suitable reaction conditions. To reduce the chance of polymerization in
the bulk solution, a detailed study of adsorption and adsolubilization isotherms are
made to insure that the system equilibrates with the surfactant concentration in the
bulk solution below the critical micelle concentration (CMC). Once the reaction has
started, additional monomer from the bulk solution diffuses into the admicelle (Rosen
and Gu, 1987). If the reaction is continued for a sufficient length of time, virtually all

monomer can be converted to polymer.

3.2.7.2 SEM (Scanning Electron Microscopy)
The polymerized adsorbents, which consist of mixed SDS/PODD
admicelle, 1:3 ratio, PODD-alone admicelle, and the silica without admicelle, were
scanned for studying the surface features by using SEM (Scanning Electron

Microscopy), JEOL JSM-880 high resolution scanning electron microscope.

3.2.7.2 TEM (Transmission Electron Microscopy)

The polymerized adsorbents, both with admicelle SDS/PODD, 1:3 ratio
and PODD-alone, and the silica without admicelle adsorbed on: the surface were
studied for the size, shape and arrangement of the particles by using TEM
(Transmission Electron Microscopy), model JEOL 2000-FX intermediate voltage

(200,000 volt).



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Precipitation studies

While adsorption studies were the focus of this research, precipitation studies
were conducted to make sure that our adsorption studies were in regions where
precipitation did not occur. Nonetheless, while not comprehensive, the precipitation
studies provide some valuable insights that are worthy of discussion. Figure 4-1
shows the precipitation phase diagrams for the SDS/PODD system at added NaCl
concentration of 0.01 M and 0.15 M and for 25°C vs. 30°C, respectively. At 0.15 M
NaCl and 30°C, the SDS/PODD system did not exhibit precipitation, but showed only
a very small region of liquid crystal formation; this region did not exist at 25°C. This
is in contrast to the precipitation region observed for SDS/PODD at the lower salt
concentration of 0.01 M and 25°C, and the much larger precipitation regime for
SDS/DPCI at 0.15 M NaCl and 30°C. In the SDS/DPCI system, both anionic and
cationic surfactants have linear hydrophobic groups of the same length (12 carbons)
and we will refer to this system as symmetric-linear. The PODD is both branched in
the hydrophobe and has two cationic head groups, so the SDS/PODD system is both
asymmetric and nonlinear. In previous work as shown in Figure 4-2, we used a
branched monovalent anionic surfactant (SDHS) or a branched divalent anionic
surfactant (SHDPDS) with a linear cationic surfactant (DPCI). Below the CMC, the
SHDPDS/DPCI system has even less tendency to precipitate than the SDS/DPCI

system, and the SDHS/DPCI system even less tendency to precipitate (compare



52
Figure 4-1 and Figure 4-2). Precipitation phase boundaries for SDS/DPCI have been
compared to those with smaller alkyl chains in the anionic surfactant (n = 8 and 10
compared to 12) (Amante et al., 1991) and the tendency to precipitate below the CMC
is less as n decreases. It is not clear how much of this effect is due to the mismatch
(asymmetry) between the alkyl chain lengths of the anionic and the cationic surfactant
(Shiao et al., 1998) and how much is due to the smaller hydrophobe. The significant
reduction of precipitation for the SDS/PODD system in Figure 4-1 shows that below
the CMC, we can greatly reduce the precipitation with a model anionic surfactant
although we cannot yet identify the exact mechanism (e.g. alkyl chain branching,
asymmetry due to the dissimilar surfactant alkyl chain lengths, valency effects by
using a multiply-charged, asymmetric branched cationic surfactant).

Above the CMC, the tendency to precipitate is a consequence of two
competing forces: the solubility product and the tendency to form micelles. This can
lead to contrasting trends to those below the CMC. For example, above the CMC, the
SDHS/DPCI system has a much broader precipitation region than SHDPDS/DPCI
(Figure 4-2) indicating that the branching of the anionic surfactant can reduce the
tendency to form micelles more than the effect on the K,. For systems with varied
alkyl chain lengths for alkyl sulfate/DPCI, the precipitation phase boundaries above
the CMC are not greatly-altered.-For both the SHDPDS/DPCl system in Figure 4-2
and the SDS/PODD system in Figure 4-1, the precipitation region above the CMC is
considerably less than for SDS/DPCI system. Therefore, while the nuances of the
effect of surfactant structure on precipitation are not totally clear, it appears that
having either the anionic or the cationic surfactant with multiple charges tends to

greatly shrink the precipitation phase boundary above the CMC.



53

It should be noted that in Figure 4-1, we include data from Stellner et al. (1988)

for SDS/DPCI which was conducted at 0.15 M NaCl while our work with SDS/PODD
was conducted at 0.01 M NaCl. The additional NaCl for the SDS/DPCI system will
tend to lower the CMC for this system and thus shrink the precipitation regime;
nonetheless, the SDS/DPCI system still demonstrates a much larger precipitation
diagram. The smaller size of the precipitation region allows the formulation of
systems with ratios that more closely approach equimolar concentrations, where the
maximum synergism is typically observed for anionic and cationic mixtures. As an
example, for 1 mM PODD, as much as 3 mM SDS can be added without precipitation,
but for the SDHS/DPCI system at 1 mM of DPCL, the addition of 3 mM of SDS

results in precipitation (see Figure 4-1).

Based on the precipitation data in Figure 4-1, adsorption experiments of
SDS/PODD were evaluated at initial ratios of 1:3 and 1:10, while SHDPDS/DPCI1
adsorption was studied at initial ratios of 3:1, 10:1, and 30:1, respectively, in order to
avoid precipitation. While the precipitation work is at 30°C and the adsorption data is
at 25°C, the adsorption studies are done far enough from the precipitation boundaries

that this difference is not significant.
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FIG. 4-1 Precipitation diagram of asymmetric ionic head group mixed surfactant SDS/

PODD at 0.01 M NaCl. (Data for the SDS/DPCI precipitation diagram from Stellner

et al. (1988), 0.15 M NaCl is shown for comparison). The lines labeled 1:10 and 1:3

correspond to a constant 1:10 and 1:3 molar ratios of SDS/cationic surfactant,

respectively, for varying surfactant concentrations.
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FIG. 4-2 Precipitation diagrams for mixed surfactant systems, sodium dihexyl
sulfosuccinate and dodecylpyridinium chloride (SDHS/DPCI), and diphenyloxide
disulfonate and dodecylpyridinium chloride (SHDPDS/DPCI), 0.15 M NaCl, 25°C.

(Adapted from Doan et al. (2003)).
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4.2 Adsorption experiments
The adsorption isotherms for PODD and SDS individually and SDS/PODD
mixtures on silica are shown in Figure 4-3, Figure 4-4, and Figure 4-5, respectively
(in 0.01 M NaCl at 25°C). Adsorption experiments of SDS/PODD were evaluated at
initial ratios of 1:3 and 1:10, while SHDPDS/DPCI adsorption was studied at initial
ratios of 3:1, 10:1, and 30:1 (in 0.015 M NaCl at 25°C); these ratios were selected to
avoid precipitation. Analytical detection limits prevented measurement of surfactant
concentrations in Region I and the Regions II to III transition is not readily
distinguishable (see Figure 4-3). Selected points were measured in triplicate to assess
the magnitude of the experimental precision; the resulting error bars proved to be
similar in magnitude to the size of the data symbols (+ 4 to 7 %). For PODD
concentrations greater than 1x10™* M, the adsorption of PODD is virtually the same
when using PODD alone or at an initial ratio of 1:10 SDS/PODD; thus, adding a small
concentration of SDS did not significantly affect the adsorption of PODD. However,
when using an initial SDS/PODD ratio of 1:3 a measurable increase in the total
adsorption was observed over the PODD alone; thus, a minimum amount of the
oppositely charged surfactant (SDS) is necessary to reduce the charge repulsion
between adjacent surfactant molecules (PODD) and thus increase the adsorption
density of the PODD, as demonstrated in previous research (Patist et al., 1999).
Figure 4-4 shows SDS adsorption on silica when SDS coexists with PODD.
Data for SDS alone is not shown because SDS adsorption was negligible on silica, as
expected since both the SDS and silica are negatively charged at neutral pH (silica has

with a reported point of zero charge of 2 to 4). However, the SDS co-adsorbs when
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present with PODD and shows increased adsorption at higher initial surfactant ratios
(SDS/PODD, 1:10 and 1:3).

Figure 4-5 presents the total surfactant adsorption isotherms (PODD plus
SDS). While the initial SDS/PODD ratio of 1:10 has only a minor effect on the
adsorption isotherm, at the initial ratio of 1:3, a stronger adsorption synergism is
observed, as observed by both higher plateau adsorption (4.0 versus 1.8 molecule/nm?
- see Table 4-1) and in reaching that plateau adsorption at a lower surfactant
concentration (0.50 versus 1.4 mM - see Table 4-1). The fact that the plateau

adsorption occurs at a lower surfactant concentration is expected from the lower CMC

of mixed anionic-cationic surfactant systems.
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FIG. 4-3 Cationic surfactant, pentamethyl-octadecyl-1,3-propane  diammonium

dichloride (PODD), adsorption onto silica for PODD-alone and PODD mixed with

sodium dodecyl sulfate (SDS).(0.01 M NaCl, 25°C).
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FIG. 4-4 Anionic surfactant (SDS) adsorption onto silica for mixed SDS/PODD

system (0.01 M NaCl, 25°C); note: SDS-alone adsorption on silica was negligible.
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FIG. 4-5 Total surfactant (SDS and PODD) adsorption onto silica for PODD-alone
and mixed SDS/PODD system (0.01 M NaCl, 25°C); note: SDS-alone adsorption on

silica was negligible.



TABLE 4-1 Adsorption and CMC of mixed and single surfactant systems.

Plateau Adsorption

Plateau Aqueous

. o Structure ) Cationic Surfactant Anionic Surfactant Total Surfactant Surfactant
Medium | Initial Concentration
Ratio molecules/| pm?% molecules/|  pm?/ molecules/| pm?/ Concentration mM
) mole/g ) mole/g 2 mole/g
nm molecule nm molecule nm’ molecule (CMC)

Silica [SDS/PODD, 1:3 2.8 0.36 6.6x10™ {5 0.8 2.8x10™* 4.0 0.25 9.5x10™* 0.50

SDS/PODD, 1:10 1.9 0.53 45x10* 0.20 5.0 4.7x107 2.1 0.48 | 5.0x10™ 1.20

PODD-alone 1.8 0.56 43x10™ NA“ NA NA 1.8 0.56 43x10* 1.40

Alumina |SHDPDS/DPCI, 3:1 0.36 2.8 7.3x107 1.0 1.0 2.0x10™* 1.4 0.74 2.8x10* 0.55

SHDPDS/DPCI, 10:1 0.13 7.7 2.6x10° 1.1 0.88 2.3x10™ 1.3 0.79 2.6x10™ 0.43

SHDPDS/DPCI, 30:1 0.05 20.0 1.0x107 i} 0.91 2.2x10™ 1.2 0.87 | 2.3x10* 0.46

SHDPDS-alone NA NA NA 1.1 0.92 2.2x10™* 1.1 0.92 2.2x10* 0.49

“NA - Not Applicable - The adsorption of like-charged surfactant alone and media was below detection limits.
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Figure 4-6, Figure 4-7, and Figure 4-8 show surfactant adsorption on alumina

for SHDPDS, DPCI and combined SHDPDS/DPCI, respectively. Another relevant
characteristic of the curves in Figure 4-6 is that the addition of the cationic surfactant
DPCI did not significantly affect the adsorption of SHDPDS, even when present at
ratios as high as 3:1. The reason for the lack of SHDPDS adsorption synergism is still
unclear, but the extreme reduction in the precipitation region for SHDPDS (see
below) suggests steric hindrances that may also limit synergism in adsorption. In
Figure 4-7, DPCI adsorption results are only shown for the ratio of 3:1 and 10:1
because the ratio of 30:1 showed insignificant adsorption (less than 0.1
molecule/nmz). It is interesting to note that, even though SHDPDS did not show
enhanced adsorption in the presence of the DPCI, the DPCIl did co-adsorb with
SHDPDS, as SDS did in mixtures with PODD above. Thus, while the surfactant
adsorption itself did not show significant synergism, the co-adsorption of DPCI] with
SHDPDS may still alter the properties of the adsorbed layer, as will be assessed in a

companion paper.
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FIG. 4-6 Anionic surfactant (SHDPDS) adsorption onto alumina for mixed

SHDPDS/DPCI system (0.015 M NaCl, 25°C).
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4.3 Solubilization in micelles

The results of the styrene and ethylcyclohexane solubilization experiments in
mixed SDS/PODD, SDS-alone, and PODD-alone micelles are shown in Figure 4-9
and Figure 4-10, respectively. Figure 4-9 plots the solubility of styrene versus
surfactant concentration. At low surfactant concentrations (below the CMC), the
styrene solubility is constant (the plot is horizontal) and equals the water solubility,
while at higher surfactant concentrations (above the CMC), the styrene solubility
increases linearly due to solubilization in micelles. The intersection of these two lines
identifies the CMC of the system, as noted in the figure. The slope of the plot above
the CMC is the MSR, which along with the solubility of the solute can be used to
calculate the Ky (see Equations 2-3 to 2-5 in Chapter II). The solubilization of
styrene and ethylcyclohexane in mixed SHDPDS/DPCI, SHDPDS-alone, and DPCI-
alone micelles are shown in Figure 4-11 and Figure 4-12, respectively.

Figure 4-13 and Figure 4-14 show the molar solubilization ratios (MSRs) of
oils in mixed micelles of SDS/PODD and SDS-alone and PHDD-alone and in mixed
micelles of SHDPDS/DPCI and SHDPDS-alone and DPCl-alone, respectively.

The CMC, MSR; and K. values for each of these of these systems are
summarized in Table 4-2. The CMC is affected by the presence of the solutes, so the
values-in Table 4-2 are different than for surfactant-only systems at-those salinities.

Mixtures of SDS and PODD produced lower CMC values in comparison to
the individual surfactants alone (Figure 4-9 and Figure 4-10, respectively and Table 4-
2); this effect is more evident as the ratio of anionic to cationic surfactant approaches
equimolar concentrations. The micellar partition coefficient (Kpi.) values for styrene

and ethylcyclohexane are higher for the SDS/PODD mixtures than for either the SDS
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alone or PODD system alone (see Table 4-2), which supports the original hypothesis
that mixed anionic-cationic micelles will show higher solubilization capacity
compared to single surfactant micelles. In addition, the K. of ethylcyclohexane in
mixed SDS/PODD and PODD-alone micelles is higher than that of styrene.

The different partition behavior between ethylcyclohexane and styrene can be
explained by the fact that the non-polar ethylcyclohexane tends to concentrate in the
hydrophobic core of the micelles (Scamehorn et al., 2004a). The higher Ky, values
for non-polar ethylcyclohexane in mixed SDS/PODD systems suggest that the mixed
anionic/cationic surfactant micelles have a larger and more hydrophobic non-polar
core region than the individual surfactant micelles. By contrast, the styrene is
expected to accumulate in the palisade layer, which would experience less synergism,

3

or even be negatively affected, by the mixed micelles due to the “squeezing out”

effect; i.e. the second surfactant fills “cavities” in the micelle where the solute might

have accumulated (Scamehorn et al., 2004a). Conversely, it has been shown that the 7

electron/charged group interactions between cationic head groups and aromatic
solutes can produce higher solubilization in cationic micelles (ion-dipole interactions)
(Scamehorn and Harwell, 1988). Thus, while is it surprising that ethylcyclohexane (E)
solubilizes more than styrene (S) in cationic micelles here, it is interesting to note that
the ratio of Kuie for ‘E/S is less in SDS and SHDPDS than for DPCI] or PODD,
consistent with this discussion. These interpretations are speculative at this point and
should be further evaluated in future research.

Table 4-2 also summarizes the CMC, MSR and K,;. values for mixed
SHDPDS/DPCI, SHDPDS-alone and DPCl-alone micelles. The CMC values of the

surfactant mixtures were nearly the same as that for the SHDPDS alone. The CMC of
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the mixtures is virtually the same as for the SHDPDS alone, and the K. values are
unaffected by the mixtures. These results are consistent with previous research with
SHDPDS which shows that it is not significantly impacted by counterions or
cosurfactants, as demonstrated by precipitation and middle phase microemulsion
studies (Doan et al., 2003).

These results raise the question as to the kind of micellar structure a double
head, single tail ionic surfactant forms when combined with a single head ionic
surfactant of opposite charge. One can imagine that a single head ionic surfactant
could complex with the double head, single tail surfactant to form a quasi-double head
- double tail structure. A ratio of 1:3 of SDS/PODD could produce a double tail
complex that would account for 33% of the total PODD. This more hydrophobic
double head - double tail structure would approach the hydrophobicity of the
SHDPDS system. In fact the Ky, for ethylcyclohexane in SDS/PODD at a ratio 1:3

approaches the value of this parameter for the SHDPDS-alone system.
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FIG. 4-9 Solubilization of styrene in sodium dodecyl sulfate (SDS-alone),
pentamethyl-octadecyl-1,3-propane diammonium- dichloride (PODD-alone) and in
two SDS/PODD mixtures (0.01 M NaCl, 25°C). (a is the CMC of SDS/PODD, 1:3; b
is the CMC of SDS/PODD, 1:10; ¢ is the CMC of PODD-alone; and d is the CMC of

SDS-alone).
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FIG. 4-10 Solubilization of ethylcyclohexane in SDS-alone, PODD-alone and in two
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FIG. 4-11 Solubilization ‘of styrene in sodium hexadecyl-diphenyloxide disulfonate
(SHDPDS-alone), . dodecylpyridinium = chloride: (DPCl-alone) and in three
SHDPDS/DPCI mixtures (0.015-M NaCl, 25°C). (a is the CMC of SHDPDS-alone

and the three SHDPDS/DPCI mixtures, and b is the CMC of DPCl-alone).
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FIG. 4-12 Solubilization of ethylcyclohexane in SHDPDS-alone, DPCl-alone and in
three SHDPDS/DPCI1 mixtures (0.015 M NaCl, 25°C). (a is the CMC of SHDPDS-

alone and the three SHDPDS/DPCI mixtures, and b-is the CMC of DPCl-alone).
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FIG. 4-14 MSRs of oils in mixed micelles of SHDPDS/DPCI and SHDPDS-alone and

DPCl-alone.



TABLE 4-2 CMC, MSR, and K. values.

%

CMC, mM MSR Konic Kaam
Surfactants
Styrene |Ethylcyclohexane| Styrene | Ethylcyclohexane| Styrene |Ethylcyclohexane| Styrene | Ethylcyclohexane
SDS/PODD, 1:3 0.50 0.50 1.4 1.6 0.12 0.60 0.26 0.16
SDS/PODD, 1:10 1.2 1.0 1.3 P55 0.12 0.35 0.21 0.06
PODD-alone 1.4 1.2 1.1 0.40 0.11 0.28 0.19 0.06
SDS-alone 6.0 6.0 0.07 0.06 0.01 0.05 NM NM
SHDPDS/DPCI, 3:1 0.80 0.80 1.2 2 0.11 0.68 0.35 0.75
SHDPDS/DPCI, 10:1 0.90 0.60 1.4 2.3 0.12 0.69 0.40 0.70
SHDPDS/DPCI, 30:1 1.1 0.70 1.4 2.2 0.12 0.68 NM NM
SHDPDS-alone 1.0 0.80 0.93 Stk 0.10 0.68 0.40 0.65
DPCl-alone 6.0 5.0 0.23 0.08 0.04 0.07 NM NM

" based on high X, values from Figure 4-16 to more closely reflect the maximum additivity method used to assess K;;c

NM: Not Measurable - Surfactant admicelle does not form because single surfactant and surface are like charged.
All SDS/PODD systems had 0.01M NaCl and all SHDPDS/DPCI syste,s had 0.015- M NaCl.
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4.4 Adsolubilization in admicelles
Figure 4-15 and Table 4-3 show the admicellar partition coefficient, Kygm,
versus the aqueous concentration of styrene for PODD-alone and for mixtures of
PODD and SDS adsorbed onto silica. The first conclusion from this data is that, for
any value of X,q, the Kum increases with increasing ratios of SDS/PODD. These
results are consistent with the micellar solubilization results and help confirm our
hypothesis that mixtures of anionic and cationic surfactants produce larger
adsolubilization of organic compounds than single surfactant admicelles. A second
observation from this data is that for a polar molecule like styrene, the value of K,qm
plateaus with increasing aqueous molar fraction of the polar solute, suggesting a
saturation of the palisade layer (Kitiyanan et al., 1996). This trend is observed for the
PODD-alone and the SDS/PODD 1:10 admicelles. However, the K4, values for the
SDS/PODD 1:3 system, although higher, are independent at of X,q. This behavior
indicates that the surfactant-modified surface has an equal affinity for the styrene
independent of the styrene concentration (i.e. Kpjc 1S independent of styrene loading

(Xaam) in the admicelle).
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TABLE 4-3 Data for adsolubilization of styrene in mixed SDS/PODD and PODD-alone admicelles.

Ratio S; S Si-S¢ A-A; C-C; X Xag K Mass of | CMC

(SDS/PODD) ppm mole/LL | mole/LL | mole/L | mole/L | mole/L " (10™) o silica, g | mole/L

1:3 100 | 8.70E-04 | 1.37E-04 | 7.33E-04 | 2.49E-03 | 8.27E-03 | 0.06 0.25 0.26 0.5 6.0E-04
3.0E-03/9.0E-03| 250 | 2.17E-03] 3.24E-04] 1.85E-03 [ 2.49E-03 | 8.31E-03 ] 0.15 0.58 0.25 0.5
mole/L 500 | 4.35E-03| 5.67E-04 | 3.78E-03 | 2.49E-03 | 8.20E-03 | 0.26 1.02 0.26 0.5
750 | 6.52E-03 | 7.44E-04 | 5.78E-03 | 2.49E-03 | 8.26E-03 | 0.35 1.34 0.26 0.5
1000 | 8.70E-03 | 8.94E-04 | 7.80E-03 | 2.49E-03 | 8.27E-03 | 0.42 1.61 0.26 0.5

1:10 100 | 8.70E-04 | 2.69E-04 | 6.01E-04 | 8.28E-04 | 9.11E-03 | 0.06 0.48 0.12 0.5 2.2E-03
1.0E-03/1.0E-02| 250 | 2.17E-03 | 4.52E-04 | 1.72E-03 | 8.21E-04 | 9.08E-03 | 0.15 0.81 0.18 0.5
mole/L 500 | 4.35E-03| 7.19E-04 | 3.63E-03 | 8.21E-04 | 9.10E-03 | 0.27 1.29 0.21 0.5
750 | 6.52E-03 | 9.71E-04 | 5.55E-03 | 8.25E-04 | 9.08E-03 | 0.36 1.75 0.21 0.5
1000 | 8.70E-03 | 1.20E-03 | 7.50E-03 | 8.31E-04 | 9.10E-03 ] 0.43 2.16 0.20 0.5

PODD-alone 100 | 8.70E-04 | 3.60E-04 | 5.10E-04 - 8.92E-03 | 0.05 0.65 0.08 0.5 2.3E-03
1.0E-02 250 | 2.17E-03 | 5.87E-04 | 1.59E-03 - 8.77E-03 | 0.15 1.06 0.15 0.5
mole/L 500 | 4.35E-03 ] 8.42E-04 | 3.51E-03 - 9.13E-03| 0.28 1.52 0.18 0.5
750 | 6.52E-03 | 1.11E-03 | 5.42E-03 - 9.17E-03 | 0.37 1.99 0.19 0.5
1000 | 8.70E-03 | 1.28E-03 | 7.42E-03 - 9.15E-03| 0.45 2.31 0.19 0.5
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Figure 4-16 and Table 4-4 show the admicellar partition coefficient of
ethylcyclohexane, K,gm, as a function of ethylcyclohexane aqueous mole fraction in
mixed SDS/PODD and PODD-alone admicelles. All the isotherms in Figure 4-14
have a positive slope which indicates that the adsolubilization process increases as
additional solute partitions into the admicelles; this is as expected for a core
solubilization process. And again the surfactant ratio of 1:3 is the most efficient in
solubilizing ethylcyclohexane (has the largest K.um), once again supporting our
hypothesis of improved adsolubilization as the mixed system approaches equimolar

conditions.
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TABLE 4-4 Data for adsolubilization of ethylcyclohexane in mixed SDS/PODD and PODD-alone admicelles.

Ratio S; S¢ Si-S; Ai-Af C-C; Xuam | Xuq | Kaam | Massof | CMC
(SDS/PODD) | ppm | mole/L | mole/L | mole/L | mole/L | mole/L (107 silica, g [ mole/L
1:3 50 | 3.51E-04 | 2.02E-04 | 1.49E-04 | 2.48E-03 | 8.22E-03 | 0.01 | 0.36 | 0.04 0.5 6.0E-04
3.0E-03/9.0E-03| 75 |5.27E-04 | 3.83E-04 | 1.44E-04 | 2.49E-03 | 8.25E-03 | 0.01 | 0.69 | 0.02 0.5
mole/L 100 | 7.02E-04 | 4.34E-04 | 2.68E-04 | 2.49E-03 | 8.21E-03 | 0.02 | 0.78 | 0.03 0.5
250 | 1.76E-03 | 4.81E-04 | 1.27E-03 | 2.49E-03 | 8.24E-03| 0.11 | 0.87 | 0.12 0.5
500 | 3.51E-03 | 7.15E-04 | 2.80E-03 | 2.49E-03 | 8.29E-03 | 0.21 | 1.29 { 0.16 0.5
1:10 50 |[3.51E-04| 2.48E-04 | 1.03E-04 | 7.35E-04 | 9.25E-03 | 0.01 | 0.45 | 0.02 0.5 2.2E-03
1.0E-03/1.0E-02] 75 | 5.27E-04 | 3.50E-04 | 1.76E-04 | 7.38E-04 [ 9.57E-03 | 0.02 | 0.63 | 0.03 0.5
mole/L 100 | 7.02E-04 | 4.27E-04 | 2.75E-04 | 7.17E-04 | 9.47E-03 | 0.03 | 0.77 | 0.03 0.5
250 | 1.76E-03 | 8.72E-04 | 8.84E-04 | 7.50E-04 | 9.46E-03 | 0.08 | 1.57 [ 0.05 0.5
500 | 3.51E-03 | 1.44E-03 | 2.07E-03 | 7.37E-04 | 9.58E-03| 0.17 | 2.59 { 0.06 0.5
PODD-alone 50 [3.51E-04]| 2.52E-04 | 9.89E-05 - 9.59E-03| 0.01 | 0.45 | 0.02 0.5 2.3E-03
1.0E-02 75 | 5.27E-04 | 3.57E-04 | 1.69E-04 - 9.52E-03| 0.02 | 0.64 | 0.03 0.5
mole/L 100 | 7.02E-04 | 4.43E-04 | 2.60E-04 - 9.46E-03| 0.03 | 0.80 | 0.03 0.5
250 |-1.76E-03 | 9.10E-04 | 8.45E-04 - 9.54E-03| 0.08 | 1.64 | 0.05 0.5
500 | 3.51E-03 | 1.45E-03 | 2.07E-03 - 9.78E-03| 0.17 | 2.60 | 0.07 0.5
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Figure 4-17 and Table 4-5 shows the admicellar partition coefficient of
styrene, Kaam, as a function of styrene aqueous mole fraction in mixed SHDPDS/DPCI
and SHDPDS-alone admicelles. The values of K, are higher at low X,q values and
plateau towards a minimum value at higher X, This suggests preferential
adsolubilization at lower loading (lower X,q and Xaim) and eventual site saturation
with increased loading (ie, the palisade layer effect described above). It should be
noted that the preferential adsolubilization at lower values of X,q diminishes with
increasing ratios of SHDPDS/DPCI: this can again be attributed to the “squeezing
out” phenomenon mentioned above (i.e. the co-surfactant is filling spaces that might

have been filled by the solute, thereby diminishing the palisade effect).
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TABLE 4-5 Data for adsolubilization of styrene in mixed SHDPDS/DPCI and SHDPDS-alone admicelles.

Ratio S; S¢ Si-S¢ ArA C-C; Xodm X Kum | Mass of CMC
(SHDPDS/DPCI) | ppm | mole/L | mole/L. | mole/L [ mole/l. | mole/L (107 alumina, g| mole/L
3:1 25 | 2.17E-04| 1.02E-04 | 1.15E-04 | 7.41E-04 | 3.18E-04| 0.10 [ 0.18 | 0.53 0.1 5.5E-04
1.0E-03/3.33E-04| 50 |4.35E-04| 2.68E-04| 1.67E-04 | 8.08E-04 | 3.24E-04| 0.13 | 0.48 | 0.27 0.1
mole/L 75 | 6.52B-04| 3.49E-04 | 3.04E-04 | 8.18E-04 | 3.18E-04| 0.21 | 0.63 | 0.34 0.1
100 | 8.70E-04 | 4.37E-04 | 4.33E-04 | 8.23E-04 | 3.20E-04| 0.27 | 0.79 | 0.35 0.1
150 | 1.30E-03 | 6.92E-04 | 6.13E-04 | 8.81E-04 | 3.18E-04| 0.34 | 1.25 | 0.27 0.1
10:1 25 | 2.17E-04 | 8.16E-05 | 1.36E-04 | 7.90E-04 [ 1.00E-04 [ 0.13 [ 0.15 [ 0.90 0.1 4.3E-04
1.0E-03/1.0E-04 | 50 [ 4.35E-04] 2.04E-04| 2.31E-04 | 7.27E-04 [ 1.00E-04] 0.22 | 0.37 | 0.59 0.1
mole/L 75 | 6.52E-04 | 3.86E-04 | 2.67E-04 [ 7.48E-04 | 1.00E-04 ] 0.24 | 0.69 | 0.34 0.1
100 | 8.70E-04 | 4.41E-04 | 4.28E-04 | 7.58E-04 | 1.00E-04| 0.33 | 0.79 | 0.42 0.1
150 | 1.30E-03 | 7.03E-04 | 6.01E-04 | 7.91E-04 | 1.00E-04 | 0.40 | 1.27 | 0.32 0.1
30:1 25 | 2.17E-04 | 1.88E-04 | 2.90E-05 | 4.64E-04 | 3.33E-05| 0.06 | 0.34 | 0.16 0.1 5.5E-04
1.0E-03/3.33E-05| 50 | 4.35E-04| 3.71E-04 | 6.37E-05 | 4.79E-04 | 3.33E-05| 0.11 | 0.67 | 0.17 0.1
mole/L 75 | 6.52E-04 | 4.72E-04 | 1.80E-04 | 4.63E-04 | 3.33E-05| 0.27 | 0.85 | 0.31 0.1
100 | 8.70E-04 ] 5.09E-04 | 3.61E-04 | 5.18E-04 | 3.33E-05| 0.40 | 0.92 | 0.43 0.1
150 | 1.30E-03 | 7.13E-04 | 5.92E-04 | 4.73E-04 | 3.33E-05] 0.54 | 1.28 | 0.42 0.1
SHDPDS-alone 25 | 2.17E-04 | 1.04E-04 | 1.14E-04 | 4.79E-04 - 0.19 | 0.19 [ 1.03 0.1 4.9E-04
1.0E-03 50 | 4.35E-04 | 2.57E-04 | 1.78E-04 | 4.33E-04 - 0.29 | 0.46 [ 0.63 0.1
mole/L 75 | 6.52E-04 | 4.21E-04 | 2.31E-04 | 4.33E-04 - 035 ] 0.76 | 0.46 0.1
106 | 9.23E-04 | 5.83E-04 | 3.39E-04 | 4.20E-04 - 045 ] 1.05 [ 043 0.1
150 | 1.30E-03 | 7.07E-04 | 5.98E-04 | 4.33E-04 - 0.58 | 1.27 | 046 0.1
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Figure 4-18 and Table 4-6 show the admicellar partition coefficient of
ethylcyclohexane, K,gm, as a function of ethylcyclohexane aqueous mole fraction in
mixed SHDPDS/DPCI and SHDPDS-alone admicelles. The curves in Figure 4-18
resemble the curves in Figure 4-16 in that the slopes of the curves are positive and
that the values of the admicelle partition coefficients are larger for the mixed system
SHDPDS/DPCI at the highest mole ratio 3:1. Once again these results illustrate the
more hydrophobic nature of the mixed admicelle and corroborate our hypothesis. In
the case of ethylcyclohexane, admicelles formulated with mixtures of anionic and
cationic surfactants show larger solubilization than single SHDPDS systems, even
though this is not observed in the case of micelles: this disparity could be due to the
two-dimensional nature of admicelles versus the three-dimensional nature of micelles

(i.e. the packing synergy may be better exploited in more planar structures).
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TABLE 4-6 Data for adsolubilization of ethylcyclohexane in mixed SHDPDS/DPCI and SHDPDS-alone admicelles.

Ratio S; S¢ Si-S; A-As C-C; Xadm | Xag | Kaam | Massof | CMC
(SHDPDS/DPC])| ppm | mole/L | mole/L | mole/L | mole/L | mole/L 107%) alumina, g| mole/L
3:1 46 | 3.23E-04 | 1.61E-04 | 1.61E-04 | 8.23E-04 | 2.47E-04 | 0.13 | 0.29 [ 0.45 0.1 5.5E-04
1.0E-03/3.33E-04] 69 | 4.84E-04 | 2.23E-04 | 2.61E-04 | 7.52E-04 | 2.42E-04 | 0.21 [ 0.40 | 0.52 0.1
mole/L 92 | 6.45E-04 | 2.39E-04 | 4.06E-04 | 8.12E-04 | 2.42E-04| 0.28 | 0.43 | 0.65 0.1
138 | 9.68E-04 | 2.96E-04 | 6.72E-04 | 7.87E-04 | 2.27E-04| 0.40 | 0.53 | 0.75 0.1
184 | 1.29E-03 | 3.67E-04 | 9.23E-04 | 6.80E-04 | 2.45E-04] 0.50 | 0.66 | 0.76 0.1
10:1 46 | 3.23E-04 | 2.02E-04 | 1.20E-04 | 7.89E-04 | 8.83E-05| 0.12 | 0.36 | 0.33 0.1 4.3E-04
1.0E-03/1.0E-04 [ 69 | 4.84E-04 | 2.12E-04 | 2.72E-04 | 8.46E-04 | 9.05E-05 [ 0.23 | 0.38 | 0.59 0.1
mole/L 92 | 6.45E-04 | 2.89E-04 | 3.56E-04 | 8.59E-04 | 8.83E-05| 0.27 | 0.52 | 0.52 0.1
138 | 9.68E-04 | 3.87E-04 | 5.81E-04 | 7.91E-04 | 9.57E-05| 0.40 | 0.70 | 0.57 0.1
184 | 1.29E-03 | 4.52E-04 | 8.39E-04 | 8.46E-04 | 9.05E-05| 0.47 | 0.81 | 0.58 0.1
30:1 46 | 3.23E-04 | 2.22E-04 | 1.01E-04 | 7.89E-04 | 3.33E-05| 0.11 | 0.40 [ 0.27 0.1 4.3E-04
1.0E-03/3.33E-05| 69 | 4.84E-04 | 2.79E-04 | 2.05E-04 | 8.46E-04 | 3.33E-05| 0.19 [ 0.50 | 0.38 0.1
mole/L 92 | 6.45E-04 | 2.92E-04 | 3.54E-04 | 8.59E-04 | 3.33E-05| 0.28 | 0.52 | 0.54 0.1
138 | 9.68E-04 | 3.35E-04 | 6.33E-04 | 7.91E-04 | 3.33E-05| 0.43 | 0.60 | 0.72 0.1
184 [ 1.29E-03 | 3.92E-04 [ 8.99E-04 | 8.46E-04 | 3.33E-05] 0.51 | 0.71 | 0.72 0.1
SHDPDS-alone | 50 [ 3.53E-04 | 3.20E-04 [ 3.26E-05 | 8.49E-04 - 0.04 | 0.58 | 0.06 0.1 4.9E-04
1.0E-03 69 | 4.84E-04 [ 3.67E-04 | 1.17E-04 | 8.74E-04 - 0.12 | 0.66 | 0.18 0.1
mole/L 92 [ 6.45E-04 | 3.93E-04 | 2.52E-04 | 8.70E-04 - 022 | 0.71 | 0.32 0.1
138 | 9.68E-04 | 4.85E-04 | 4.83E-04 | 8.39E-04 - 0.37 | 0.87 | 042 0.1
184 | 1.29E-03 ] 5.08E-04 [ 7.83E-04 | 8.53E-04 = 0.48 | 091 | 0.52 0.1
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To compare the values of K 4, reported in this section with K. values

reported above we will focus on the Kuam values at higher levels of X,q as this more
closely mimics the maximum additivity method used to determine K. By
comparing the K,gm and Ky, values in Table 4-2, it is interesting to note that for the
SDS/PODD system, the admicelles are more efficient in solubilizing styrene than are
the micelles - again this may be attributed to the more planar structure of admicelles
favoring the palisade effect. Conversely, the SDS/PODD admicelles are less efficient
for ethylcyclohexane - albeit from Figure 4-16 we observe that the isotherm is
continuing to rise and since it was not possible to conduct experiments at higher
levels, we may not have realized the maximum value. For the SHDPDS/DPCI system,
we observe that once again the admicelles are more efficient for incorporating
styrene, while the micelles and admicelles are equally effective for ethylcyclohexane
(see Charoensaeng (2003) for details of SHDPDS/DPCI experiments). Thus, we
observe that the relative efficiency of admicelles and micelles is a function of the

surfactants and their mole ratio in the mixture and the solute of interest.
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4.5 Column experiments
Column experiments were conducted to evaluate the behavior of both
surfactants and organic solutes in continuous flow systems, as discussed below (data

is shown in Krajangpan, 2004).

4.5.1 Surfactants behavior in column study

The surfactant breakthrough curves of PODD-alone and mixed
SDS/PODD, 1:3 ratio (both with styrene and ethylcyclohexane studies) with silica
were analyzed for surfactant breakthrough. The bar graphs in Figure 4-19 show the
adsorption of surfactants in the column before and after water flushing through the
column. We found that for the mixed SDS/PODD, 1:3 ratio, the surfactant adsorption
of styrene study was similar to the surfactant adsorption of ethylcyclohexane study
and less surfactant desorbed than for the single surfactant case for both oils study. For
the PODD-alone, the surfactant adsorption of styrene and ethylcyclohexane studies
was similar and less than that of the mixed SDS/PODD, 1:3 ratio, while the surfactant
desorption in the PODD-alone was less than that of the mixed SDS/PODD, 1:3 ratio.
It means that the admicelles of the mixed SDS/PODD, 1:3 ratio, can adsorb more on

silica surface and are more stable.
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FIG. 4-19. Column experiments, surfactants adsorption while flowing through silica
with PODD-alone admicelles, and silica with SDS/PODD, 1:3, admicelles, in styrene

and ethylcyclohexane experiments.
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4.5.2 Retardation of styrene and ethylcyclohexane in column study

Figure 4-20 shows styrene retardation factors of 1.7, 4.0, and 12.8 for

silica without admicelles, for silica with PODD-alone admicelles, and for silica with
SDS/PODD, 1:3 ratio, respectively. Figure 4-21 shows ethylcyclohexane retardation
factors of 1.3, 32.1, and 90.2 while flowing through silica without admicelles, silica
with PODD-alone admicelles, and silica with SDS/PODD, 1:3 ratio, respectively. We
found that both styrene and ethylcyclohexane have about 3 times higher retardation
while flowing through the silica with mixed SDS/PODD at 1:3 ratio than for the silica
with PODD-alone admicelles. The retardation of ethylcyclohexane while flowing
through the silica with mixed SDS/PODD, 1:3 ratio, is about 7 times higher than that
of styrene. This result confirms the adsolubilization experiments of ethylcyclohexane
in the admicelles of mixed SDS/PODD, 1:3 ratio, which is greater than that of styrene

in the same kind admicelles (Fuangswasdi et al., 2005b).
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FIG. 4-20. Styrene retardation while flowing through silica without admicelles (R =

1.7), silica with PODD-alone admicelles (R = 4.0), and silica with SDS/PODD, 1:3

ratio admicelles (R =12.8) (0.01 M NaCl, 25°C).
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FIG. 4-21.  Ethylcyclohexane retardation while flowing through silica without
admicelles (R = 1.3), silica with PODD-alone admicelles (R = 32.1), and silica with

SDS/PODD, 1:3 ratio admicelles (R = 90.2) (0.01 M NaCl, 25°C).
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Figure 4-22 compares the adsorption of styrene and ethylcyclohexane

while flowing through silica without admicelles, silica with PODD-alone admicelles,
and silica with SDS/PODD, 1:3 ratio, admicelles in the column (in units of mole/g of
silica). We found that both solutes were adsorbed more on the mixed-surfactant
admicelles than on the other surfaces. We also found that ethylcyclohexane was
adsorbed by the PODD-alone admicelles and mixed SDS/PODD, 1:3 ratio, admicelles
on silica surface more than was the styrene. Conversely, the silica without admicelles

had no effect to ethylcyclohexane over styrene.
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FIG. 4-22. Column experiments, styrene and ethylcyclohexane adsorption while
flowing through silica without admicelles, silica with PODD-alone admicelles, and

silica with SDS/PODD, 1:3 ratio admicelles (0.01 M NaCl, 25°C).
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4.6 Admicelle stability in batch experiments.

Figure 4-23 shows the surfactant adsorption of silica with PODD-alone
admicelles and mixed SDS/PODD, 1:3 ratio, admicelles. We found that after water
flushing for five times, the admicelles of PODD-alone and mixed SDS/PODD, 1:3
ratio desorbed from the adsorbent in nearly the same percentage, 41.8% and 39.1%,
respectively. In addition, the admicelles of mixed SDS/PODD, 1:3 ratio, were still
adsorbed on silica surface higher than PODD-alone admicelles (3.7 x 10™ mole/g and
2.3 x 10™ mole/g, respectively). The anionic and cationic surfactant in mixed
SDS/PODD, 1:3 ratio, approached equimolar after five times of water flushing. In
addition, we found that in the batch experiments the admicelles desorbed significantly
from the adsorbent while in the column experiments the desorption of admicelles was

much less.
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4.7 Surface Tension Experiments
The results of surface tension of mixed SDS/PODD in 1:3 ratio, PODD-alone,
and SDS-alone are shown in Table 4-7 and Figure 4-24. Figure 4-25 and Table 4-8
show the saturation adsorption and the minimum coverage area of surfactant
molecules of mixed SDS/PODD (1:3 ratio), PODD-alone, and SDS-alone from
surface tension experiments. Table 4-9 shows the minimum coverage area of mixed
SDS/PODD (1:3 ratio) and PODD-alone on silica surface from the previous work,
adsorption experiments. The minimum coverage area of mixed SDS/PODD (1:3 ratio)
which forms monolayer from the surface tension experiment (see Table 4-8) covers
the area 0.70 nmz/molecule, while the minimum coverage area of mixed SDS/PODD
(1:3 ratio) which forms admicelle from the adsorption isotherm experiment (see Table
4-9) covers the area 0.36 nm*/molecule. We can see that the coverage area of
monolayer is about 2 times larger than that of the bilayer or the admicelle. When the
surfactant molecules form admicelles or double layer on silica surface, the minimum
coverage area of the molecules is expected to be (0.70 nm”/molecule/2 molecules)
0.35 nm*/molecule. The minimum coverage area of the SDS/PODD (1:3, ratio) from
the adsorption experiment is 0.36. nm*/molecule. The study of SEM and TEM will
show the size of the silica absorbent with admicelles adsorbed on the surface
compares to -the-silica particles. without admicelles. Table-4-8. also shows the
minimum coverage area of PODD-alone monolayer from surface tension experiment
0.59 nm2/molecule, while Table 4-9 shows the minimum coverage area of PODD-
alone admicelle from adsorption experiment 0.56 nm*/molecule. We can see that
when PODD-alone forms admicelle, it performs nearly the same of minimum

coverage area as when it forms monolayer. Thus, it is obviously shown that PODD-
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alone molecules do not pack as efficiently when it becomes admicelles as the mixed
surfactant do. Then mixed surfactant can have more adsolubilization than the

surfactant-alone because of the denser molecules.
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TABLE 4-7 Surface tension data for mixed SDS/PODD, PODD-alone, and SDS-

alone (0.01 M NaCl, 30°C).

SDS/PADD, 1:3 PADD-alone SDS-alone
. Surface . Surface . Surface
Concentration ) Concentration . Concentration ]

M Tension M Tension M Tension

mN/m mN/m mN/m
1.00E-03 26.1 1.00E-05 58.3 1.00E-03 45.1
7.00E-04 26.2 1.00E-04 35.9 1.00E-02 374
5.00E-04 26.2 1.00E-03 36.5 4.00E-04 49.7
2.00E-03 26.6 1.00E-02 39.9 5.00E-03 37.1
7.00E-05 26.9 8.00E-05 38.0 1.00E-03 44.3
1.00E-04 2748 5.00E-05 40.7 1.50E-03 42.8
1.50E-04 26.7 3.00E-04 34.6 2.00E-03 39.7
3.00E-04 26.2 5.00E-04 35.8 8.00E-04 46.6
4.00E-04 26.0 8.00E-04 36.3 2.50E-03 36.1
1.00E-05 36.3 3.00E-05 44.7 4.00E-03 34.7
4.00E-05 28.1 1.50E-04 35.2 5.00E-03 36.6
7.00E-06 39.5 2.00E-04 34.8 2.00E-02 36.6
2.00E-05 334 - - 1.76E-03 42.0
3.00E-05 30.6 - - 2.20E-03 39.3
5.00E-05 27.9 - - 6.00E-03 37.2
1.50E-05 32.2 - - 3.00E-03 35.9
2.50E-05 29.6 - - 3.50E-03 33.7
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FIG. 4-24 Surface tension study of mixed SDS/PODD, PODD-alone, and SDS-alone

(0.01 M NacCl, 30°C).
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FIG. 4-25 Surface tension study of mixed SDS/PODD, PODD-alone, and SDS-alone

(0.01 M NacCl, 30°C).
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TABLE 4-8 The saturation adsorption and the minimum coverage area of surfactant

molecules of mixed SDS/PODD, PODD-alone, and SDS-alone from surface tension.

Ratio

Slope

Saturation adsorption

Minimum Coverage Area

I, mole/m? Anmin, nm*/molecule
SDS/PODD, 1:3 -13.75 2.37E-06 0.70
PODD-alone -16.33 2.81E-06 0.59
SDS-alone -25.67 4.42E-06 0.38




TABLE 4-9 The minimum coverage area of mixed SDS/PODD and PODD-alone on silica surface from adsorption.

Plateau Adsorption Plateau
Cationic Surfactant Anionic Surfactant Total Surfactant Aqueous
Medium Ratio
molecules/|  nm?% molecules/|  nm?*/ molecules/| pm% Surfactan.t
) mole/g x mole/g ) mole/g || Concentration
nm~ |molecule nm~ |molecule nm~ |molecule M
Silica |SDS/PODD, 1:3 2.8 0.36 | 6.63E-04 2 0.83 | 2.84E-04 4 0.25 | 9.47E-04 0.50
PODD-alone 1.8 0.56 |4.26E-04f NA NA NA 1.8 0.56 | 4.26E-04 1.40

NA - Not Applicable - The adsorption of like-charged surfactant alone and media was below detection limits.

104
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4.8 Electron Microscope Studies

4.8.1 SEM (Scanning Electron Microscopy)

Figure 4-26 shows the particles of silica without admicelles adsorbed
(Figure 4-26 (a)) on the surface as compared to the adsorbent with mixed SDS/PODD
admicelles and PODD-alone admicelles adsorbed on the surface (Figure 4-26 (b) and
Figure 4-26 (c), respectively). From the Figure 4-26 (a), the average size of silica
particles diameter is approximately 50 nm, while from Figure 4-26 (b) and Figure 4-
26 (c) the average size of the particle diameter is nearly the same, roughly 65 nm.
This indicates that surfactant-modified silica with mixed SDS/PODD (1:3, ratio) or
PODD-alone adsorbed on the surface increases the particle size by roughly 30%. This
would suggest that the thickness of the admicelle on the silica is approximately (65
nm - 50 nm)/ 2 or 7.5 nm, which is consistent with a bilayer of surfactant molecules
and at least 2 or 3 monomers of styrene. Molar solubilization ratio (MSR) data from
Figure 4-13 shows that 1 molecule of the surfactant can adsorb 1.4 molecules of
styrene monomers. Thus, a bilayer (admicelle) can adsorb about 3 (2.8) styrene
monomers. Thus, the thickness of the admicelle is estimated by 2 surfactant molecules

and 3 styrene monomers (see Figure 4-27).
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(a)

(b)

L0

FIG. 4-26 Scanning Electro Microscope (SEM) of silica without admicelle adsorbed
on the surface (a), compares to-the silica adsorbent with mixed SDS/PODD (1:3 ratio)
admicelles on the surface (b), and the silica adsorbent with PODD alone admicelles

on the surface (c) (Magnification 80 K).
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4.8.1 TEM (Transmission Electron Microscopy)

Figure 4-28 shows the particles of silica without admicelles adsorbed on
the surface as compared to the particles of silica adsorbent with mixed SDS/PODD
admicelles and PODD-alone admicelles adsorbed on the surface (Figure 4-28 (b) and
Figure 4-28 (c), respectively). Since the magnification of the image is 200 K (200,000
times enlargement), the characteristic of the particles is hard to identify. Nonetheless,
the size of the adsorbents with mixed SDS/PODD admicelles and PODD-alone
admicelles are qualitative observed to be bigger than that of the particles of silica

without admicelles. Future research should further explore these observations.



109

(©

FIG. 4-28 Transmission Ele trg li‘iliéros&%e ‘(‘TEM) of silica without admicelle adsorbed
ua’ﬁ d\' fa
on the surface (a), compai es{t_(ijﬁj% silicé{ajd@rbeflt with mixed SDS/PODD (1:3 ratio)

—

admicelles on the surface (bﬁ,;a’za{l the siﬁZa':aﬁ"sorbent wfith PODD alone admicelles on
—d

A
the surface (c) (W;. Y]
LY D

-
|
{il

L\

=
€



CHAPTER V

SUMMARY

The study of mixed anionic and cationic surfactants demonstrated synergism
in many different experiments, such as shrinking the precipitation area of mixed
surfactant, enhancing surfactant adsorption on particle surfaces and increasing the
solubilization and the adsolubilization of organic solutes into mixed micelles and
mixed admicelles. Mixed anionic and cationic surfactants adsorbed on surfaces can
slow down the flow of organic solutes while passing through the adsorbent.

From this study, we found that mixed surfactants reach the CMC and form
micelles at lower concentrations than single surfactant systems. Thus, when we apply
mixed surfactant in the contaminated subsurface, we use less surfactant than single
surfactant systems. The study also showed higher solubilization of organic solutes
into mixed micelles than into the micelles of single surfactant systems. Using mixed
surfactants for groundwater remediation thus can improve the economics, because
less cleaning material is required.

The pump and treat method is suitable for high concentration of the
contaminant in the subsurface. When the concentration of the contaminant is reduced,
continuing this method is considered to be less economical. Some of the surfactant is
left in the subsurface by adsorbing on the soil particles. The loss of surfactant causes
more expense and affects to the environment. Even if most of the surfactants are
degradable grade, but it takes time to degrade if surfactants are high concentration. In
this case, the alternative method is chosen. The use of adsorbent is one of the

methods. Mixed surfactant admicelles adsorbed on mineral oxide surfaces can hold
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more oil with longer time than single surfactant admicelles. Thus, the adsorbent can
capture the contaminant and let the biodegradation process clean the oil. The
adsorbent can be regenerated if the organic solute is captured until the adsorbent is
saturated. The surfactant and the mineral oxide can be reused, while the captured

organic solute is eliminated.



REFERENCES
Abe, M., Saeki, A., Kamogawa, K., Sakai, H., Kondo, Y., Yoshino, N., Uchiyama, H.,
and Harwell, J. H. 2000. Fluorocarbon hybrid surfactants characterization of

admicelles and its solubilization. Ind. Eng. Chem. Res. 39: 2697-2703.

Acosta, E. J., Harwell, J. H. and Sabatini, D. A. 2004. Self-assembly in linker-

modified microemulsions. J. Colloid Interf. Sci. 274: 652-664.

Amante, J. C., Scamehorn, J. F., and Harwell, J. H. 1991. Precipitation of mixtures of
anionic and cationic surfactants. II. Effect of surfactant structure, temperature,

and pH. J. Colloid Interface Sci. 144: 243-253.

Behrends, T. and Herrmann, R. 2000. Adsolubilization.1of anthracene on surfactant
covered silica in dependence on pH: indications for different adsolubilization in

admicelles and hemimicelles. Colloids and Surfaces 162: 15-23.

Bergstrom, M. 2001. Synergistic effects in mixtures of an anionic and a cationic

surfactant, Langmuir 17: 993-998.

Broze, G. 1995. Solubilization and detergency, in Solubilization in Surfactant
Aggregates, edited by S. D. Christian and J. F. Scamehorn, New York: Marcel
Dekker. p. 493-516.

Charoensaeng, A. 2003. Adsorption of mixed anionic and cationic surfactants on

alumina. Master’s thesis, National Research Center for Environmental
Hazardous Waste Management, Graduate School, Chulalongkorn University. p.
72.

Chen, L., Xiao, J. X., Ruan, K., and Ma, J. 2002. Homogeneous solutions of

equimolar mixed cationic-anionic surfactants, Langmuir 18: 7250-7252.



113
Cui, Z. G. and Canselier, J. P. 2000. Interfacial and micellar properties of some
anionic/cationic binary surfactant systems: 1. Surface properties and prediction

of surface tension, Colloid Polym. Sci. 278: 22-29.

Dickson, J. and O’Haver, J. 2002. Adsolubilization of naphthalene and a-naphthol in
C,.TAB admicelles, Langmuir 18: 9171-9176.

Doan, T., Acosta, E. J., Scamehorn, J. F. and Sabatini, D. A. 2003. Formulating
middle-phase microemulsions wusing mixed anionic and cationic surfactant

systems, J. Surfactants Deterg. 6: 215-224.

Edwards, D. A., Luthy, R. G., and Liu, Z. 1991. Solubilization of polycyclic aromatic

hydrocarbons in micellar nonionic surfactant solutions, Environ. Sci. Technol.

25:127-133.
Esumi, K., Goino, M., and Koide, Y. 1996. The effect of added salt on adsorption and

adsolubilization by a gemini surfactant on silica, Colloids Surf., A. 118: 161-166

Esumi, K., Maedomari, N., and Torigoe, K. 2000. Mixed surfactant adsolubilization
of 2-naphthol on alumina, Langmuir 16: 9217-9220.

Esumi, K., Maedomari, N., and Torigoe, K. 2001. Adsolubilization of 2-naphthol by
binary mixtures of cationic and nonionic surfactants on silica, Langmuir 17:
7350-7354.

Fetter, C. W. 1988. Applied Hydrogeology, 2" edition; Metrill Publishin; p. 367-371.

Finkel, M., Liedl, R., and Teutsch, G. 1999. Modelling surfactant-enhanced

remediation of polycyclic aromatic hydrocarbons. Environ. Modelling &

Software 14: 203-211.



114

Fortin, J., Jury, W. A., and Anderson, M. A. 1997. Enhanced removal of trapped non-

aqueous phase liquids from saturated soil using surfactant solutions. J. Contam.
Hydrol. 24: 247-267.

Fountain, J. C., Klimek, A., Beikirch, M. G., and Middleton, T. M. 1991. The use of

surfactants for in situ extraction of organic pollutants from a contaminated

aquifer. Journal of Hazardous Materials 28: 295-311.

Freeze, R. A. and Cherry, J. A. 1979. Groundwater. Prentice-Hall, Inc. p. 384-385.

Fuangswasdi, A., Charoensaeng, A., Sabatini, D. A., Scamehorn, J. F., Acosta, E.,
Osathaphan, and K., Khaodhiar, S. 2005a. Mixtures of anionic and cationic
surfactants with single and twin head groups: adsorption and precipitation
studies. in review.

Fuangswasdi, A., Charoensaeng, A., Sabatini, D. A., Scamehorn, J. F., Acosta, E.,
Osathaphan, and K., Khaodhiar, S., 2005b. Mixtures of anionic and cationic
surfactants with single and twin head groups: solubilization and adsolubilization
of styrene and ethylcyclohexane. in review.

Harwell, J. H. 1992. Factors affecting surfactant performance in groundwater

remediation applications, -in Transport and Remediations of Subsurface

Contaminants, edited by D. A., Sabatini and R. C. Knox, ACS Symposium
Series 491, Washington, DC p. 124-181.
Harwell, J. H., Sabatini, D. A., and Knox, R. C., 1999. Surfactants for ground water

remediation. Colloids and Surfaces. 151: 255-268.

Kang, K. H., Kim, H. U., Lim, K. H., and Jeong, N. H., 2001. Mixed micellization of
anionic ammonium dodecyl sulfate and cationic octadecyl trimethyl ammonium

chloride. Bull. Korean Chem. Soc. 22: 1009-1014.




115
Kibbey, T. C. G. and Hayes, K. F. 2000. Effects of surfactant concentration and
sorbent properties on the sorption and transport of ethoxylated nonionic

surfactant mixtures. J. Contam. Hydrol. 41: 1-22.

Kitiyanan B., O’Haver, J. H., Harwell, J. H., and Osuwan, S. 1996. Adsolubilization
of styrene and isoprene in cetyltrimethylammonium bromide admicelles on
precipitated silica, Langmuir 12: 2162-2168.

Knox, R.C., Sabatini, D.A. and Canter L. W. 1993. Subsurface Transport and Fate

Processes. Florida: Lewis Publishers. p. 13-24.

Krajangpan, S. 2004. Enhanced adsolubization in silica-packed column by mixture of

cationic and anionic surfactants. (Master’s thesis, National Research Center for

Environmental — Hazardous @ Waste = Management, Graduate  School,
Chulalongkorn University). p. 78.

Kunieda, H., Ozawa, K., Aramaki, K., Nakano, A., and Solans, C. 1998. Formation of
microemulsions in mixed ionic-nonionic surfactant systems, Langmuir 14: 260-
263.

LaGrega, M. D., Buckingham, P. L., Evans, J. C., and Environmental Resources

Management. 2001. Hazardous Waste Management. International edition.

McGraw-Hill Higher Education. p. 982-984.
Li, F.-and Rosen; M. J. 2000. Adsorption of gemini and conventional cationic
surfactants onto montmorillonite and the removal of some pollutants by the clay.

J. Colloid Inferf. Sci. 224: 265-271.

Li, X., Zhang, G., Zhang, M., and Wu, G. 1996. The surface activity and

solubilization of anionic-cationic surfactants, Colloids Surf., A 111: 161-166.




116

Lin, S. Y., Lin, Y. Y., Chen, E. M., Hsu, C. T., and Kwan, C. C. 1999. A study of the

equilibrium surface tension and the critical micelle concentration of mixed
surfactant solutions, Langmuir 15: 4370-4376.

Lyman, W. J., Reidy, P. J., Levy, B., and Fan, C. Y. 1992. Mobility and Degradation

of Organic Contaminants in Subsurface Environments. Section 6. Liquid

contaminants in the pores spaces between soil particles in the unsaturated zone.
C. K. Smokley, Inc. p. 153-179.

Marques, E., Khan, A., Miguel, M. G., and Lindman, B. 1993. Self-assembly in
mixtures of a cationic and an anionic surfactant: the sodium dodecyl sulfate-

didodecyldimethylammonium bromide-water system, J. Phys. Chem. 97: 4729-

4736.
Medrzycka, K. B. and Lamparska, E. 2000. II-A Isotherms for anionic, cationic and

mixed anionic-cationic surfactants, Colloid Surface 164: 9-18.

Mehreteab, A. 1999. Anionic-cationic surfactant mixtures, in Hand Book of

Detergents, Part A: Properties, edited by G. Broze, New York: Marcel Dekker.

Ch. 5. p. 133-136.
Mulligan, C. N., Yong, R. N.; and Gibbs, B. F., 2001a. Surfactant-enhanced

remediation of contaminated soil: a review. Engineering Geology 60: 371-380.

Mulligan; C. N., Yong, R. N, and Gibbs, B. F. 2001b. Remediation technologies for

metal-contaminated soils and groundwater: an evaluation. Engineering Geology

60: 193-207.
Nayyar, S. P., Sabatini, D. A., and Harwell, J. H. 1994. Surfactant adsolubilization
and modified admicellar sorption of nonpolar, polar, and ionizable organic

contaminants, Environ. Sci. Technol. 28: 1874-1881.




117
O'Haver, J. H., Lobban, L. L., Harwell, J. H., and O'Rear, E. A. 1995.

Adsolubilization, in Solubilization in Surfactant Aggregates, edited by S. D.

Christian and J. F. Scamehorn, New York: Marcel Dekker. p. 277-295.

O’Haver, J. H. 1995. Aspects of Surface Modification of Powdered Reinforcers by In-

Situ Polymerization in Adsorbed Surfactant Bilayers. (Ph. D. dissertation,

University of Oklahoma) p. 159.
Okamoto, N., Yoshimura, T., and Esumi, K. 2004. Effect of pH on adsolubilization of
single and binary organic solutes into cationic hydrocarbon surfactant adsorbed

layer on silica, J. Colloid Interface Sci. 275: 612-619.

Patist, A., Devi, S., and Shah, D. O. 1999. Importance of 1:3 molecular ratio on the
interfacial properties of mixed surfactant systems, Langmuir 15: 7403-7405.
Pradubmook, T., O’Haver, J. H., Malakul, P., and Harwell, J. H. 2003. Effect of pH

on adsolubilization of toluene and acetophenone into adsorbed surfactant on

precipitated silica, Colloids Surf., A 224: 93-98.

Prosser, A. J. and Franses, E. I. 2001. Modeling of equilibrium adsorption and surface

tension of cationic gemini surfactants, Colloid Surface 240: 590-600.

Randal, M. H. 1993. Applications of surfactant mixtures, in Mixed Surfactant

Systems, edited by K. Ogino and M. Abe, New York: Marcel Dekker. p. 317-
336.

Rodriguez, C. H., Lowery, L. H., Scamehorn, J. F., and Harwell, J. H. 2001. Kinetics
of precipitation of surfactants: I. Anionic surfactants with calcium and with

cationic surfactants, J. Surfactants Deterg. 4: 1-14.




118
Rosen, M J. and Gu, B. 1987. Synergism in binary mixtures of surfactants. 6.
Interfacial tension reduction efficiency at the liquid/hydrophobic solid interface,

Colloid Surface 23: 119-134.

Rosen, M. J. 1989a. Surfactants and Interfacial Phenomena, 2™ edition, John Wiley &

Sons, Inc., New York. p. 108-109.

Rosen, M. J. 1989b. Surfactants and Interfacial Phenomena, nd edition, John Wiley &

Sons, Inc., New York. p. 42-43.

Rosen, M. J. 1989c. Surfactants and Interfacial Phenomena, nd edition, John Wiley &

Sons, Inc., New York. p. 170-206.
Rosen, M. J., Gao, T., Nakatsuji, Y., and Masuyama, A. 1994. Synergism in binary
mixtures of surfactants:12. Mixtures containing surfactants with two hydrophilic

and two or three hydrophobic groups, Colloid Surface 88: 1-11.

Rosen, M. J. and Song, L. D. 1996. Dynamic surface tension of aqueous surfactant
solutions: 8. Effect of spacer on dynamic properties of gemini surfactant

solutions, J. Colloid Interface Sci. 179: 261-268.

Rouquerol, J., Avnir, D., Fairbridge, C. W., Everett, D. H., Haynes, J. H., Pernicone,
N., Ramsay, J. D. F., Sing, K. S. W., and Unger, K. K. 1994. Recommendations

for the characterization of porous solids, Pure Appl. Chem. 66: 1739-1758.

Rouse; J. D., Sabatini, D.-A., and Harwell, J. H. 1993. Minimizing surfactant losses
using twin-head anionic surfactants in subsurface remediation, Environ. Sci.
Technol. 27: 2072-2078.

Sabatini, D. A., Knox, R. K., Harwell, J. H., and Wu, B. 2000. Integrated design of
surfactant enhanced DNAPL remediation: efficient supersolubilization and

gradient systems, J. Contam. Hydrol. 45: 99-121.




119

Sabatini, D. A., Scamehorn, J. F., and Harwell, J. H. 2003. Short course in applied

surfactant science & technology. Norman, Oklahoma. (May 12-14, 2003).
Surfactant Associates, Inc.

Scamehorn, J. F., Schechter, R. S., and Wade, W. H. 1982. Adsorption of surfactants

on mineral oxide surfaces from aqueous solutions. I: Isomerically pure anionic

surfactants, J. Colloid Interface Sci. 85: 463-478.

Scamehorn, J. F. 1986a. An overview of phenomena involving surfactant mixtures, in

Phenomena in Mixed Surfactant Systems, edited by J. F. Scamehorn, ACS

Symposium Series 311, Washington, D.C. p. 1-29.
Scamehorn, J. F. 1986b. Behavior and applications of surfactant mixtures: Future

perspectives, in Phenomena in Mixed Surfactant Systems, edited by J. F.

Scamehorn, ACS Symposium Series 311, Washington, D.C. p. 324-349.
Scamehorn, J. F. and Harwell, J. H. 1988. Surfactant-based treatment of aqueous

process streams, in Surfactants in Chemical/Process Engineering, edited by D. T.

Wasan, M. E. Ginn, D. O. Shah, New York: Marcel Dekker. p. 77-125.
Scamehorn, J. F., Sabatini, D. A., and Harwell, J. H. 2004a. Surfactants, part I:

fundamentals, in Encyclopedia of Supramolecular Chemistry, edited by J.

Atwood and J. Stead, New York: Marcel Dekker. p. 1458-1469.
Scamehorn, J.-F.;-Sabatini, D. A., and Harwell, J. H. 2004b. Surfactants, part II:

applications, in Encyclopedia of Supramolecular Chemistry, edited by J.

Atwood and J. Stead, New York: Marcel Dekker. p. 1470-1477.
Scamehorn, J. F. and Harwell, J. H. 2005. Precipitation of surfactant mixtures, in

Mixed Surfactant Systems, pnd edition, edited by M. Abe and J. F. Scamehorn.,

New York: Marcel Dekker. p. 601-656.



120
Shiao, S. Y., Chhabra, V., Patist, A., Free, M. L., Huibers, P. D. T., Gregory, A.,
Patel, S., and Shah, D. O. 1998. Chain length compatibility effects in mixed

surfactant systems for technological applications, Adv. Colloid Interface Sci. 74:

1-29.
Stellner, K. L., Amante, J. C., Scamehorn, J. F., and Harwell, J. H. 1988. Precipitation

phenomena in mixtures of anionic and cationic surfactants in aqueous solutions.

J. Colloid Inferf. Sci. 123: 186-200.

U.S. Environmental Protection Agency (EPA), 1995. In situ remediation technology
status report: surfactant enhancement. EPA542-K-94-004, EPA.

Wagner, J., Chen, H., Brownawell, B. J., and Westall, J. C. 1994. Use of cationic
surfactants to modify soil surfaces to promote sorption and retard migration of

hydrophobic organic compounds. Environ. Sci. Technol. 28: 231-237.

Wang, J., Han, B., Yan, H., Li, Z., and Thomas, R. K. 1999. Adsorption and
adsolubilization behaviors of cationic surfactant and hydrophobically modified
polymer mixtures on Na-kaolinite, Langmuir 15: 8207-8211.

Willson, C. S., Hall, J. L., Miller, C. T., and Imhoff, P. T., 1999. Factors affecting
bank formation during surfactant-enhanced mobilization of residual NAPL.

Environ. Sci. Technol. 33: 2440-2446.

Wu, J.; Harwell, J. H.; and O’Rear, E. A. 1987. Two-dimensional reaction solvents:
surfactant bilayers in the formation of ultrathin films, Langmuir 3: 531-537.

Zhu, L. and Feng, S. 2003. Synergistic solubilization of polycyclic aromatic
hydrocarbons by mixed anionic-nonionic surfactants, Chemosphere 53: 459-

467.



121

BIOGRAPHY

Mrs. Aranya Fuangswasdi was born on October 16, 1957 in Si Sa Ket,
Thailand. She graduated from Benchamarachalai School, Bangkok in 1976 and
received Bachelor’s Degree of Science (Geology) from Chulalongkorn University in
1981. She got married and has two children, a girl and a boy. She started her career as
a geologist for the Department of Mineral Resources. After working for years, she
went to Australia for her Master’s Degree in Groundwater Management in 1990-1991.
She continued her career as a hydrogeologist for the Ground Water Division,
Department of Mineral Resources. In 1999, the Department was structurally reformed
including the establishment of the Department of Groundwater Resources, under the
Ministry of Natural Resources and Environment. She was supported from her family
to further her study coping with the new role of the Department. She started her
Philosophy of Doctoral Degree study in the International Postgraduate Programs in
the Environmental Management, Inter-Department of Environmental Management,
Chulalongkorn University, Bangkok, Thailand in May 2002. She finished her
Philosophy of Doctoral Degree of Science in Environmental Management in April

2006.



	Cover (Thai) 
	Cover (English) 
	Accepted 
	Abstract (Thai)
	Abstract (English) 
	Acknowledgements 
	Contents 
	Chapter I INTRODUCTION
	1.1 General
	1.2 Hypotheses
	1.3 Objectives of the study
	1.4 Scopes of the study

	Chapter II BACKGROUND AND LITERATURE REVIEW
	2.1 Precipitation of mixed surfactant
	2.2 Adsorption isotherm
	2.3 Solubilization
	2.4 Adsolubilization
	2.5 Column study
	2.6 Surface tension study
	2.7 Electron microscope studies

	Chapter III METHODOLOGY
	3.1 Materials
	3.2 Methods

	Chapter IV RESULTS AND DISCUSSION
	4.1 Precipitation studies
	4.2 Adsorption experiments
	4.3 Solubilization in micelles
	4.4 Adsolubilization in admicelles
	4.5 Column experiments
	4.6 Admicelle stability in batch experiments
	4.7 Surface Tension Experiments
	4.8 Electron Microscope Studies

	Chapter V SUMMARY
	References 
	Vita

	Button1: 
	Button2: 
	Button3: 
	Button4: 
	Button5: 


