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PREFACE
Microemulâons are phases that contain both oil and water which coextist in 

tbennodynamic equilibrium due to the presence of sur&ctant 61ms that segregate at the 

oil - water interface. These systems can be used in numerous applications, including 

enhanced oil recovery, remediation of oil-impacted aquifers, nanopardcle synthesis, drug 

and cosmetic delivery and cleaning systems. The thermodynamic properdes of 

microemulsions are dictated by the properdes of the surdictant membrane such as 

curvature, characteristic length and rigidity. The goal o f this work was to understand the 

role of airfactant, linker molecules and 5)rmuladon condidons (e.g. electrolyte 

concentradon, temperature, addidve to sur6ctant rados, etc.) on the curvature, 

characteristic length and rigidity of sur&ctant membranes in microemulsions. Chapters 2 

and 3 describe a cridcal scaling model of surfactant membrane curvature called the net- 

average curvature that was able to rqnoduce the phase behavior of sur&ctant systems, 

including sohihilizadon, droplet size, phase transidons, phase volumes and interfacial 

tensions. Three important parameters are essential to this model: the extended length of 

the surfactant tail, the characterisdc length, and the inter&cial rigidity. Chapter 4 studies 

the effect o f adding hydrophilic and lipophilic linkers on the characterisdc length of 

microemulsion systems, and how the inter&cial rigidity influences the dynamic behavior 

of microemulsions. Chapter 5 extends the concept o f linker fbrmuladons for a wide 

variety of oils and studies the performance of these systems in oil removal 6om porous 

media and 6om textiles. Chapter 6 attempts to elucidate how hydrophilic and lipophilic 

linkers self-assemble at the sur&ctant membrane. Chapter 7 studies how to use linker

xvii



molecules to formulate non-toxic microemulsion systems. Chapter 8 provides a summary 

of the results and conclusions obtained in this research.
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CHAPTER I 

Overview

Microemulsions are optically isotropic phases containing oil and water domains in 

thamodynamic equilibrium due to the presence of a airfactant membrane present at the 

oil/water inteiAce. The discovay of these systems dates back to 1943 with the initial 

observations of Schulman Wio produced microemulsion phases upon addition of medium 

chain alcohols to soap emulsions (1). A more detailed historical overview of 

microemulsions is available elsewhere (2).

It is interesting to note that searching the database SciFinder® with 

"microemulsion" as a keyword retrieved over 10 thousand references. To put this number 

in perspective, using the keyword "carbon nanotube" retrieved just below 10 thousand 

references. It is thus clear that microemulsions are of great interest. Figure 1.1 presents 

the number of publications on the topic of microemulsions for each year between 1943 to 

2003, wha-e is clear that the level of interest in microemulsions continues to grow.

900 
^  800 
3 700 
k 600 
« 5 0 0  
#  400 
3  300  ̂200 

100
T

1940 1950 1960 1970 1980 1990 2000 2010
year

Figure 1.1 Numba^ of publications per year containing the keyword "microemulsion"



While the SciFinder® database does not have a complete account &)r articles 

be&re 1960, it is clear 6om Figure 1.1 that during the latter part o f the 1970s, 

microemulsions became an important subject of research, especially due to the interest in 

using these systems to promote the displacement of crude oil 6om reservoirs as a tertiary 

oil recovo-y method. While this particular application of microemulsions has yet to be 

economically viable and widely implemented, the initial research and characterization of 

these systems during the late 1970s and 1980s gave way to the use of microemulsions in 

a number of othar applications. Figure 1.2 illustrates the diSerent applications of 

microemulsions in terms of the number of publications in each mioroemulsion-related

application between 1943 and 2003.
1600

o 600
<D
-g 400 

Z  200

/
Figure 1.2. Number of publications using microemulsions in selected applications.



Most of the applications in Figure 1.2 take advantage of the nanoscale size o f the 

oil and/or water domain in microemulsions either as a reaction medium, including 

polymerization, to aiding in the transport of pharmaceuticals through biological 

membranes, and producing nanoparticles, etc. In addition to the nanoscale size of 

microemulsions, another important property is the ability of sur6ctants to reduce the 

inter&cial tension between the microemulsion phase and excess water and/or excess oil 

phases. Such low inter&cial tension allows the displacement o f oil trapped in porous 

media, which is essential in enhanced oü recovery, cleaning formulations and 

environmental remediation applications.

The advance of microemulsion technologies has been hindered in great part by 

two &ctors, the difBcuhy of formulating microemulsions and the lack of a unified model 

to predict the thermodynamic equilibrium o f microemulsion systems. While a unified 

theory or model microemulsion of thermodynamics does not yet exist, it has been 

somewhat agreed that the equilibrium of microemulsions is dictated by the properties of 

the surfactant membrane that stabilizes the oil and water domains (3,4,5).

As will be discussed later in this work, sur&ctant membrane properties depend on 

the relative interactions between the sur&ctant molecules with several components: 

themselves, oil and water molecules, and the cosur&ctants and additives present in the 

&rmulation. In previous research, we have introduced the use of combined hydrophilic 

and lipophilic linker molecules to 6)rmulate microemulsions with chlorinated 

hydrocarbons (6,7,8). These molecules can enhance the molecular interaction between 

the surfactant and oil (lipophilic linker) and sur&ctant and water (hydrophilic linker).



thus modi^ing important membrane properties that improvemed the solubilization 

capacity of these Simulations and, in some cases, produced shorter equilibration times 

while avoiding the use of medium chain alcohols to obtain clear isotropic microemulsion 

phases. In addition to these exceptional properties, the co-addition o f both lipophilic and 

hydrophilic linkers was able to act as pseudo-sur&ctant that could replace a Aaction of 

the original surSctant and still retain the same level o f solubilization in the system.

These earlier results demanded additional studies to understand how these linker 

molecules af&cted the sur&ctant membrane properties, such as curvature, thickness, 

rigidity. This work aims to understand the role of surfactant, linker molecules and 

formulation conditions (e g electrolyte concentration, temperature, additive to sur&ctant 

ratios, etc.) on sur&ctant membranes properties.

This dissertation is organized in two main blocks, (1) modeling of microemulsion 

phase behavior and (ii)microemulsion formulation with linker molecules. Chapters 2 and 

3 focus on microanulsion modeling. Chapter 2 introduces the net-average curvature 

model o f microemulsions as a critical scaling model that relates the net curvature o f the 

sur&ctant membrane as an expression of the sur&ctant afGnity (or chemical potential) 

dif&rence (SAD) of being dissolved in water and in oil phase. In this approach the 

(xitical point is assumed to be the point of net-za-o curvature or optimum formulation. 

The main parameters that rule the phase behavior of microemulsions are the distance 

(expressed in SAD terms) to the critical point, the characteristic length of the 

microemulsion system at aitical point, the extmded length of the sur&ctant and the 

inter&cial rigidity of the sur&ctant membrane. This contribution has appeared in



Langmuir (9). Chapter 2 reports on the use of the net-average curvature model to 

reproduce bulk properties of microemulsions such as composition, phase volumes, phase 

transitions and interAcial tensions, in Chapter 3 the model is tested agmnst the 

morphology of microemulsion aggregates investigated using small angle neutron 

scattering (SANS) along with dynamic light scattering and pulse-gradient NMR. 

technique. In addition to these contributions Appendix I shows how to use the net- 

average curvature model to reproduce the phase behavior of non-ionic surfactant 

microemulsions, which has been published in the proceedings o f topical conferences of 

the AIChE 2002 national meeting.

Chapter 4 describes the impact of hydrophilic and lipophilic linkers on the 

characteristic length and the inter&cial rigidity o f microemulsion systems. In addition 

this chapter describes the role of the interfacial rigidity in determining the dynamic 

aspects of microemulsions. In short, the addition of hydrophilic linkers reduces the 

characteristic length of microemulsion systems, and reduces the inter&cial rigidity, which 

in turn reduces the activation energy and thus accelerates the dynamics of microemulsion 

systems. This contribution has appeared in Langmuir (10).

Chapter 5 extends the concept o f linker formulations &r a wide variety o f oils, 

showing that the use of combined linkers can produce microemulsion systems that would 

otherwise not be possible to obtain using combinations of simple sur&ctants and medium 

diain alchols. Successful formulations with oils as hydrophobic as motor oil are shown 

and employed to ^ d y  the perfbnnance of these systems in oil removal 6om porous



media and textiles. This contribution has appeared in the Journal of Sur&ctant and 

Deto^gents (11).

Chapter 6 attempts to elucidate how hydrophilic and lipophilic linker molecules 

segregate at the sur&ctant membrane. A series o f microemulsion phase maps and 

inter&cial tension studies are presented with the objective of investigating how the self- 

assembly of hydrophilic and lipophilic linkers occurs. While a molecular mechanism for 

this interaction could not be drawn &om the data, the self-assembly of these linker 

molecules requires the presaice of a minimum sur&ctant concœtration necessary to 

produce middle phase microemulsions using linker molecules. This contribution has been 

accepted to the Journal o f Colloids and Inter&ce Science.

Chapter 7 builds on the finding of C huter 5 by extending the combined linker 

approach to the formulation of non-toxic microemulsions using lecithin as the sur&ctant, 

and non-toxic, biocompatible linkers. The objective of this work is to produce 

formulations that can be used in pharmaceutical and cosmetic formulations, as well as 

environmentally &iendly cleaning products.

Finally, Chapter 8 presents some concluding remarks and an outlook on the 

potential impact of the Gndings of this work.

Appendix 2 compiles the coalescence curves of emulsions that form after shaking 

middle phase microemulsions formulated with a variety of linker formulations. The 

coalescence kinetics constants are reported in chapter 4. Appaidix 3 summarizes the 

small angle neutron scattering studies o f linker-based microemulsions and comments 

regarding how the SANS morphology supports the earlier fndings of Cluqxter 4. Finally,



the latter references in this section record rdated work in Wiich the author was involved 

that do not appear as a part of this dissertation (12,13,14,15,16,17)
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CHAPTER 2 

A Net-Average Cnrvatnre Modd for Solubilization and 

Snpersolnbilization in Surfactant Microemulsions^

Abstract

In this work, we propose a mathematical model to reproduce the solubilization, 

equivalent droplet radius, interfacial tension and phase transitions of anionic surfactant 

microemulsions by scaling the curvature of the surfactant membranes to the electrolyte 

concentration required to obtain an optimum microemulsion formulation. At optimum 

formulation, equal amounts of oil and water are co-solubilized in a bicontinuous media 

that has a zero net curvature. Our Grst modeling ^yproach is to use a single curvature 

term (inverse of an equivalent spherical droplet ratio) which proves to be inadequate as 

the system transitions to a bicontinuous microemulsion (supersolubilization), where the 

micelles become swollen and are no longer sphaical. Later we introduce two curvature 

terms (net and average curvature) to interpret bicontinuous microemulsion behavior. The 

scaling constant (L), which has a length scale, was obtained for sodium dihexyl 

sulfbsuccinate microemulsions with styrene, trichloroethylene and limonene. This scaling 

constant (L) is shown to be independent of the oil type, temperature, surActant w  

additive concentration. We use this net-average curvature model to reproduce selected

* This chzgAa w  portions Aereof has been phWisbed previously in Langmuir under the title "Net-Average 
Curvature hbdel for Solubilization and SiqKirsolubilization in Sur&ctant Nhcroemulsims ", Langmuir 
2003,19,186-195. The current version has been hmnatted hrr this dissertation.



published data. We also compare the scaling constant (L) 6)r the different microanulsion 

systems studied, finding that this parameter is proportional to the length of the extended 

tail o f the surjetant, and reflects the surfactant solubilization potential. Additionally, the 

model was modified to account for palisade micellar solubdizatioii Finally, we introduce 

the interfacial rigidity concept to reproduce the interfacial tension of these systems.

Keywords: microemulsion, curvature, model, scaling, interfacial, tension, solubilization.

Introduction

Surfactant micelles can increase the overall aqueous "solubility^ of oils by one or 

two ordas of magnitude compared to their molecular solubility. During solubilization in 

micelles, polar solutes can accumulate close to the micelle surface, amphiphiles in the 

palisade layer, and non-polar oils in the hydrophr*ic core of the micelle (1-4).

The maximum micellar solubilization may be quantified by the micellar 

solubilization ratio (MSR). The MSR is small for oils with a large molar volume. For any 

particular oil, an apparent maximum MSR is found vdien the hydrophilic/lipophilic 

balance of the surActant (HLB) fits that of the oil (5,6).

hhcroanulsion supersolubilization is an extension of the micellar solubilization 

concept, where reductions in the micelle curvature allows increased oil solubilization in 

the core of these "swollen" micelles. The solubilization capacity o f these swollen 

micelles can be, on average, up to one order of magnitude higher than regular micelle 

solubilization (7-10). The increased solubilization capacity in supersohibilization makes
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this approach attractive &r many applications, including hard sur&ce cleaners, aqueous- 

based solvents, detergency, surfactant remediation of oil contaminated sites, emulsion 

polymerization, etc.

Despite its economical beneGts and numerous applications, microemulsion 

supersolubilization has received only limited attention. In this prq>er, we introduce a 

thermodynamic model for microemulsion supersohibilization based on curvature and 

scaling law arguments. While most o f the supersolubüization occurs in the core of the 

micelle, palisade layer solubilization is introduced to the model to link 

supersohibilization with the more traditional micellar solubilization and to reproduce 

interfacial tension data.

Modd basis

Excess Gee energy of an oil droplet:

Ccmsider an oil droplet of radius R with water/oil interfacial tension (yo) and 

molar volume (Vo) suspended in water, as shown in Figure 2.1. The excess Gee energy 

(Gg) of the droplet relative to bulk oil is:

Eq. 1

When averaged per mol o f oil present in the droplet, the chemical potential (ti) of 

transferring a molecule Gom the bulk oil phase (b) to the droplet (d) is obtained as 

follows:
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Figure 2.1: Oil droplet suspended in wate^.

For this spherical conAguration, 1/Rj is equivalent to the curvature (H). Eq. 2 

provides the thermodynamic basis of the Ostwald- Ripening model of coalescence and is 

an equivalent form of the Kelvin equation (11).

In order to obtain a thermodynamically stable emulsion (a microemulsion) of a 

certain radius R* Ostwald ripening must be avoided (11). Therefore, the excess bee 

energy provided by Eq. 2 has to be neutralized by the adsorption of surfactant at the 

oil/water interface.

Currently, a model does not exist that clearly describes this stabilization based on 

molecular interactions. There are phenomenological models based on curvature rigidities, 

and there are molecular thermodynamic approaches that use Monte Caiio simulations to 

rqnjoduce the essence of the phase diagram. These approaches have been sununarized in 

recent publications (12-14).

Another modeling zypproach proposed in the literature is based on geometrical 

considerations of micelles, swollen micelles and bicontinuous microemulsions together 

with molecular interactions (10, 15-17). These models more closely represent the actual
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system, but their relative complexity and their need Air multiple adjustable parameters 

make the models unsuitable &r modeling actual processes involving microemulsions 

(surfactant enhanced oil recovery, surfactant enhanced remediation, detergency, etc).

A practical approach for describing microemulsion systems is that proposed by 

Salager et al., based on the surActant aSBnity diSerence (SAD) equation (18-20), which 

for ionic surfactants is as follows:

where SAD^ is the dimensionless surActant affinity diSerence, R is the universal gas 

constant, T is the absolute temperature, S is the electrolyte concentration, K is a constant 

for a given surfactant (ranging Aom 0.1 to 0.2), and ACN is the alkane carbon number of 

the oil (for non-hydrocarbon it becomes EACN equivalent-ACN). The parameter f(A) is 

a Auction of the alcohol/cosurfactant concentration, o is a parameter that is a function of 

surActant, a* is a constant, -  O.OI i%ben temperature is in Celsius, T^f is a reArence 

temperature.

The SAD is the Aee energy required to transfer a surActant molecule Aom the

water phase to the oil phase:------= A —  = —-------— , where C^ and C° are the

surActant monomer concentration in water and oil phases respectively, p and p% are 

the standard chemical potential of the surActant m the water and oil phases respectively 

(18-20). We propose here that while SAD focuses on the chemical potential difference of 

the surActant undo- diAerent formulation variables, it is related to the chemical potential 

diAerence due to changes m the curvature of the droplets predicted by the Kelvin
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equation (equation 2). Similarly, Kalbanov and Strey (21,22) have scaled the sur&ctant 

curvature of micelles and swollen micelles to the optimal formulation using the same 

form of the variables as in the SAD equation.

Based on these preliminary observations, in this paper we generalize the SAD 

correlation by hypothesizing that the curvature "H" changes proportionally to the SAD*: 

^oc& 4D *= > ^ = C x [- ln ^  + %Xv4GV + / ( / f ) - ( r  + a ,(T -7 ;^ )] Eq.4

where ''C" is a proportionality constant. At optimum formulation, the SAD and the 

interfacial curvature are "zero". The salinity or electrolyte concentration at this condition 

is called the optimum salinity, S*, as given by Eq. 3:

ln^* = -% x v 4 aV -/(v 4 )+ < r-aX ^ -? ;^ ) Eq. 5

Substituting Eq. 5 in Eq. 4 we have:

^ = C x & 4 D ' = C x
' " 5

Eq. 6

In equation 6 , when the electrolyte concentration (S) is less than the electrolyte 

concentration to obtain optimum middle phase microemulsions (S*), the tarn (S*/S) is 

greater than one and its logarithm is positive. According to our convention, this positive 

curvature signs this corresponds to droplets of oil in water. When the electrolyte 

concentration is equal to the optimum value (S*), then the S*/S has a value of one and its 

logarithm is zero. In this case the net-curvature is zero, t^hich corresponds to a 

bicontinuous microemulsion, as we will discuss later. When the S>S* the logarithm is 

negative and corresponds to the formation of water droplets suspended in oil continuous 

media (Type II microemulsion)
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If the curvature is taken as the inverse of the radius of a spherical droplet, then:

1 Z

Cln In
Eq.7

where L is the proportionality constant (with length units). Here as the electrolyte 

concentration increases towards the optimum electrolyte (S*), the curvature reduces 

which in turn results in swollen micelles. When the electrolyte concentration (S) is equal 

to the optimum electrolyte concentration (S*), this radius goes to inSnity. However, this 

is not the real behavior because the entropy (as discussed later) will limit the length scale 

of the oil and water domains and lead to formation of the bicontinuous phase.

In more general terms,

1  Z Eq . 8

where Ap*, is the non-dimensional excess chemical potential of the surActant re&renced 

to a flat interface (optimum formulation). This type of expression has been previously 

6 )und using scaling theory. According to this ^proadi, the correlation length (Q is (23):

4

Huang and Kim (24) scaled the hydrodynamic radius (Rh) of oil in wato" 

microemulsions Gnding that "n" is 0.75. Dorshow et al. (25) Aund 'V  to be 

fq)proximately 1.13. In this work the value of "n" is assumed tobe 1 based on the 

hypothesis that the curvature (H) is proportional to the SAD^, as discussed earlier.

Eq. 9
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In summary, we propose a semi-empirical scaling model where the curvature of 

the surfactant membrane (H) is scaled using the nondimensional surActant a@mity 

difference (SAD*) which reflects the chemical potential difference of transferring the 

surActant molecule &om the water to the oil phase. By comparing the expressions of the 

Kelvin equation and the SAD* equation we propose that the scaling exponent "n" has a 

value of 1 .

Expérimental procedures

Materials

The following chemicals were obtained &om Aldrich (Milwaukee, WI) at the 

concentrations shown and were used without Arther puiiGcation: trichloroethylene (TCE, 

99%+), limonene (99+), styrene (99%), n-dodecanol (98+%), sodium chloride (99%+), 

oleic acid (98%) and sodium hydroxide (99%). The surActant sodium dihexyl 

sulfbsuccinate (80% wt. solution in water) was purchased Aom Aldrich Chemicals 

(Fhika brand). Sodium mono and dimethyl n^hthalene sulAnate (SMDNS, 95%) was 

supplied by CKWitco (Houston, TX). Table 2.1 shows the molecular structure, density 

(Po), molecular weight and equivalent alkane number (EACN) of the oils considered in 

this work. Table 2.2 shows the molecular weight, critical micelle concentration (CMC), 

area per molecule (a*) and chemical structure for the suiActants employed.
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Table 2 . 1 . Selected properties and molecular structure of oils studied.

Oil Chemical Structure Density
(q/mi)

EACN Mol
Weight

Limonene

(Lim)

ÇH 3

H
C H g C ^ C H g

0.84 136

Styrene

(Sty)

CH=CH. 0.91 104

T richloroethylene 

(TCE)_________

Cl2 C=CHCl 1.46 -3.81 131

Hexane

(Hx)

CH3(CH2)4CH3 0.66 86
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Table 2.2. Chemical structure and area per molecule of surfactant studied
Chemical

name
Molecular

Weight
g/mol

CMC
Mol/L

Area per 
molecule,

A"

Chemical structure

Sodium
dihexyl

sulA)succinate
(SDHS)

389 0.014""^ 1 0 0 '-''
(CH3(CH2)500CCH)2(S03Na)

Sodium mono 
and dimethyl 
naphthalene 

sulfonate 
(SMDNS)

251 >0 .0 1 "̂ go''

Sodium
dodecyl
sulfate
(SDS)

288 0.008" 60"
CH3(CH2)iiS04Na

1-Pentanol
(C50H)

8 8 30' CH3 (CH2)4 0 H

1- Dodecanol 
(C120H)

186 — CH3(CH2)iiOH

(a) From Rosen (35)
^ )  From Acosta et al (27).
(c) From Rosen (35) using C8E1 as surrogate.

Methods

Phase behavior studies were per&rmed using equal volumes of aqueous solution and oil 

(5 mL each). Electrolyte scans were performed by varying the sodium chloride 

concentration at constant temperature, additive content (alcohols, acids, hydrotropes, etc), 

and pressure (1 atm). Test tubes were placed in a water bath at 27°C, shaken once a day 

for three days, and left to equilibrate for two weeks. The phase volumes were determined
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by measuring the levels o f each phase in the test tube. The concentrations of TCE, 

styrene and SMDNS were measured using a Shimadzu HPLC equipped with a CIS 

column and UV Waters detector set at 225 nm. Limonene concentrations were measured 

by gas chromatography using a Varian 3300 with FID detector and a SPB20 capillary 

column with programmed temperature. Sodium dihexyl sulfbsuccinate was measured 

using a Dionex ion chromatography system with a NSl column.

Inter&cial tensions were measured using a Model 500 University of Texas 

spinning drop inter&cial tensiometer, injecting 1 to 5 pi of the equilibrated middle phase 

in a 300 pi tube GUed with the excess denser phase Gom the 10-ml microemulsion 

sample tube.

Results and discussion

The hypothesis to be tested in this work is that the equivalent radius (Ra) of a 

swollen micelle in supersohibilization can be obtained by scaling the curvature (H=l/Ra) 

to the SAD .̂ SpeciGcally, we hypothesize that for ionic surGctants this scaling can be 

performed using a non-dimensional elecGolyte concenGation (ln(S*/S)). This hypothesis 

is summarized by Eq. 7. To test this hypothesis, the equivalent radius of the solubilized 

oil is plotted versus the inverse of the dimensioidess elecGolyte concentration 

(l/ln(S*/S)).

The Grst task in this endeavor is to convert oil concentrations measured by 

chromatography to an equivalent radius, usii%:

3F= Eq. 10
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the volume of the solubilized oil (Vo, Â^) can be calculated based on the 

concentration of the oil (Co. mg/L) in the aqueous micellar solution (i.e. for a 5 ml initial 

aqueous solution):

5xlO"C
Eq. 11

And the interfacial area (As, A^) is given by:

Ay = ^ 5 x l O  "C.ÿ, X 6.023x10^ xa. Eq. 12

where Cs% is the molar concentration of sur&ctant or cosur&ctant added to 5 ml aqueous 

solution, and ai is the interfacial area per molecule of the surfactant.

We have made several assumptions in estimating the equivalent radius using the 

procedure specified. The Grst assumption is that the area per molecule o f the surfactant 

(ai, which is obtained using the Gibbs equation to interpret sur&ce or inter6 cial tension 

curves of flat interfaces) is constant and corresponds to the area of contact between the 

surActant and oil (the efkct of electrolyte on the area will be discussed later). Second, 

we assume that all the surfactant is present in the aqueous solution and associated in 

micelles. Third, we assume that the aggregates are spheres and exist in a continuous 

water phase.

The Erst assumption, that the surfactant area per molecule (a.) determines the 

interAcial area, has been the subject of discussion in the literature (10). Ruckenstein and 

Nagar^an (10) have considered that the surfactant has three particular areas, one being 

the area of contact with the water, another being the area of contact with oil, and the third
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being the area at the "neck" of the surfactant. According to their approach (which we use 

in this woik), the area in contact with the water decreases as the curvature of the micelle 

decreases due, for exanq)le, to increased levels in electrolyte concentratian. At the same 

time, as the area in contact with the oil increases and the neck area remains constant, 

eventually the cone-shape of the surActant packed in micelles goes through a cylinder 

shape (Sat curvature) at high enough electrolyte concentration; at this point all the areas 

are equal The area calculated based on the Gibbs adsorption model is actually the neck 

area because, when compared to the scale of the surfactant molecules, the macroscopic 

interface appears flat. This assumption neglects the volumes of the head and tail of the 

surActant, which is not significant when the solubilization is sufRcient and surpasses the 

volumes of these portions of the surActant molecules. In future versions of this model, 

we will consider this e@ect in producing phase diagrams of highly concentrated 

surActant solutions (30% of surActant or more)

The assumption that all the surfactant is in aqueous micelles is largely valid in 

oU/water microemulsions when no cosolvent is added and when the CMC is small 

relative to the surActant concentration. The assumption of spherical droplets may be the 

most inaccurate. Close to the Winsor type I to m  phase transition, micelles assume a 

worm-like configuration, in which even water continuity is no longer valid (12,13,23).

Figure 2.2a is a plot of oil droplet radius (Ry), as deGned by Eq. 10, versus 

l/ln(S*/S) for trichloroethylene microemulsions. Series "S" represents a system with 

surActant (sodium dihexyl sulfbsuccinate 0.103 M) alone. Series "S+LL" represents a 

system with surfactant (sodium dihexyl sulA)succinate 0.103 M) and dodecanol (0.09 M)
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used as a lipophilic linko" (26). Series "S+HL" represents surfactant and SMDNS (0.09 

M) used as hydrophilic linker (26,27). Series "S+LL+HL" corresponds to surfactant and 

0.09 M of each linker.
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Figure 2.2a. Curvature model in trichloroethylene microemulsions.

Figure 2.2a shows the curvature model (Eq. 7) drawn using L= 10 Â. As seen, the 

model fits well 6 r values of "l/ln(S*/S)" less than 3. As values of l/ln(S*/S) increase, 

the solution approaches the bicontinuous phase. The disparity between the data and 

model at higher values of l/ln(S*/S) was expected due to the breakdown of the spherical 

micelle droplet assumption. The data helps to establish the range of salinity over which 

this approach is valid. The Huang and Kim ^proximation (n=0.75) is also plotted in
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Figure 2.2a, in which case L =  12 À. This model seems to be more suitable closer to the 

bicontinuous transition.

One interesting &ature of Figure 2.2a is that the model constant L seems to work 

for all combinations of sur&ctant and additives (linkers). This is an encouraging result 

since most of the time microemulsions are obtained by mixing a series of additives with 

the main surfactant.

One question that remains is "what is the physical meaning of L= 1 0  A?", and, 

even more important, "how is this value affected by different oils, temperatures, 

sur6 ctant concentration, or surfactant type?".

Figure 2.2b shows the equivalent oil droplet radius model versus the modiGed 

salinity scale (l/ln(S*/S)) for limonene microemulsions. The difference from 

trichloroethylene microemulsions is that limonene is a more hydrophobic oil (EACN of 

TCE is -3.81 vs. 6  &)r limonene, see Table 2.1) with higher optimum salinity (S*, see 

Table 2.3) and lower solubilization (^*, see Table 2.3). As seen in Figure 2.2b, these 

differences do not appear to impact how well the curvature model 6 ts the data, which has 

also been constructed using L=10 A In this case, using the Huang and Kim exponent 

(n=0.75) with L= 1 2  A seems to overestimate the solubilization in the lower range of 

salinity.

The results with limonene in Figure 2.2b reinforce the fact that the curvature 

model is valid in the medium range of electrolyte concentration ((Kl/ln(S*/S)<3). The 

fact that the same constant (L= 1 0  A Gar the proposed model and L= 1 2  A using the Huang

23



and Kim exponent) can be used 6 )r diSerent oils is also encouraging &om the modeling 

point of view.
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Figure 2.2b. Curvature model in limonene microemulsions

The curvature model was also tested for styrene microemulsions at diSerent 

sur6 ctant concentrations and temperatures. The solubilization results are presented in 

Figure 2.2c. The data in Figure 2.2c represents surfactant only results (S, sodium dihexyl 

sulfbsuccinate) at difkrent concentrations and tempoatures (either 25 °C or 60°C), as 

indicated in each series. The proposed curvature model (n=l) and the model using the 

Huang and Kim exponent (n=0.75), are plotted using the same length param^er (L), as 

above.
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Table 2.3. Optimum salinity and characteristic length at optimum formulation &>r 
selected series.

Formulation Optimum salinity (S*), 
%NaCl

Charactmstic length (^*) at 
optimum formulation, A

0 .1 M SDHS -  TCE, 27°C 1.25 99

0.1 M SDHS + 0.09 M C120H 
-  TCE, 27°C

0.85 146

0.1 M SDHS + 0.09 M SMDNS 
-  TCE, 27°C

3.0 70

0.1 M SDHS + 0.09 M C120H + 
0.09 M SMDNS -  TCE, 27°C

1 . 6 103

0.1 M SDHS-Lim, 27°C 6.4 44

0.1 M SDHS + 0.09 M C120H 
-Lim,27°C

3.5

0.1 M SDHS + 0.09 M SMDNS 
+ 0.09 M C120H -  Lim, 27°C

8.5

0.05 M SDHS - Sty, 25°C 3.7

0.1 M SDHS - Sty, 25°C 3.5

0.2 M SDHS - Sty, 25°C 3.1

0.05 M SDHS - Sty, 60°C 5.2

0.1 M SDHS - Sty, 60°C 4.8

0.2 M SDHS - Sty, 60°C 4.3

1.6% wt. SDS + 2.4% wt. C50H 
-H x

5.65 415
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Figure 2.2c. Curvature model in styrene mio-oemulsions

From Figure 2.2c, the data is rather scattered along both models and they seem to 

follow the trend even at diûerent surActant concentrations and tenq)eratures. 

Unfortunately there is no data at or above a value of 3 (l/ln(S*/S)) for these systems, 

which prevents us 6 om conGrming whether the model is valid under these conditions. 

According to the data in Figure 2.2c, the length parameter is not a function of surfactant 

concentration or temperature, at least in the 25°C to 60°C range.

Thus, the curvature model is observed to apply independent o f oil type, additives, 

surfactant concentration and temperature. The model appears to be valid Ar 

dimensionless electrolyte (l/In(S*/S)) values of 3 or less for our formulations (W/0 ratio 

= 5ml/Sml). By using the Huang and Kim exponent (n=0.75), the data seem to Gt closer
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in the vicinity of the bicontinuous transition. It is worth noting that 6 >r "l/ln(S*/S)" of 3 

or greater these systems show a "bluish" color, which evidences the presence of large oil 

droplets concentrated enough to scatter the blue light.

The value of the constant L seems to be independent of the variables studied in 

Figures 2.2a, 2.2b and 2.2c. While L could be a function of the surActant type, we have 

not yet considered this effect. Since the constant L seems to be associated with the 

solubilization ability o f each surActant, Ar a given electrolyte concentration (expressed 

as I/ln(S*/S)), a higher L value would mean higher solubilization of the oil.

The simple curvature model, using the proposed exponent (n=l) or the Huang and 

Kim exponent (ir=0.75), breaks down under certain limiting conditions. With no added 

salt the total electrolyte concentration is low (only the unbounded countaion) and both 

models tend to underpredict the radius of the oü. Later in this paper we give an example 

of trichloroethylene and sodium dihexyl sulAsuccinate (SDHS) microemulsion where 

this effect is numerically illustrated and we introduce palisade layer solubilization in 

addition to core solubilization (accounted by the curvature model) to reproduce 

solubilization at low electrolyte concentration. Another problem with this initial 

curvature model is that at the optimum salinity (S*) the radius is predicted to be inGnite, 

which is also not true. At optimum solubilization, the characteristic length (or correAtion 

length) has a Gnite value (^*). In the next secGon we will revisit the simple curvature 

model based on these observaGons.

27



Net - *vM3 ge curvature model

One of the main disadvantages of the simple curvature model is the assumption of 

medium continuity. In Type I or Type H microanulsions, where either water or oil is the 

continuum media, the scaled curvature (equations 8  and 9) was easily identiSed with the 

inverse radius of an equivalent q)herical droplet, as discussed before. When we approach 

a bicontinuous media (type m  microemulsion) there are no clear domains of oil and 

water, but irregular channels ofboth phases that are interconnected in an intricate three- 

dimensional network, as indicated by electrical conductivity, NMR-self diGusion 

coefRcient studies and scattering techniques (28). Because of the irregularity of these 

systems, it is difficult to identify a physical structure and a corresponding scaled 

curvature. Another approach to this problem is to consider the average local cnthogonal 

curvatures o f the surfactant membrane (ci,C2) which are in the mechanical interpretation 

of surActant membranes by Hel&ich (29):

^  = y k  + C; - 2c„y + Eq. 13

where dG is the change in surface Aee energy, dA is the change in interAcial area, K is 

the bending elasticity modulus of the system (energy units), k is the Gaussian or saddle 

splay modulus, and Ci and Cz are the orthogonal curvatures of the surActant membrane. 

The value of co corresponds to the preArred curvature (no tension). Kegel et al. have used 

this approach to generate a thermodynamic theory of droplet-type microemulsions (Type 

l o r n )  based on the spherical droplet approach (as we consider in this work) (30). Kegel 

et al. were unable to reproduce bicontinuous (Type m ) microemulsions due to the lack of 

a regular structure to which they could assign the orthogonal curvatures (ci and Cz) (30).
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While the approach of Hel&ich, as further developed by Kegel et al., is based on a 

thermodynamic analysis of the bending energies of the surfactant membrane, our 

approach diSers by relying on scaling theory. However, both approaches 6 il to deliver 

an appropriate model for bicontinuous microemulsions due to the disordered state of 

these systems.

As in any disordered media, we propose the use of statistics to describe the 

curvature of the surûictant membranes in bicontinuous phases. Specifically we assume 

that bicontinuous middle phases are composed of oil and water droplets coexisting at the 

same time, and with oil and water radii as considered above (Ro, R*). Based on these 

radii we propose a net curvature that will describe the curvature of the surfactant 

membrane itself and an average curvature to describe the size of the oil and water regions 

within the bicontinuous phase:

The average curvature is deGned as:

1 1
+

1 Eq. 14

And the net curvature as:

1 1 1 ,— = —In
L J Eq. 15

Equation 14 gives rise to an expression used to calculate the "correlation or 

characteristic length" of De Germes (Q (31). R* is obtained using Eq. 10, but replacing 

the oil volume (Vo=q)oxV) by the volume of the aqueous phase (Vw=(PwxV). By 

in&oducing these terms, equation 14 becomes:
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Eq^l6
Ay

where <po and q>w correspond to the vohime faction of oil and water in the microemulsion 

phase and V is the volume of the microemulsion phase. In obtaining equation 16, the 

volume of the sur&ctant is neglected so that Ço + (Pw =1. The characteristic or correlation 

length that can be calculated using equation 16 have been corroborated by X-ray, neutron 

scattering and dynamic light scattering techniques (31). Here we used measured 

solubilization values of oil, water and surjetant (as determined by liquid and gas 

chromatography, see method section) to obtain the different parameters indicated used in 

equation 16. One important parameter in this model is the characteristic length at 

optimum Annulation (^*) which we obtain by «qiplying equation 16 to the optimum 

middle phase mio^oemulsion. While this parameter, as explained below, is dictated by the 

molecular interactions taking place in the oil and water side of the interface, no model 

exist that can predetermine this value. Rather, it has to be obtained hom phase behavior 

studies, as described in this wodc. We hope that future efforts will identify models 

capable of determining based on molecular considerations alone.

As indicated above, the net curvature (equation 15) describes the curvature of the 

surActant membrane itself which is scaled to the SAD* as in equation 6 . In this case, a 

net curvature of zero at optimum Annulation results not hom an infinite curvature radius, 

but rather 6 om the coexistence of Suite curvatures of opposite signs. The sign convention 

is taken so that an oil droplet in continuous water will have a positive value and the 

curvature of a water droplet in aqueous system will have a negative value.
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Equations 15 and 16 can be solved to reproduce the phase behavior of Type I-HI- 

n  microemulsion phases. In type I microemulsions the SAD is positive, and oil droplets 

are present with a certain radius (R<,) We can calculate a Sctitious water droplet radius 

(even when the microemulsion is continuous in water) based on the volume of water and 

the aqueous sur&ctant concentration using equations 10 through 12 (R*). Using R* we 

can calculate for R, using equation 15. For most Type I microemulsions the radius of 

water will be so large compared to the radius of the oil droplet that the net curvature will 

take the form of the simple curvature model. If the oil droplet size increases near the size 

of the Gctitious water radius, this water radius acts as a cœrection factor for the deviation 

&om the spherical droplet assumption. The more important role of the Gctitious water 

radius in Type I microemulsions is its use in calculating the average curvature (equation 

14). As we explained before, this curvature is the inverse of the correlation length of the 

sur&ctant membrane. The maximum correlation length or optimum characteristic length 

(^*) is the maximum distance that a molecule of oil or water can be separated &om the 

sur&ctant membrane (oilAvater inter&ce) and still interact with tl% sur&ctant membrane. 

In other words this is the length at which the molecular interaction energy between the oil 

or water molecule with the inter&ce becomes equal to the molecular entropy (KsT) (31- 

33). When the inverse of the average curvature (Q is equal to the optimum characteristic 

length (^*) then the noicroemulsion no longer retains the water continuity, and gives way 

to a bicontinuous phase to ensure that all the molecules are separated &om the inter&ce a 

maximum of The same is true for the Type n  m  microemulsion phase transition. In 

other words, the Ectitious radius o f water (or oü) in Type I (or Type H) microemulsion
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serves mainly as a benchmark point &r the transition towards the bicontinuous 

microemulsion (Type HI).

The transition descnbed above 6 om a Type I towards Type m  microemulsion can 

be summarized by indicating that in droplet-containing microemulsions (Type I or H) the 

size of those droplets is controlled by the curvature of the sur6 ctant membrane 

(equations 6  through 9) while in bicontinuous microemulsion this size is controlled by the 

entropy which disperses the interaction forces between the water or oil molecules and the 

sur6 ctant adsorbed at the oil/water inter&ce. These eGects are always recognized in the 

microemulsion literature and are considered in the solution of equations 14 and 15 (17, 

30-32). Next we will describe the details of the solution of this modified net-average 

curvature model for our systems and systems reported in the literature.

To solve the net curvature model (Eq. 15) for type I microemulsions, Rw has to be 

calculated using equation 10 with V^as the initial aqueous solution volume (5 ml for the 

data considered in Figures 2.2 and 2.3). Figure 2.3 presents the same set of data 

presented in Figure 2.2a but includes the prediction bom the net-average curvature 

model. Figure 2.3 shows that the net-average curvature model follows very closely the 

simple curvature model using the exponent n=l at values of"l/ln(S*/S)" of 3 and lower, 

but for larger values, it agrees better with the Kim and Huang expression.

Hypothetically the net curvature model could be used throughout the phase 

transition 6 om oil in water microemulsion (type I) to bicontinuous (type IH) to wat» in 

oil microemulsion (type H). For type I (or type H) microemulsions the radius of water.
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Rw (or oil, Ro) is Gxed by the volume of brine (or oü) initially added to the solution. The 

radius of oil (or water) can be found by using equation 15.
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Figure 2.3. Curvature models in trichloroethylene microemulsions

The problem of using this model for middle phase (bicontinuous) microemulsions 

is that the volume of oil and water are not the same as initially added. There&re, no 

radius of oil or water can be used to solve equation 15. In this case it is useful to utilize 

the correlation length concept in the De Gennes critical theory of polymers (31). 

According to this concept, any polymer chains separated by a distance less than ^  are 

rigidly bonded. In microemulsions, this critical length corresponds to ^*, and is the 

maximum length scale at which any oil or wata" can be correlated to the surfactant 

membrane. To solve the model for bicontinuous microemulsions, the average curvature is
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equated to this value. Then equations 14 and 15 are simultaneously solved for Ro and 

Rw

Net -  Average model: Solubilization curves

Using the procedure described above, the solubilization diagram &r hexane -  

sodium dodecyl sulfate (SDS) - pentanol was modeled and compared to the experimental 

values presented in the literature (23, 34). The optimum salinity (S*=5.67 % NaCl), the 

salinity window (5 .4%NaCl -  5 .8 %NaCl), and the solubilization parameter at optimum 

(SP*=25 ml hexane / ml of surfactant + alcohol), were obtained 6 om the literature. This 

particular system has 60 parts of pentanol per 40 parts of SDS. The value of was 

calculated using equation 15 and the resulting SP* value. It was assumed that the 

pentanol has an area per molecule at the interface of 30 (based on C8E1, as in Rosen 

(35)) and that all of it is adsorbed at the interAce. SDS area per molecule was assumed to 

be 60 Â  (35). The calculation results in = 415 A

The length constant in equation 15 was adjusted to fit the salinity window, with 

the resulting value being L= 2 0  A Figure 2.4 presents the data and the model predictions 

6 )r SDS -  pentanol -  hexane solubilization diagram 6 om the literature (23,34). The 

model reproduced the data 6 irly well, considering that only one parameter was adjusted 

(L= 2 0  A). The radius of the oil droplets (SPo) seems to be underestimated, possibly due 

to the assumption that the alcohol is completely adsorbed at the interface throughout the 

salinity scan. This assumption is suspect due to the partition ef&cts of pentanol in excess 

water and oil. Even considering the likelihood of this source of error, the net-average
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curvature model eSectively reproduces the phase transition of the SDS-hexanol-hexane

system.

Typel
S--- -3-'r':.ï3 ^";03

* ChWbu (A.
0  V30 > a

5.2 5.4 5.6 5.8
% wt. NaCI

6.2 6.44.4 4.6 4.8

Figure 2.4. Solubilization diagram Aw SDS- pentanol -  hexane microemulsions. Data 
points aAer Chambu et al 6 )und in reference 34.

Thus, to our knowledge, our net -  average curvature model is the Grst to 

successfully reproduce the phase behavior and solubilization diagrams of real 

microemulsions systems 6 om type I to type m to type n. By contrast, other models 

based on scaling laws, including the Huang and Kim approach, break down in the vicinity 

of the bicontinuous phase transition.

Eadier we posed the question whether the L constant depends on the sur&ctant 

structure. This question seems to be partially answered by the fact that L = 20 Â in SDS 

mia"oemulsions. Sodium dodecyl sulfate (SDS) has a linear 12-carbon tail and it has an
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extended length of about 18 A. Sodium dibexyl sulfbsuccinate has two 6 -carbon tails to 

make a total of 1 2  carbons but the extended length is the same as a 6 -caibon tail -  9 A. 

For the latter case, L would belO A . From this discussion it can be inferred that the L 

factor represents the solubilization capacity of the sur&ctant, which seems to scale to the 

extended length of the surfactant tail.

Net -  Average model: Phase volumes 

As indicated above, the net-avange curvature model can also be used to 

reproduce the volumes of the different phases (phase behavior or phase volume 

diagrams). The following example corresponds to a microemulsion system studied by 

Dwarakanath et al. (36).

Dwarakanath et al. (36) studied the phase behavior of a 2-ml trichloroethylene- 

enriched solvent mixture microemulsion with 2-ml of 8 % (0.204 M) sodium dihexyl 

sul6 )succinate and 4% 2-propanol at temperatures ranging hom 12°C to 23°C. The 

phase volumes after equilibration were registered and presented as volume j&actions 

(based on 4-ml total) as a hmction of normalized electrolyte concentration (S/S*). Figure 

2.5 presents selected data at 12°C and 23°C.

The net-average curvature model was used to reproduce the phase behavior. The 

procedure to calculate the radius of water and oil (Rw, Ro) R)r the di@^ent types of 

microemulsions was as described above. The "L" parameter was taken as 1 0  A, as 

determined above for sodium dihexyl sulS)succinate surfactant. In this calculation, it was 

assumed that the inter&cial area. As, was provided by the sur&ctant ( 1 0 0  A^/molecule) 

and by the alcohol (2 -propanol, 30 A^/molecule). The characteristic length at optimum
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formulation (^*) was calculated using equation 16 considering the phase volumes 

reported by Dwarakanath et al (36). For both temperatures, the characteristic length (^*) 

is approximately 51 Â. The volumes of the different phases were calculated using

equation 1 0  based on the radius of oil and water.

0.9 A Dwarakanath et al (30), 12°C 
—  Net- Average curvature model 
o Dwarakanath et al (36), 23°C

0.8 4

Type
0.6

Type III
0.4 -

0.3
Type I

0.2 -

n a I A a
0.6

Normalized salinity S/S

a #
0.2 0.4 0.8

Figure 2.5. Volume faction diagram 6 )r TCE-enriched mixture of chlorinated solvents 
microemulsion with sodium dihexyl sul&succinate and 2 -propanol.

Figure 2.5 shows the phase volumes as calculated jB"om the model. In general, the 

net-average model traces the phase behavior observed for the system. In this case, the 

length parameter, L - 10 Â, was used to reproduce data at temperatures as low as 12°C. 

This reinArces the previous observation for styrene microemulsions, vdiere we observed 

that the length constant is not a function of temperature, at least in the range studied 

(12°C-60°C)here.
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Net -  Average model: mlcroemakion droplet size

In the two previous case studies (23,34,36) we have used the net - average model 

to reproduce solubilization and phase volumes diagrams and compared them to actual 

data. In one additional application of the model we will estimate the droplet size for 

parafBn and aromatic oil microemulsions, using the data from Hwan et al. (37).

Hwan et al. (37) studied the drop size distribution of a parafBn + aromatic oil 

mixture (simulating a crude oil) with a 5% sur6 ctant + alcohol mixture. They used nonyl 

(C9) and dodecyl (C l2) orthoxylene sulfonate sur6 ctants (37% by volume) and tertiary 

amyl alcohol (63% by volume). The droplet size distribution of oil and water were 

calculated based on the sedimentation rates measured using the ultracentrifugation 

technique. The solubilization and inter&cial tension curves of these systems were 

previously obtained by Healy et al. (38).

The net-average curvature model was Stted to this data, using the solubilization 

curves obtained by Healy et al (38) (and reproduced by Hwan et al. (37)). For both 

sur&ctants (nonyl and dodecyl tails) the area per molecule was assumed to be 55 A ,̂ 

similar to alkylbenzene sul&nate surfactants (35). The tert-amyl alcohol was also 

considered in the calculation of the total inter&cial area "As". As previously assumed &r 

the case of the tert-amyl alcohol, the area per molecule was assumed to be 30 Â . The 

procedure of Gtting the model was the same as for the case of the SDS- pentanol-hexane 

microemulsion.
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Under the above conditions, the characteistic lengths of the nonyl and dodecyl 

orthoxylene sulfonate microemulsions were 55 A and 106 A respectively. The length 

parameter "L" was 2 0  A for the nonyl tail surfactant and 30 A &r the dodecyl tail.

Figures 2.6a and 2.6b present the radius of the droplets measured by Hwan et al 

(37), the radius calculated by the Hwan's model, the radius obtained 6 om the net -  

average curvature model and the droplet radius calculated from the solubilization data. 

Figures 2.6a and 2.6b show that the droplet radius obtained 6 om the net-average droplet 

follow the trend of the droplet size measured but has considerably lower values. In both 

cases, the droplet radius calculated (including the area per molecule of the alcohol) using

the solubilization agrees with the values calculated using the net-average model.
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Figure 2.6a. Droplet size of parafBn -  aromatic oil with nonyl orthoxylene sulfonate 
microemulsions.
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Figure 2.6b. Droplet size of parafBn -  aromatic oil with dodecyl orthoxylene sul&nate 
mio^oemulsions.

The reason for the discrepancy between the net-average curvature model and the 

Hwan et al. data (37) was somewhat expected because the net-average curvature model 

only calculates the radius of an equivalent sphere (i.e. internal micelle core), neglecting 

the volume of the surfactant and alcohol. The radius measured by ultracentrifugation is 

the hydrodynamic radius of the micelle, which might include hydration of the counterion 

crown, and for swollen micelles, most likely the real shape is worm-like which increases 

the hydrodynamic radius as compared to the spherical shape.
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Figures 2.6a and 2 .6 b also present the results of a model proposed by Hwan et al. 

(37). This model is based on geometrical considerations of the area of the surfactant at 

the interface. The model reduces to:

V

Where k'  ̂is the Debye length of the ionic surfactant at certain salinity (S) and k'̂ o is the 

Debye length at the optimum salinity (S*), and R, S and S* are the same as used in 

equation 7. The parameter 8  is the extended length of the surfactant tail. By plotting 

l/ln(S*/S) versus 1/(1-(S/S*)°^X it can be shown that equations 17 and 7 are linearly 

correlated. Based on the linear relationship betweoi these equations, it can be deduced 

that the length parameter "L" is, indeed, a value that scales to the extended length of the 

surfactant, as the initial results suggested.

Table 2.4 summarizes the length parameter (L) and the extended tail length (8 ) 

used for the different microemulsion systems studied. For the data evaluated, the relation 

between "L" and "8 " is directly proportional. It is important to recall that when an 

alcohol cosurfactant (C3 -  Cg) is present, the contribution of the alcohol to the interfacial 

area (As) has to be accounted for. When the previous step is omitted, the length 

parameter increases and the correlation to the extended length is no longer valid.
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Table 2.4. Length parameter "L" used in the net-average curvature model 6)r diSerent

Surfactant Length
parameter,
"L",Â

Extended
length.

Systems

Sodium dihexyl 
sulfbsuccinate alone and in 
combination with 2-propanol, 
dodecanol or sodium mono 
and dimethyl naphthalene 
sulfonate.

10 9 Trichloroethylene

Limonene

Styrene

Solvent mixture (36)

Sodium dodecyl sulfate in 
combination with pentanol

20 18 Hexane

Nonyl orthoxylene sulfonate 
in combination with tert-amyl 
alcohol

20 17 (37) Paraffin -  Aromatic mixture 
(37,38)

Dodecyl orthoxylene 
sulfonate in combination with 
tert-amyl alcohol

30 27(37) Paraffin -  Aromatic mixture 
(37,38)

Net -  A verse model: Interfacial tension

In the previous sections, the net-average curvature model was used to reproduce 

solubilization data, phase volumes and the droplet sizes o f oils in different microemulsion 

systems. Another physical parameter, the interfacial tension, is the subject of this section. 

Since inter&cial tension does not î^pear in the net-average model, assessing this 

parameter required integrating additional equations and models, as previously proposed 

in the Ihanture.
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One of the most common f^proaches &r modeling the interfacial tension in 

microemulsions makes use of the Hel6ich equation of surface hee energy of ampbiphile 

membranes (29) expWned before.

De Germes and Taupin (31) have further developed the Helhich equation into an 

interfacial tension expression:

E q .1 8

The value of "K" is somewhat difBcult to measure or estimate. Techniques such 

as electrical birefringence, ellipsometry and inter&cial tension measurements have given 

a wide range of results far the same system (39).

Here, we propose an analogous but somewhat different approach which makes 

use of the sur&ce energy expression for a spherical droplet, as shown in equation 1. In 

equation I, the interfacial tension considered is the bare oil/water inter&cial tension. In 

the following equation (equation 19), we consider the inter&cial tension measured when 

the surfactant is present at a given electrolyte concentration, and where the surface free 

energy provided by the self-assembly to stabilize the oil "droplet" solubilized is noted as 

"Er" or inter&cial rigidity:

By comparing equations 18 and 19, one can deduce that Er is proportional to the 

rigidity constant (Er -  2%K). To estimate the inter&cial tension, solubilization data is 

used to End the radius (R.) of the oil and water droplets. The value of Er are Gtted to
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match experimental data. Figures 2.7 and 2.8 diow the interfacial tension curves of the 

dodecyl orthoxylene surfactant + parafRn/aromatic oil system and far the sodium dihexyl 

sulfbsuccinate + trichloroethylene system respectively. Both Sgures show, in log -  log 

scale, the interfacial tension of the phase containing the surfactant (type I, m  or II) with 

the excess phase (oil or water) as a function of the electrolyte concentration.
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Figure 2.7. Interfacial tension of parafBn — aromatic oil / dodecyl orthoxylene sulfonate 
microemulsions at 23 °C, data points 6om Healy et al (38).

The black solid curve in Figures 2.7 and 2.8 was constructed using the net- 

average model and equation 19. For the system in Figure 2.7, "Er" was set to 0.33 ksT 

(Boltzmann energy units at 300K). For the system in Figure 2.8, "Er" was set to 1.0 kgT.
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Figure 2.8. Interfacial tension of trichloroethylene / sodium dihexyl sulfbsuccinate 
microemulsions at 27°C.

In general, the net-average model reproduces the eq)erimental data in both cases. 

For the case of the oil-in-wata^ (type H) microemulsions in Figure 2.7 several points are 

almost one order of magnitude higher than the value estimated by the model. The rest of 

the data show good agreement.

The values o fT r"  obtained for both systems are within the range of the values of 

the bending modulus, "K", reported in the literature (39). For the limonene -  sodium 

dihexyl sulfbsuccinate system (not shown here) the value of "Er" also was &>und to be 1.0 

kgT. Certain additives, especially short chain cosurfactants, such as tert-amyl alcohol, 

help to reduce the interfacial rigidity, "Er". In an upcoming publication, the eSect of
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additives on the inter&cial rigidity and the concomitant ef&ct in the kinetics aspects of 

coalescence and solubilization will be further developed.

Despite the overall agreement between the net-average model and experimental 

data, the model has one signiScant flaw, which is evidenced in Figure 2.8: it tends to 

over-predict the inter&cial tension at low electrolyte concentration. The reason is simple; 

at low electrolyte concentration the predicted radius (Ro) tends toward zero, and therefore 

the inter&cial tension predicted by equation 19 increases rapidly.

When the simple curvature model was discussed at the beginning of this paper, it 

was pointed out that the model could not be used to assess simple micellar solubilization 

because it did not account for the palisade layer solubilization that is so important in this 

case. In order to account &r palisade layer solubilization one more term has to be added 

to the oil driblet radius, as follows:

Wiere R<, is the radius of the oil calculated using the net-average model, Rp is the 

equivalent radius of the oil solubilized in the palisade layer, and Rm is the modiGed radius 

of the oil that accounts for palisade layer solubilization.

The value of Rm is used in equation 19 to calcu&te the inter&c&l tension instead 

of Ro. The white solid line in Figure 2.8 was constructed by introducing this 

modiGcation, using Rp 1.5 Â. This value of Rp corresponds to a 5000 mg/L of 

trichloroethylene (TCE) solubilized in a 0.1 M sohiGon of sodium dihexyl sulfbsuccinate. 

When there is no added electrolyte (NaCI), the solubilizaGon ofTCE in this sur&ctant 

solution was measured as 15000 ± 2000 mg/L. The presence of the sur&ctant alone
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introduces a certain concentration of 6ee sodium (CMC, equivalent to 0.07% NaCI) that 

accounts for approximately 9500 mg/L (using the net average model). Thus, when the 

palisade (Rp) and core (Ro) solubilization are added up, one obtains the total micellar 

solubilization.

While Rp is very important to assess micellar solubilization, it is negligible in the 

supersolubilization region Wiere the core solubilization (Ro) is at least one orda- of 

magnitude higher, and is approaching the solubilization seen in Winsor m  

microemulsions.

Conclusions

The initial objective of this work was to generate a mathematical model that could 

reproduce the solubilization behavior in microemulsions systems including the 

supersolubilization region (i.e.. Type I to m  transition region). By combining the Kelvin 

equation of surface energy, the empirical surfactant afBnity dif&rence equation and 

scaling law principles, a simple curvature model was generated.

This simple curvature model used one ac^ustable length parameter, which was 

shown to be proportional to the extended length of the sur&ctant hydrophobic tail, and to 

be representative of the solubilization capacity of the surfactant. This model was further 

modified to account for bicontinuous phases. In this case, the coexistence of oil and water 

droplets and the curvature of the system was described using a net curvature and an 

average curvature. The latter was shown to be equivalent to the characteristic length of 

microemulsions.
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This net-average curvature model was tested 6)r diHerent microemulsion systems, 

and it was able to reproduce the experimental solubilization curves, phase volume 

diagrams, and droplet sizes. Later, introducing an inter&cial rigidity concept (Er, that is 

shown to be equivalent to the sur&ctant membrane elastic modulus of microemulsions) 

we could also reproduce the inter&cial tension of these systems.
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CHAPTERS

Net-average curvature model of microemulsions : predictions and 

measurements using small angle neutron scattering, dynamic light 

scattering and NMR techniques.

Abstract

Previously we introduced the net-average curvature model of microemulsions to 

model the solubilization capacity, phase transitions, phase volumes and interfacial 

tensions of microemulsion systems. The model was based on a simple critical scaling 

approach of the net curvature of sur&ctant membranes. The net-average curvature model 

was based on certain premises: e.g., the area per sur&ctant molecule is a constant value, 

that virtual oil and water spherical droplets occur in the phases, and that virtual oil and 

water droplets coexist in bicontinuous microemulsions with a constant characteristic 

length. This work seeks to obtain direct insight into the nanoscale environment of 

microemulsions through the use of small angle neutron scattering (SANS), dynamic light 

scattaing (DLS) and nuclear magnetic resonance (NMR), and to compare the 

microemulsion morphology with that predicted by the net-average curvature model. 

Neutron scattering and dynamic light scattering expaiments were per&rmed on toluene 

microemulsions formulated with the surfactant sodium dihexyl sulfbsuccinate (SDHS), 

while the NMR da& was extracted &om literature data on toluene microemulsions 

formulated with sodium dodecyl sulfate (SDS) and butanol. The SANS scattering
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patterns, which were obtained har systems with increasing electrolyte concentration, show 

that as Type I microemulsion aggregates increase in size they pass fr̂ om a spherical shape 

into a cylindrical shape. The trend of increasing size with electrolyte concentration is 

consistent between the DLS and SANS measurements and the net-average curvature 

model prediction. The net-average curvature model was able to predict the characteristic 

length of bicontinuous microemulsions but not the exact size of droplet-type 

microemulsions. Further investigation of the area per surfactant molecule using a Porod 

analysis reveals that for droplet type microemulsions the area of the surActant per 

molecule projected in the interior of the micelle, or reverse micelle, varies as a function 

of electrolyte. In addition, this variation is within the limits of the minimum area for 

head/tail packing and the area pa^ molecule predicted by the Gibbs adsorption model 

applied to surface and interfacial tension data. The net-average curvature model was used 

to predict the self-diGusion coeGRcient of bicontinuous and droplet-type microemulsions 

and these values are in agreement with literature data for the toluene-SDS+butanol 

system. After analyzing all the experimental evidence we conclude that the net-average 

curvature model reproduces the trends shown by the SANS, DLS and NMR data. When 

modified to account for the non-constant sur6ctant area per molecule, the model 

predictions agree with the size of the aggregates obtained by SANS and DLS 

measurements.

Key words: microemulsion, solubilization, SANS, NMR, DLS, scattering, model.
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Introduction 

The net-mverage curvature model

Recently we have introduced the net-average curvature model to predict the 

solubilization c^)acity, phase transitions, phase volumes and inter&cial tension of 

microemulsion systems (1). The net-average curvature model uses a critical scaling 

^)proach to predict the size of the microemulsion aggregates (1,2):

where ^ is a length parameter related to the radius of the oil solubilized in type I 

microemulsions, ^  is a length constant, n is the scaling exponent, and is the 

di@erence in chemical potential between the actual thermodynamic state and the 

"critical" point. The appropriate length scale (^) to be used in Equation I was found to be 

the inverse of the net curvature of the surfactant membrane (1/Hx). This net curvature 

was calculated based on the assumption of the coexistence of virtual oil and water 

spherical droplets:

p ^  Eq. 2

where R« and Rw are the radii of oil and water virtual droplets. Equation 2 supposes that 

the net curvature is positive for Type I (micelles) microemulsions and negative for Type 

n  (reverse micelles). Bicontinuous microemulsions have a near zero curvature.

The chemical potential difference (Ap*s) in Equation 1 corresponds to the 6ee 

energy change per unit of sur&ctant molecule that is required to change the membrane
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oirvature &om a given curvature value to the critical curvature point. The critical 

curvature point was selected as the point where the net curvature is flat (i.e. Hn=0). At 

this condition the microemulsion system contains equal amounts of oil and water, and the 

propaties of these bicontinuous system are in between the properties of the oil and water.

We proposed to use the surfactant aSinity difference (SAD) concept to account 

for the diemical potential difference (Ap*). The SAD for ionic sur&ctant systems as 

introduced by Salager et al. (3,4,5), is as follows:

where SAD^ is the dimensionless form of SAD, R is the ideal gas constant, T is the 

absolute temperature of the system, the term - p% is the chemical potential difference 

for transferring the surfactant molecule 6om the aqueous to the oil phase, S is the 

electrolyte concentration, K is a constant for a given surfactant (ranging &om 0.1 to 0.2), 

and ACN is the alkane carbon number of the oil (for non-hydrocarbon ACN becomes 

EACN; equivalent-ACN). The parameter f(A) is a function of the alcohol/cosur&ctant 

concentration, o  is a parameter that is a function of surfactant, % is a constant, ( -  0.01 

when temperature is in Celsius), and Tnf is a reference temperature.

Equation 3 reaches the value of zero at "optimum formulation" which corresponds 

to the critical curvature point where, for a given oil, surfactant and water system, the 

bicontinuous microemulsion contains the same amount of oil and water and the net 

curvature of the surfactant membrane is flat. The electrolyte concentration that can 

achieve this critical condition is called the optimum salinity (S*). By introducing this
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concept into Equation 3 and combining with Equation 1 and 2, and using a scaling 

exponent of 1 (n=l) selected &om dimensional analysis using the Kelvin equation (1), we 

obtain:

1 1
In Eq. 4

According to Equation 4 the aggregate size grows as the system *q)proaches the 

critical curvature point. We introduce the average curvature equation as a means to 

obtain the average %gregate size and restrict their growth to a certain optimum 

characteristic length (^*). This value, analogous to the correlation length of polymers, 

indicates the maximum length that an oil or water molecule can be separated 6om the 

surfactant membrane and still be influenced or have an effective interaction with the

membrane. This average curvature equation is (1):

R
+

&
Eq.5

where H* is the average curvature, n, is the number of surActant molecules in the system 

aggregated at the inter6ce, a, is the area per molecule of the sur&ctant at the interface, (|)o 

and are the volume fractions of oil and water in the bicontinuous system, and Vm is 

the volume of the middle phase bicontinuous system.

Equation 4 is used to calculate the oil or water radius in droplet type 

microemulsions (Type I or Type H microemulsion systems respectively) at different 

electrolyte concentration (S), using the optimum salinity of the system (S*), and the 

length constant which is proportional to the extended length of the surfactant tail (1).
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For Type HI bicontinuous systems Equations 4 and 5 are solved simultaneously (knowing 

the characteristic length of the system

Tha"e are several assumptions in Equations 4 and 5. One asaimption is that the 

aggr%ates are spherical droplets. A second assumption is that the surfactant area per 

molecule (a,) is a constant value independent of the curvature of the surfactant 

membrane, and a third assumption was that bicontinuous systems could be represented by 

coexistent oil and water droplets with an average curvature equal to the characteristic 

length of the system (I).

The net-average curvature model was initially developed and tested based on 

phase behavior data, which includes solubilization, phase transitions, phase volumes and 

interfacial tension data (1). "Droplet size" values were not directly measured but were 

rather estimated based on solubilization data and surfactant areas per molecule as 

obtained hom the Gibbs equation and sur&ce or interfacial tension data. The objective of 

this work is to obtain more direct measurements of droplet sizes and morphologies in an 

efkrt to further validate the net-average curvature model for describing the nanoscale 

environment of microemulsion systems.

In this work we use three spectroscopic techniques to investigate the nanoscale 

environment of toluene microemulsions (Types I, m  and H): small angle neutron 

scattering (SANS), dynamic light scattering (DLS), both of which were measured in this 

work, and nuclear magnetic resonance (NMR) studies previously reported in the 

literature We will compare the morphology of the microemulsion aggregates obtained by 

these techniques with that predicted by the net-average curvature model.
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Small Angle Neutron Scattering (SANS) studies of nucroemulsions.

SANS techniques have been used in studying microemulsion morphology for the 

last 20 years (6,7,8,9,10,11). In SANS a neutron beam of wavelength A, is passed through 

the sample and the intensity of neutron scattering I(q) is obtained as a function of the 

magnitude of the scattering vector (q), where q=[4rrsin(8/2)]/A, and 8 is the scattering 

anglet The relationship between I(q) versus q has two main contributions: scattering due 

to inter&rence between aggregates, the structure 6ctor (S(q)), and scattering due to the 

size and sh*q)e of the individual aggregates, the &rm factor (P(q)). The overall scattering 

pattern can be written as (6):

I(q)=P(q)*S(q) Eq.6

The ^propriate expressions for a number of structures and harm factors, as well 

as numerical solutions for these equations, can be found elsewhere (12). These models 

will be described later during the discussion associated with Gtting the experimental 

scattering patterns. Porod's model has been widely used in interpreting neutron scattering 

data, which, for spherical droplets with sharp inter6ces and at large enough q, can be 

written as (6):

I(q)=2:t(n*-no)^CAq^ Eq 7

where n^ and n<, are the scattering length densities (SLDs) of the water and oil, c, is the 

concentration of the surfactant, a, is the area per molecule of the sur&ctant, and I(q) and 

q are as defined before. Equation 7 presumes that the SLD of the surfactant has been

In this woik, scattering was isotio^nc. The discussion and analysis assumes this convention.
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matched to the SLD of the continuous phase (water for Type I microemulsions and oil for 

Type n, we will refer to this as the droplet contrast) by using adequate mixtures of 

hydrogenated and deuterated species as will be described in the experimental section. In 

this naodel the surfactant 61m is "invisible" in terms of neutron scattering.

By matching the SLD of the oil and the water phases (n^ = no), rather than a 

droplet, a hollow shell structure consisting of the surfactant 61m will be "seen" by 

neutron scattering; in this case Porod's model becomes (6):

I(q)=2x(nB-no)^Csasd^q'  ̂ Eq. 8

where n, is the SLD of the surfactant and d is the thickness of the surfactant 61m

Equadons 7 and 8 only fq)ply to high q values, and are commonly used to 

determine the area per molecule of the surfactant and the thidmess of the sur6ctant 61m 

(6,11,13,14,15). We will use these equadons to determine these parameters 6)r the 

tohiene-sodium dihexyl sul6)succinate (SDHS) - water system invesdgated in this work. 

Dynamic Light Scattering (DLS) studies of microemulsions.

We also use dynamic light scattering (DLS) to determine the hydrodynamic 

radius of the droplet type microemulsions (Type I and n  microemulsions) (16,17,18). In 

this tedmique, the time-based variadon of the scattaing intensity at a given angle, 

(normally 90 degrees) is adjusted to a model where the dme constant is used to determine 

the difSision coefGcient of the colloidal particle. The hydrodynamic radius is obtained 

6om the difRision coefBcient using the Stokes-Einstein equadon:

Eq. 9
67tpAg
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where Dig is the diSusion coefBcient, |i is the viscosity of the continuous phase is the 

Boftzman constant and Rn is the hydrodynamic radius of the colloid particles (droplets). 

We will compare the hydrodynamic radius of the droplet-type microemulsions with the 

radius predicted by the net-average curvature model.

NMR studies of SdWifTusion co^Rcients in microemulsions.

The final spectroscopic data used to benchmark the model is the self-diffusion 

measurements determined using pulse-gradient nuclear magnetic resonance. This 

technique monitors the relaxation of the magnetic moment of nuclide aAer a magnetic 

pulse. The initial pulse causes an orientation of the magnetic moments of the hydrogoi- 

containing molecules, but after the pulse the molecular diffusion causes a disarrangement 

of this orientation which in turn produces a Brst order kinetic decay on the NMR signal. 

The time constant of this decay is then used to obtain the self diffusion coefficient of the 

test molecule (19). This data demonstrates the mobility of molecules in confined colloidal 

space. For example in the case of oil contained in droplets their diffusion is regulated by 

the droplet size constriction and can be calculated usmg Equation 9. For the case of 

bicontinuous systems, this technique has revealed that oil and water molecules are 

relatively "Bee" within their phase and that the only restriction is that the volume 

faction of such a phase in the bicontinuous system is less than one. For the case of 

bicontinuous systems the fallowing equation has been proposed to predict the self 

diffusion coefBcients (19):

= 0.66 + p(<|)-l/2) Eq. 10
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where D°g is the difhision coefBcient of the pure phase (oil or water), P is the expansion 

coefBcient which normally ranges between 0.6 and 0.8 (the higher values correspond to a 

more interconnected netwoit of bicontinuous channels), and <() is the volume 6action of 

either oil or water in the bicontinuous phase.

For the NMR. self-difBision coefBcient studies, we use literature data for the 

system sodium dodecyl sulfate (SDS) - butanol - toluene to Bt the net-average curvature 

model. Using the model we will predict droplets sizes for Type I and Type n  

microemulsions and volume factions of bicontinuous systems. With these values we will 

estimate the self-diffusion coefBcients using Equations 9 and 10 and will compare these 

results with literature self-difBision data &)r this system (20).

Experimental Section 

Microemulsion phase behavior studies.

Microemulsion systems were formulated using sodium dihexyl sulfbsuccinate 

(Fhika brand, 80% aqueous solution), toluene in either its hydrogenated form (Adrich 

brand, 99+%) or in its deuterated form (Aldrich brand, 99+%), nanopure water (18 

MD/cm, Bamstead Nanopure® Infinity Base system) and/or deutoated water (Aldrich 

brand, 99+%). Sodium chloride (Fisher brand, 99.9+%) was added in increasing amounts 

to obtain the phase transition between microemulsion phases Type I-m-II. The oil to 

aqueous volume ratio was kept at 1/1 by adding 5 ml of aqueous solution containing the 

prescribed sur&ctant and electrolyte concentration to 5 ml of toluene in a 15-ml flat 

bottom test tube sealed with a Teflon-lined screwed cap. After mixing, the systems were
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kept at room temperature (300K) and left to equilibrate for two weeks before analysis. 

The surfactant concentration in the microemulsion phase was measured using a Dionex 

500 ionic chromatographic system, the toluene concentration was obtained using a UV- 

VIS Hewlett Packard model 8452 diode array spectrophotometer set at a wavelength of 

260 nm. The phase volumes of the bicontinuous systems were obtained by measuring the 

heights of the separated phases. Additional experimental details can be &und elsewhere 

(1,21). Table 3.1 summarizes the formulation and microemulsion types and composition 

&>r the systems containing hydrogenated toluene and hydrogenated water. Inter6cial 

tension values between the excess phases was determined using a Texas 500 spinning 

drop tensiometer, fallowing procedures described elsewhere (1,21).

Table 3.1. Microemulsion composition for the system hydrogenated water - sodium 
dihexyl sulfasuccinate (SDHS) - toluene and sodium chloride as electrolyte.

NaCl, Phase Surfactant SDHS Water +  NaCl % Toluene % volume Volume of
g/lOOmlof Type % volume Aaction volume Aactioa in Auction in microemulsion

aqueous inmiaoeniulsnm microemulsion phase mimoemulsian (ml)
solution phase {hase

1.2 I i 9 94.7 1.4 5.07
1.7 I 3.8 91.9 4.3 5.21
2 I 3.8 90.5 5.7 5 29

2.3 I 3.7 8 7 7 8.6 5.43
2.5 m 9.7 60.0 30.3 2.36
3 m 13 2 42.5 44.3 2.25

3.5 n i 9.2 21/4 69.4 2.57
3.8 n 3.7 6.5 89.8 5.36
4.1 n 3.8 5.1 91.1 5J8
4.5 n 3.8 4.7 91.5 5.21
6 n 3.9 3.8 92.3 5L15
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Neutron scattering experiments.

Neutron scattering experiments were per&rmed at the National Institute of 

Standards and Technology (NIST) Center for Neutron Research (NCNR, Gaithersburg, 

MD) NG7-30m SANS instrument using a neutron beam with X = 6À with the detector 

positioned at three diSerent distances (Im, 4m and 15m) to g^ve a combined q-range 

between 0.004 to 0.5 A '\ The two dimensional scattering data obtained at the three 

dif&rent distances were nmmalized, madced, and integrated to an I vs. q &rm 6>r each 

distance, and later combined into a single I vs. q curve Bar each sample using the SANS 

data reduction software available through the NCNR website (22). The combined I vs. q 

data was later modified by subtracting the scattering background inherent to the amount 

of water and toluene present in each system. The measurements were made at room 

temperature with 1-mm cell path length titanium cells assembled using Teflon o-rings to 

prevent leakage of the toluene-containing samples.

Two sets of samples were prepared: one with the same formulation as the systems 

presented in Table 3.1 using a water-oil contrast and the second set using a film contrast. 

Table 3.2 summarizes the compositions on deuterated water and toluene used in the 

different sets &r different microemulsion types and the absolute contrast obtained in each 

case. As an example, in Type I microemulsion systems prepared with an oil/water 

contrast the oil was deuterated toluene (CyDg) with a neutron scaMering length density of 

5.6E-6 and the aqueous phase was composed of 20% deuterated water (SLD= 6.3E-6 

A'^) and 80 % hydrogenated water (SLD= -0.56E-6 A'^) to give an overall aqueous SLD 

of -O S E-6 A'  ̂that matches the SLD estimated for the SDHS surfactant molecule using
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on-line SLD calculators available &om the NCNR website (23). The absohite contrast in 

this example is (5.6-0.8) E-6 = 4.8 E-6 A' .̂ The same kind of procedure was used in

designing the composition of the rest of the systems presented in Table 3.2. One 

interesting note is that the systems formulated with 90% or more of deuterated water 

showed a slight decrease (-10%) in the amount of salt required compared to the 

hydrogenated water systems.

Table 3.2. Contrast match series used in SANS studies

ContrastMicroemnMoa

 ...
I
I
m
m
m
n
n

Wata-Oil (W/DO) 
Film(DWÆ>0) 

W ato--0ü(DW /0) 
Water-Oü (W/DO) 

Füm(DW/DO) 
WaterX%l(DW/0) 

Fi]m(DW/DO)

ofDzO in %C7D,in Contmst
water __ _ CÜ_____ ___ 1E-6A^

20 Î66
90 100 4.8
100 0 5.4
20 100 4.8
90 100 4.8
100 0 5.4
90 100 4.8

Dynamic light scattering experiments.

The dynamic light scattering experiments were performed at room tenq)erature 

using a BI-90 Brookhaven instrument. Samples of the Type I and Type n  microemulsion 

systems were placed in standard 1-cm glass cells that were placed in the BI-90 sample 

holder at least 30 minutes before the measurement. Each sample was measured three 

times. The viscosity of the microemulsion phase was measured using a U-tube 

viscometer and this value was entered to the computer to calculate the average 

hydrodynamic radius. The re6active index of the continuous phase at 650 nm and 300K
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(water 1.332 6)r Type I microemulsions and toluene 1.489 for Type H microemulsions, 

reference 24) was entered to the algorithm used to calculate the particle size.

NMR sdMifTusion data

As indicated above, we used literature data of phase behavior studies for the 

system toluene - SDS - butanol - water to adjust the curvature model to predict self

diffusion values that are then compared with NMR self-diffusion measurements made on 

this system (20). Table 3.3 contains the formulation data for this system as reported by 

Guering and Lindman along with the calculated volume of the microemulsion phase for a 

20 ml total volume system prepared at an oil/water volume ratio of 1:1.

Table 3.3 Microemulsion conqwsition far water - sodium dodecyl sulfate - butanol - 
toluene systems with sodium chloride as electrolyte.

NaCl, g/lOOml Phase Type SDS Butanol Biine Toluene Volume of
cfaguemis wL %in wL %. In wL % in wt. %in microemnlsioa

solution microemulsion microemulsicm microemulsion miaoeniulâau (ml)
lAase(a) phase (a) phase (a) phase (a)

3 I 3.6 3.5 84.7 82 11.1
4 I 3.6 3.4 83.4 9.6 11.1

4.5 I 3.4 3.4 80.9 12.3 11.8
5 I 3.4 3.4 78.9 14.3 11.8

5,7 m 4.5 4.1 64 27.4 8.9
6 m 4.9 4.3 57JZ 33.6 8.2

6.3 m 5.2 4.6 51/4 38.8 7.7
6.7 ni 5.3 4.9 43.7 46.1 7.5
7 in 5.1 5.0 38.2 51.7 7.8
8 n 3.1 5.3 16.8 74.8 12.9

8.5 n 3.2 5.4 15.3 76.1 12.5
9 n 3.3 5.5 13.9 77.3 12.1

9.5 n 3.3 5.6 12.6 78.5 12.1
10 n 3.3 5.7 11.8 79.2 12.1

a) Data extracted ûom Gueiing and Lindman, re^ence 20.
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Résulta mud discussions 

Phase behavior studies and the n^-average curvature model

Tables 3.1 and 3.3 present the compositions of the microemulsion phases 

prepared with SDHS and SDS + butanol respectively. In order to Gt the net-average 

curvature model to these data, the solubilization of toluene and brine presented as volume 

Gactions in these tables are transformed into equivalent spherical radius as fallows:

3F

where R is the radius of either oil (toluene) or water and "V  is the volume of oil or 

water in the microemulsion as obtained by multiplying the oil or water Gaction by the 

volume of the microemulsion presented in each table. The denominator of Equation 11 is 

the total interfacial area provided by the adsorption of the surGictant at the oil/water 

interface, ni is the number of moles of the surfactant present in the microemulsion, ai is 

the area per molecule of the sur6ctants / cosurfactants present in the microemulsion and 

Nav is the Avogrado's number. The number of molecules of each surfactant are obtained 

Gom the mass of each surfactant in the microemulsion using then compositions in Tables 

3 .1 and 3 .3, and the molecular weight of each surfactant (386 g/mol for SDHS, 272 g/mol 

G)r SDS and 74 g/mol for butanol). Regarding the area per molecule of the sur6ctants we 

use reported values for SDHS of 95ÀVmolecule (1,25,26), of 60 A^/molecule for SDS 

(13,26) and of 20 Â^/molecule for butanol based on previous studies with similar alcohol 

and non-ionic surActant molecules (1,26). The SDHS and SDS area per molecule values
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were obtained after applying the Gibbs adsorption equation to surAce and inter6cial 

tension data.

Figure 3.1 shows the solubilization data of oil and water expressed as equivalent 

spherical droplet calculated using the procedure explained above. The net-average 

curvature model was used to St both the solubilizaSon data of the system SDHS-tohiene 

(Figure 3.1a) and the system of SDS-butanol-toluene (Figure 3.1b). The model 

parameters are indicated in the respective Sgures. The optimum salinity (S*) data was 

determined as the salinity that leads to a microemulsion systems containing equal 

amounts of oil and water. The charactensSc length (^*) was taken as the radius of oil or 

water (they are the same at S*) at the optimum formulation conditions. Thus, the scaling 

length constant (^°) is the only parameter that is adjusted in the model to Gt the data.

The characterisGc length of ̂ *=65 Â G]r the SDHS-toluene is consistent with a 

range of characteristic lengths found for SDHS systems with a variety of oüs and will be 

discussed further in light of the SANS measurements (1). For the case of the SDS-butanol 

system the characteristic length of = 95 À is consistait with literature values (92 Â 

and 117 A) determined using SANS.

Regarding the scaling length, the value of = 10 A for the SDHS-toluene system 

is the same value Gnmd for other SDHS systems previously studied (1). For the case of 

the SDS-butanol-toluene system the value of 15 Â is somewhat smaller than the 

value expected 6om the extended sur6ctant tail length (for 12 carbon tail, -20 A) 

vasus lOA for 6 carbon tail SDHS. In this case the microemulsion is not formulated with
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a single surfactant but with a mixture o f sur&ctants, and considering that butanol has a 

shorter extended tail than SDS, a shorted elective tail length could be expected.

200

^  140

Model Parameters 

S*- 2.9 gNaCl/lOOml 

= 65 A 
= 10 A

#  Ro,Rw-Solubilization data 

' Net-Average model

2 3 4 5 6
Electrolyte concaitration, g NaCI/100ml

#200
#180
o>
^ 1 6 0
« 140
"§120
8100
m 80
8" 60
c
@ 40 
0 20 
w 0

B

Model Parameters 

S*- 6.7 gNaCl/lOOml 

=95 A 
=15 A

 Net-Average model
A Ro. Rw -Literature data

5 10
Electrolyte concentration, g NaCI/IOOmI

15

Figure 3.1 Equivalent ^herical droplet radius based on solubilization data and 
the corre^nding net-average curvature model Gt. Part A corresponds to the sodium 
dihexyl sul&succinate (SDHS) - toluene system. Part B corresponds to SDS-butanol- 
toluene data Gom Guering and Lindman, re&rence (20)

70



Small Angle Neutron Scattering studies.

Table 3.4 summarizes the neutron scattering experiments paibrmed on the 

system sodium dihexyl sul5)succinate (SDHS) - toluene, including the type of contrast, 

models used to 6t the scattaing curves and the morphology parameters obtained after 

fitting the respective models. Figure 3.2 shows an example of scattering curves (dotted 

curves) 6 r  oil/water contrast as a hinction of the electrolyte concentration and 

microemulsion type. The model fit for each curve is also presented as a solid line, which 

is barely visible in some instances because of overlap with the data.

At low electrolyte concentration (1.2 g/100ml of NaCl) the best Gt to the 

scattering curves was obtained assuming spherical oil droplets with no structure factor. 

The G)im Actor (P) for spherical aggregate is (27):

2
sin(y  ) -  gr cos(gr)

f (g )  = 3<(»F(n̂  -» ^ ) ' Eq. 12
( y )

where ^ is the volume faction of the spheres, F is the volume of the individual sphere, g 

is the scattering vector and r  is the radius of the spheres. The experimental data of 

selected systems (indicated in Table 3.4) were Gtted to Equation 12 using software 

available through the NIST web site, Wiich included the appropriate smearing procedures 

(12,22). Equation 12 is appropriate G)r a monodisperse system, but the SDHS-toluene 

system contains a distribution of micelle sizes typical of surfactant-based colloids (28). 

The level of polydispersity was qualitatively assessed using neutron beam wavelength 

dispersion. This procedure resulted in a AAA -  0.5, where the real wavelength dispersion 

is around AAA -  0.1. We then performed a numerical integration of the normal
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distribution probability curve of the scattering models, good Gt was obtained using a

standard deviation of 40% the ava-age radius size. These standard deviations are

indicated in Table 3 .4 as the ± interval indicated in the respective radii values.

Table 3.4. Small angle neutron scattering (SANS) morphology parameters for SDHS - 
toluene microemulsions.

faCl, %SDHS fhaae Contiasl Structure Fonn Factor (P) MorfAologyperameiters
100ml in water Type

_ ___
1.2 4 Flat= 1 S^Aere R = 3 5 ± 1 5 À
1.7 4 I W/DO F la t= l C)4mder R = 5 0 ± 2 0 A ;  L= 100Â
2 4 I W/DO Flat = 1 Cylinder R = 6 5 ± 2 0 Â ;  L=175À

2.3 4 I W/DO Flat= 1 Cylinder R = 7 0 ± 2 5 A ;  L=3500A
1.2 1 I W/DO N.D. N.D. N.D.
1.7 1 I W/DO Fla±= 1 Cylinder R = 4 0 ± 2 0 A ;  L = 80A
2 1 I W/DO F la t= l Cylinder R= 55 ±  20 A ; L= 90 A

2.3 1 I W/DO Flat = 1 Cylinder R = 7 0 ± 2 5 A ;  L =240A
1.1 4 I DW/DO Flat = 1 Core-ShellqAcre R = 3 0 ± 1 0 A ;  d=10A
1.5 4 I DW/DO Fla±= 1 Core-Sbell qdinder R= 45 ±  15 A ; L= 60 A ; d= 10 A
1.8 4 1 DW/DO Flat= 1 Ccre-SbeHcylirKler R = 5 5 ± 2 0 A ;  L= 1 5 0 A ;d = 1 0 A
2.1 4 I DW/DO N.D. N.D. N.D.
2.3 4 m DW/O Tcubner- Strey  ̂= 72A.d"=282A
2.8 4 m DW/O Tenboer- Strey  ̂= 69A,d"=236A
3.3 4 in DW/O N.D. N.D.
2.5 4 m W/DO Teulm e- Strey  ̂= 8 l A . d ^ 2 6 8 A
3 4 m W/DO Tembmcr- Sbey ^ = 68A .d"=244A

3.5 4 m W/DO N.D. N.D.
2.3 4 m DW/DO Strey - Winkler - &6gid d = 7.0 A, a, = 91 A^/mol
2.8 4 m DW/DO Strey - Winkler-Magid d = 6.6 A, a, = 116 A^/mol
3.3 4 m DW/DO Str^ - Winkler-Magid d = 6.5 A, a, = 99 A^/mol
3.5 4 n O/DW F lat= l Cylinder R = 5 0 ± 2 0 A ;  L=1000A
3.8 4 n O/DW Flat = 1 C)4inder R = 4 3 ± 2 0 A ;  L =450A
4.3 4 n O/DW Flat = 1 C)4inder R = 4 0 ± 2 0 A ;  L ^250A
5.5 4 n O/DW Flat= 1 Cylinder R = 3 0 ± 1 5 A ;  L=100A
3.5 1 n O/DW Flat = 1 C^inder R = 5 0 ± 2 0 A ;  L =500A
3.8 1 n O/DW N.D. N.D.
4.3 1 n O/DW Flat = 1 Cylinder R = 4 5 ± 2 0 A ;  L= 120A
5.5 1 n O/DW Flat= 1 Cylinder R = 3 0 ± 1 5 A ;  D=100A
3.5 4 n DQ/DW Flat = l Core-Shell cylinder R = 4 5 ± 2 0 A ;  L = 1 5 0 0 A ;d = 1 0 A
3.8 4 n DQ/DW Flat= 1 Ccre-SheH cylinder R= 40 ±  15 A ; L= 400 A ; d= 10 A
4.3 4 n DO/DW Flat = 1 Ccre-Shell cylinder R = 4 0 ± 1 5 A ;  L = 1 5 0 A ;d = 1 0 A
5.5 4 n DO/DW Flat= 1 Core-Shell cylinder R = 3 5 ± 1 5 A ;  L = l% A ; d = 1 0 A

R: radius (either sphere or cylinder), L: cylinder length, d: surGictant Glm thickness, ^ 
correlation length of bicontinuous microemulsions, d': is the periodicity of the 
bicontinuos domain size, a,: area per molecule of the sur&ctant. N D : morphology not 
determined due to experimental errors or otherwise explained in the text.

72



1000i

100

mc
(D

g
'CI

10

0.1

(A 0.01

%

+ 2.3gNaCI/100ml, Type I, W/DO 
% 2.0gNaCI/100ml, Type I, W/DO 
'  1.7gNaCI/100ml, Type I, W/DO 
A 1.2gNaCyi00ml, Type I, W/DO

0.001 0.01 0.1 
Scattenng vector, q, A*-1

. 3.5gNaCI/100 ml, Type III, W/DO 
3.0gNaCI/100 ml. Type III, W/DO 
2.5gNaCI/100 ml, Type III, W/DO

200 '

0.001 0.01 0.1 
Scattenng vector, q, A*-1

t
I
.5
08
C
-e*

1000 -  

100 -  

10 

1 '  

0.1 -

(O 0.01

" 5.5gNaCI/100ml, Type II, DW/O 
 ̂4.3gNaCI/100ml, Type II, DW/O 

'  3.8gNaCI/100ml, Type II, DW/O 
'  3.3gNaCI/100ml, Type II, DW/O

0.001 0.01 0.1 
Scattenng vector, q, A*-1

Figure 3.2. Scattering curves &)r the SDHS-toluene microemulsion systems with 
oil/water contrast. Part A corresponds to Type I systems, part B to bicontinuous Type m  
systems and part C to Type H microemulsion systems. The solid lines represent the 
scattering model Gt described in Table 3.4. The shaded areas in the schematic represent 
the deutrated phase.
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Another experimental factor that was evaluated was the possibility of multiple 

scattenng. In the case of droplet-type microemulsions (Type I or H) with low sur&ctant 

concentration (normally less than 0.5 M) this phenomenon is not important (6 ). Even so, 

two sets of scatteing data were obtained for droplet-type microemulsions: one at 4% 

(--0. IM) SDHS and one at 1% SDHS (-0.025M). Table 3.4 shows that there is good 

agreement between the morphology obtained at 4% and at 1% SDHS except for the 

system at 1.2 g NaCl/100 ml where at 4% SDHS the average radius of the sphere is 35 ± 

15 A and for the 1 % SDHS no data is reported because the volume faction of oil 

solubilized was small, yielding scattering too weak to analyze.

At higher electrolyte concentrations, the spherical aggregates grow into a 

cylindrical shape. The best way to observe this transition is by looking at the sh^e of the 

scattering curves in Figure 3.2a at low q values (<0.04 A'^). With increasing electrolyte 

concentrations the intensity at low q values increases characteristic of an increase in 

aggregate size due to the increase in oil solubilized. Given the size of spherical 

aggregates in this system, if  the low q region is completely horizontal (as in 1.2% NaCl) 

it shows that the aggregate is spherical, but if the slope is non-zero (as in the 1.7% to 

2.3% NaCl range), then one of the dimensions has increased, indicating cylindrical or 

ellipsoid aggregates Both types of morphologies have been used to 6 t the scattering data 

(29,30). In this particular study the cylindrical models Gt the data better. The 5)rm 6 ctor 

6 r the cylindrical model is given as (27):

A

cyl 0

gZ,cosa^ J ; ( y  sina)
I 2 J (y s in a )

sinou&x Eq. 13
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where is the volume of the cylinda", and 1  is the length of the cylinder, r  is the radius

of the cylinder, jo(x) is the function sin(x)/x and Ji is the Bessel function of first order, all 

the other variables and parameters were described previously.

The result of the model 6 t for Type I microemulsions with electrolyte 

concentration between 1.7 to 2.3 g NaCI/lOOml far sur6 ctant concentrations of 4% and 

1% SDHS are presented in Table 3 .4. The data shows that the "cylindrical" droplets grow 

both in radius and lei%th as the electrolyte concentration approaches the transition point 

towards a bicontinuous system (-  2.4 g NaCl/100 ml). The values of radius and length for 

4% SDHS and 1% SDHS at 1.7 and 2.0 g NaCl/100 are identical within the e?q)erimental 

error. At 2.3 g NaCl/100 ml the measurements at 4% SDHS and 1% SDHS have identical 

cylindrical radii but different lengths. The radius corresponds to scattering at high q 

values while the cylinder length impacts the low q values; interparticle interference 

effects will be more important at low q. N ^ecting  the scattenng due to interparticle 

interference is probably not appropriate for 2.3 g NaCl/100 ml at 4% SDHS since the 

volume ûaction of droplets is relatively high ( -  9% of toluene for 4%SDHS, see Table 

1). Here, our interpretation is that the length value of the 1% SDHS system is more 

correct and probably corresponds to the length at 4% SDHS.

Between electrolyte concentrations of 2.5 to 3.5 g NaCl/100 ml the system 

becomes bicontinuous. These systems have been modeled with the Treubner-Strey model 

(7,9):

/(? ) = --------- \ ------- T Eq, 14
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where &2 , ci and Cz are the Gtting constants which are used to calculate the characteistic 

length (^) of the bicontinuous microemulsion:

^ \  go
1/2

+ l f L
4 Co

- 1 / 2

Eq.l5

The otho" parameter obtained 6 om Equation 14 is the periodicity parameter d':

(/'=27t — —  — — Eq.l6

^ V̂ 2 /  ^ (̂ 2

While this model has been widely used in bicontinuous microemulsions, some 

modifications have been made to improve the Gt at high q values (31); in this work these 

addiGonal modiGcations were not necessary as a satisfactory Gt was achieved with the 

Teubner-Strey model as represented by Equation 14. Table 3.4 summarizes the 

correlation length and periodicity parameters obtained G)r the bicontinuous systems with 

different oil/water contrast (DW/O and W/DO). The correlaGon length (^)ranges between 

68 to 81 A and the periodicity between 236 to 282 A The bicontinous Type m 

microemulsion at high salinity (3.5 gNaCl/100 ml for W/DO and 3.3 ^aC l/100 ml G)r 

DW/O) did not Gt the proGle of the Taibner and Strey model or its modiGcation because 

of the sloped proGle at low q range (curve for 3 .5 gNaCl/100 ml in Figure 3 .2b) vhich 

suggested a extended cylindrical structure. The Gt shown in Figure 3 .2b was obtained 

using the cylinder model with radius of 80A and 500 A of length, although this Gt was 

not reported in Table 3.4 because the assumpGon of no interparGcle interference is 

questionable.
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For the case of Type H microeoaulsions all the oil/water contrast e)q)eriments 

were Gt using the cylindrical model (Equadon 13) 6 )r the 6 )rm factor. Examples of the 

scattering proGle and model Gt are presented in Figure 3.2c and the morphology 

parameters are summarized in Table 3 .4. The values of radius and length presented in 

Table 3.4 shows the same trend as that shown by Type I microemulsions: as the 

electrolyte concentradon becomes more distant Gom the transidon point to Type m  

systems, the radius and length of the cylinders become smaller. The morphologies 

obtained using SDHS concentradons at 1% and at 4% are comparable, thus validating the 

assumpdons of dilute non-interacdng droplets and no multiple scattenng.

The same systems described above were studied using Glm contrast. At low 

electrolyte concentradon the scattering data was Gtted using the Gat model G)r the 

structure factor S(q)=I and the core-shell sphere model as the G)rm factor (27):

P(q)-
2

Eq. 17

where is the volume Gacdon of surfactant, Vsheu is the volume of the shell, Vccn, is the 

volume of the spherical core, noo«, n^ ,  rwveot are the neutron scattering length densides 

of the core of the sphere, the shell and the solvent, in this case the core and solvent 

scattenng length densides are the same, room is the radius of the core of the sphere and 

"d" is the thickness of the shell and the function ji(x) = [sin(x) - xcos(x)]/x^ .

When the above model was q)plied to the low electrolyte concentradon data 

(1. IgNaCl/lOOml) the radius obtained was similar to that obtained with oil/water contrast
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and the shell thickness (d) was determined to be 1 0  A; however, the model was not too 

sensitive and alternative acceptable fits produced "d" values as low as ?A

The rest of the droplet-type (Type I and H) microemulsions were Gtted using a 

core-shell cylinder model &r the 6 rm Actor:

= j/^(g,a)sinca& x Eq. 18

where f(q,a) is

1, 2  y grsm a qf(r + <f)sma

where An is the dif&rence in neutron scattering length density between the shell and 

either the core or the solvent (is the same in 61m contrast), Voo«, is the volume of the core 

of the cylinder, L is the length of the cylinder, r is the radius of the cylinder Vsben is the 

volume of the cylinder shell and "d" is the thickness of the shell. The funcdons jo and Ji 

as described befare.

A summary of the morphology parameters (R, L, d) obtained after Gtting the 

model to Type I and Type II systems is presented in Table 3.4 and are also presented in 

Figure 3.3. The values of radius and length are quite similar to those 6 )und with the 

water/oil contrast and thus follow the same trends discussed in those cases. The shell or 

61m thickness d was 10Â but the 6 t could have been obtained using a range between 7Â - 

lOA In addidon, the polydispersity is noted only for the radius but in reality 

polydisp0 "sity also aSects the length of the cylinder and the shell thickness.
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Figure 3.3. Scattenng curves for the SDHS-toluene microemulsion systems with 61m 
contrast. Part A corresponds to Type I systems, part B to biconhnuous Type m  systems 
and part C to Type II microemulsion systems. The solid lines represent the scattenng 
model fit described in Table 3.4. The shaded areas in the schematic represent the 
deutrated phase.
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In the case of middle phase bicontinuous microemulsions, the 61m contrast 

experiments render a morphology that resembles that of a sponge- L3 phase. Different 

models have been used to characterize sur&ctant sponge phases and Elm contrasted 

bicontinuous microemulsions (8,32,33,34). The important morphological parameters are 

the corrdation length of the sponge phase and the thickness of the surfactant membrane. 

In contrast to Type I or II systems (Figure 3a and 3c), the scattering proEles for Type m  

SDHS-toluene Elm contrast systems did not show a signiEcant peak or breakpoint at low 

q (shown in Figure 3b) to make appropriate estimations of the correlaEon length (which 

was already determined using oil/water contrast). This lack of a breakpoint is not a rare 

phenomenon when studying L3  phases (8 ). The proEle at high q values did ofkr good 

information on the morphology of the sur&ctant Elm after Etting the high-q range 

scattenng proEle to the expression proposed by Strey et al. for monolayer sponge phases 

(8):

/(g) = 2 # , : ^ : ^ g - ^  Eq. 19
a, O'

where (j), is the volume Eacdon of the surfactant, v̂  is the molecular volume of the 

sur&ctant (-650 A^/molecule Ear SDHS), a, is the area per molecule of the sur&ctant, 

t=d/(27c)°  ̂ v*ere d is the thickness of the surfactant Elm. Table 3.4 shows the fitted 

parameters for the Elm contrast e^)eriments in Type in systems, where the Elm 

thickness show to be slightly lower than those found for droplet type microemulsions. 

The area per molecule of the SDHS in this set of experiments result consistent with those
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reported from Gibbs adsorption studies of interfacial and sur&ce tension curves 6)r this 

sur&ctant (25,26).

Net-average curvature model versus neutron scattering morphology

As indicated above, the main objective of this work was to test how well the net- 

average curvature model could reproduce the microemulsion morphology obtained 

through neutron scattering techniques.

The first simplification made by the net-average curvature model was to assume 

that the aggregates were of spherical shape. As indicated in Table 3 .4, at low electrolyte 

concentration the assumption of spherical micelles is appropriate. However, as the system 

curvature approaches the zero net curvature, the micelles become elongated or "worm

like" micelles, i.e. this simplification is not ^propriate at high electrolyte concentration. 

Worm-like micelle are, however, in agreement with results reported in the litauture 

(35,36). The spherical droplet assumption was made to minimize the surface area 

exposed (Wiich translates into sur&ce excess energy) per unit of volume of the intanal 

phase solubilized. The data suggest that when the droplet becomes large enough a change 

in shape occurs. The change in droplet shape with surfactant curvature was predicted by 

the net curvature equation (Equation 4), considering that if the real shape of the droplet is 

spherical, then the net curvature (% ) should be equal to 1/Ro (or 1/Rw) in Type I (or 

Type H) microemulsions. As the oil (or water) droplets grow to a comparable size to the 

virtual water - Rw (or oil- Ro) droplets in Type I (or D) microemulsions, the net curvature 

(Hx) is smaller than 1/Ro (or I/Rw). The latter suggests that the real shape of the droplets 

is not spherical, but some other less curved conhguration (such as cylinders). The
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explanation above helps explain the change in shape with electrolyte concentration, but 

also predicts changes in shape with sur&ctant concentration, which is somewhat 

supported by the values in Table 3.4 where few: 4% SDHS the length of the cylind0 "s is 

consistently longer than those &r 1% SDHS The prediction of the speciûc shape (radius 

and length of the cylinder) will be the topic of future modiScations of the net-aver%e 

curvature model.

Despite the diSerence in droplet shutpê  the best way to compare the size of the 

aggregates predicted by the net-average (mrvabire model aiwl that dkdüsrmûiexl by SANS is 

to determine the equivalent spherical radius of the SANS morphology by determining the 

ratio of volume to sur&ce area as: = 3*volume/sur&ce area. Figure 4 presents a

summary of all the equivalent spherical ratios for the Type I and II microemulsions 

systems described in Table 3.4 as a hinction of electrolyte concentration. The range bars 

shown in Figure 3 .4 represait the dispersion of the size distribution (i.e. the range of 

droplet sizes found at one standard deviation around the average droplet size), not an 

error range. In the case of Type m  systems, the correlation length is shown. The 6rst 

important feature of Figure 3 .4 is that the different SANS morphologies (obtained using 

oil/water contrast at difkrent surfactant concentrations and 61m contrast) offer similar 

equivalent spherical radius. When values of the SANS equivalent spherical radius are 

con^)ared to the spherical radius calculated by solubilization values and predicted by the 

net-average curvature model, the latter under-predict the size of the droplets by a margin 

such that the predicted radii are not even in the lower limit of the experimental size range 

distribution. On the other hand, the ctxrelation length of the optimum formulation fits
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quite well with the prediction made by the model, thereby helping to validate the 

assumption that in bicontinuous systems the characteristic length is constant and can be 

evaluated using Equation 5.
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Figure 3.4. Equivalent spherical radius for SDHS-toluene microemulsion systems as 
calculated &om the morphologies obtained ûom the SANS studies, the solubilization 
studies and the predicted 6om the net-average curvature model.

In summary, the spherical shape for droplet microemulsions was inadequate for 

systems with near zero curvature and the best way to compare these systems was using 

equivalent spherical radius. However assuming the characteristic length to be constant 

seems to be reasonable. These observations lead to the hypothesis that the sur&ctant area 

per molecule was not constant as the net-average curvature model assumed, and that this
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variation is responsible for the disparity between the net-average radii prediction and the 

SANS equivalent spherical radii. The area per surActant molecule was obtained 6om 

applying the Gibbs adsorption equation to sur6ce and inter6cial tension data 

(95Â^/molecule), a value consistent with the values reported in Table 3 .4 for 61m contrast 

experiments in Type m  systems.

To invesügate the area per molecule in Type I and n  microemulsions we can 

apply the Porod equations to the oil/wato" contrast data and apply Equation 7 to 

determine the area per molecule of the sur&ctant a,. Figure 5 shows the Porod plot (I(q)q^ 

vs. q) 6)r Type I microemulsions studied with oil/ûlm contrast and 4% surGictant SDHS 

At large q values (The Porod region) the value I(q)q^ will provide an asymptotic value 

equivalent to 2;c(nw-no)^cA (see Equaüon 7 for details). Thus the area per molecule of 

the surfactant can be calculated and this value is shown in Figure 3.5 for each of the 

curves presented. While the selecdon of the asymptotes was somewhat arbitrary due to 

the variability of the data, the asymptotes resulted in areas per molecule that are a factor 

of 2 - 3 lower than the 95 .^/molecule assumed.
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In order to corroborate this fmding, the area per molecule was calculated 6)r the 

surActant in the rest of Type I and n  systems with oil/water contrast. Figure 3.6a presents 

the values of surfactant area per molecule obtained 6om the Porod's plot as a hmction of 

electrolyte concentration. The area per molecule of the surjetant in Type I and n  

systems is consistent between the two sur&ctant concentrations (1% and 4% SDHS). 

Figure 3.6a also includes the area per molecule obtained after the film contrast 

experiments in Type m  systems, only in this case the area per molecule resulted 

consistent with the value derived 6om sur&ce and inter&cial tension data (95 

Â^/molecule). The data in Figure 3 .6a shows that the values of area per molecule in Type 

I and n  system are lower than the value of area pa" molecule for Type HI systems, the 

change in area per molecule is probably due to changes in curvature as explained lata". 

These results also render in^propiiate the asaimption made in the net-average curvature 

model that the area per molecule is constant independent of microemulsion Type or 

curvature value. To our knowledge, there has not been a detailed study of the sur&ctant 

area per molecule as a function of a Winsor phase scan, as in this p^)er. To a certain 

degree the non-consistency in areas per molecules could be anticipated since the 

surfactant area per molecule would not be expected to be the same in a flat geometry 

versus a spherical shape. Figure 3.6b presents a schematic of the surfactant area per 

molecule "at the neck" (noted as "ao", the area per molecule of the flat intaface obtained 

^plying the Gibbs absorption model to surface or interfacial tension data) and the 

sur&ctant area per molecule in contact with the internal microemulsion phase (noted as 

"as", or projected surfactant area per molecule) as a function of the sur&ctant membrane
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curvature. According to Figure 3 .6b it is expected that the projected area per molecule, 

"as", would be lower in Type I and H microemulsions (in comparison with bicontinuous 

Type m  systems) aAer applying the proper geometrical considerations. In &ct this was 

the building block of a model proposed by Hwan et al. where they established the 

projected sur&ctant area per molecule, as, applying geometrical projection rules 

assuming a droplet spherical shape, and were able to produce a curvature equation similar 

to the net curvature equation in the case of electrolyte scanned systems (1,37). Nave et al. 

(15,38) measured area per molecules of SDHS close to 60 A^/molecule in droplet and 

micelle systems using SANS and neutron reflectometry expeiments which is in the range 

of area per molecules shown in Figure 3.6a for droplet microemulsion systems. In the 

case of SDS the area per molecule in droplets systems has been estimated near 20 

Â^/molecule (6) contrasting with the value of 60 A^/molecule reported aAer a^usting the 

Gibbs adsorption model to surface tension data (26).

In order to predict the equivalent spherical radius using the net-average curvature 

model an ar^ustment needs to be introduced to account Arr diSeretit sur&ctant areas per 

molecule as a function of location in the phase scan. Here we introduce a very simple 

modification to assess the eSect of the area per molecule of the sur&ctant on the 

equivalent spherical ratio predicted by the net-average curvature model:

Rspherical Rnet-averagê  / ŝ, SANS Eq. 20

Where is the equivalent spherical radius, is the value originally

calculated using the net-average model, ao is the area per molecule of the sur6ctant 

obtained using the surface and inter&cial tension data and the Gibbs adsorption model
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(&*r SDHS 95À^/molecule) and a,̂ sANs is the area per molecule interpolated uâng the 

SANS data presented in Figure 3 .6a.

Ô
 ̂ 120 1

-<C

^  80 '
0
‘B 60 ij)
I  40

i
&
S 0

A

 Interpolation
o  4% SDHS oil/water oontmst 

1% SDHS, oil/water contraat 
o  Type III, film contrast

3 4 5
lectrolyte concentration, g hkia/100ml

B

■£

160 

140 

120 

100 y 
80 

60 

40 

20

Water/Oil contrast, 4%SDHS  
Water/Oil contrast, 1%SDHS 
Film contrast, 4% SDHS  
Correlation lengtti 
Area-modified Net-Average model

o  d

2 3 4 5
Electrolyte concentration, g NaCI/100ml

Figure 3.6. ModiScation of the net-average curvature model to account for changes in 
area per molecule of the surfactant. Part A indicates the area per molecule as a function 
of electrolyte concentration. Part B p^esents the projected area per molecule of the 
sur&ctant ag &r different curvatures. Part C presents the modiSed radii predicted by the 
ne t-aver^  curvature model after modifying 6)r sur&ctant area per molecule.

88



Figure 3.6c shows the modified net-ava"%e radius compared to the SANS 

equivalent radius. The data shows that after introducing this reûnement to the net-average 

curvature model the experimental data and the prediction show good corrdation. Instead 

of using SANS data, the sur6ce area per molecule in droplet systems could be predicted 

using the approach proposed by Hwan et al. (37). However, the area projection model 

must assume a certain geometry, in the case of Hwan et al. a spherical shape was 

assumed, but as indicated above this assumption is not appropriate for systems near the 

phase transitions to Type m . In a future modification of the model, the projected area per 

molecule of the surActant in the core of the micelle should include the prediction of the 

transition in shape from spherical to cylindrical micelles as indicated earlier.

Dynamic light scattering (DLS) studies.

The SANS data presented above is perhaps the most accurate way to asses the 

size and shape of the microemulsion aggregates. On the other hand, measurements of the 

hydrodynamic radius using dynamic light scattering (DLS) are more common. The 

objective of this section is to compare how the hydrodynamic radius compares to the 

equivalent spherical radius by SANS and the net-average curvature model. Figure 3.7 

shows the radius of gyration (or hydrodynamic radius) for Type I and II microemulsions 

along with the SANS and net-average curvature model data. The DLS measurements 

agree quite well with SANS measurements when the shape of the aggregate is sphaical. 

When the sh^)e of the aggregate is cylindrical (as it approaches the transition points) the 

DLS hydrodynamic radius tends to over-estimate the size of the aggregates. The 

Brownian diSusion produces a tumbling ef&ct on the cylindrical micelles such that the
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elective radius of gyration appears greater than it really is. Figure 3 .7 also presents the 

standard deviation of the DLS droplet size distribution (as a range bar) which is found to 

be close to the polydispersity observed in neutron scattering experiments.
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The correlation between the radius of gyration determined by DLS and the 

predicted net-average model is, as expected, very poor. If the model is corrected by the 

area per molecule as shown in Figure 6c a close correlation would be found as the system 

is Arther away &om the transition boundaries to Type m  systems. The disparity between 

the hydrodynamic radius and the net-average curvature model predictions was previously 

reported (I). In that case the hydrodynamic radius was obtained 6om settling velocities 

obtained by centrifugation studies (37). In order to make better prediction of 

hydrodynamic coefBcient and thus droplet diffusion data, the shape and size of 

microemulsion droplets should be estimated.

NMR selfdiffuskm coefficient studies

NMR self<li9usion coefBcients measure the dynamic state of the molecules in 

the microemulsion system. In the case of droplet-type microemulsions, the dissolved 

phase is conSned in the droplet and thus the diffusion is controlled by the diffusion of the 

microemulsion droplet which can be estimated using the hydrodynamic radius of the 

droplet and Equation 9. For bicontinuous systems, the mobility of the molecule in the 

bicontinuous channels determines the self-diffusion coefficient, vhich can be calculated 

using Equation 10. Figure 3.8 present the self-diffusion of toluene and water obtained 

f"om Lindman et al. (20) for the SDS-butanol-toluene system. The solid lines in Figure 

3.8 were obtained using the net-average curvature model to obtain the radius of oil and 

water droplets 6)r Type I and n  systems and the volume factions of oil and water for the 

Type in system. Equation 9 was used to estimate the diffusion coefBcient of the droplets 

using literature values of viscosity (39). For Type III bicontinuous systems Equation 10
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was used using a p expansion parameter of 1 which reveal the high level of 

interconection in the network of bicontinuous channels. According to Figure 3 .8, and in 

the case of droplet-type microemulsions, very low self-diSusion coefRcients are 

observed. In fact, data hirther away Rom the transition are even lower than estimates. 

This behavior likely reflects the &ct that the actual hydrodynamic radius in this case is 

larger than the radius estimated using the net-average model, consistent with the previous 

discussion. The model fits well in the r ^ o n  of bicontinuous microemulsions. The 

transition region between droplet systems and bicontinuous phase shows an intermediate 

behavior, which is not reproduced by the net-average curvature model because there is no 

equation relatiag either droplet size or volume Raction to self difhision data.
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Conclusions

The initial objective of this woik was to evaluate how well the net-average 

curvature model could reproduce the nanoscale environment of microemulsion systems. 

We first conSrmed that the model could reproduce the phase behavior of the 

microemulsion systems considered (SDHS-toluene and SDS-tohiene) Ending good 

agreement between data and predictions once the scaling length parameter was acQusted. 

When comparing the droplet size predictions with SANS-determined morphology, we 

determined that the assumption of spherical droplets for Type I and Type II 

microemulsions near the boundaries of Type HI microemulsions was not adequate 

because the micelles become cylindrical in shape. The SANS studies show some 

evidence that in the transition points long cylindrical micelles are 5)rmed with radius 

close to the correlation length of the microemulsion. The prediction of the characteristic 

length by the net-average model was quite close to the values observed by SANS which 

supports the assumption of constant characteristic length in bicontinuous systems. 

Additional assessment of the sur&ctant area per molecule projected to the core of the 

droplets is shown to be the cause for the disparity between the equivalent spherical radius 

obtained Eom SANS morphology and the one predicted by the net-average model. 

Studies of the hydrodynamic radius using dynamic light scattering confirm the trends 

observed in SANS studies and to offer similar values of radius ^ e n  the droplet has a 

spherical shape. In the case of the NMR self-dif&sion studies, literature data was 

compared with predictions made using the net-average curvature model; the close 

agreement corroborates the appropriateness of the model in describing the bicontinuous
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and droplet conGguration of the system, although some disparity in certain values &r the 

droplet systems suggest the actual hydrodynamic radius is larger than the one calculated 

using the net-average model consistent with the Gndings in the SDHS systems.

The net-average model can reproduce the microemulsion phase behavior observed 

at the macroscopic scale (i.e. solubilization, phase transitions, interfacial tensions) but to 

reproduce the actual morphology of the microemulsion droplets in Type I and II systems 

additional modifications must be introduced in terms of aggregate shape, and surface area 

p«" molecule of the surfactant projected into the core of the droplet systems. A simple 

correction introduced Ar the area per molecule using experimentally obtained values was 

able to quantitatively account for this deviation. In future models we wdl propose ways to 

estimate this projected surface areas without the need to determine experimental values of 

projected areas.
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CHAPTER 4

Coalescence and Solubilization Kinetics in Linker-Modified 

Microemulsions and Related Sys^ms^

Abstract

Previously, we reported on formulating microemulsions with combined linker molecules. 

These linker molecules enhance the interaction of the dynamic surfactant membrane with 

water, in the case of hydrophilic linkers, or oil, in the case of lipophilic linkers, thereby 

yielding microemulsions with desirable properties. In this paper we evaluate the 

coalescence and solubilization kinetics of trichloroethylene emulsions and 

microemulsions using sodium dihexyl sulfbsuccinate and diSerent linker formulations. 

Sodium mono and dimethyl naphthalene sulfonate (SMDNS) was used as the hydrophilic 

linker and dodecanol was used as the lipophilic linker. The interfacial properties 

(inter6cial thickness / tension / rigidity) of these linker-based microemulsions were also 

studied. The turbidity curves of optimum middle phase microemulsions are Gtted with a 

second order kinetic equation, with the coalescence activation energy being a function of 

the inter&cial rigidity of the systems. It was found that the addition of lipophilic linkers 

tends to increase the interfacial thickness and the interfacial rigidity, and tends to 

decrease the coalescence rate. In contrast, hydrophilic linkers showed the opposite eSect

T This chapter or pmdoos thereof have been prAhshed previously in Langmuir under the title " Coalescence 
Kinetics in Linker-Modified Microemulsions and Related Systems" Langmuir 2003, 19(3), 566-574. The 
cunentversionhasbeenformattedforthisdisseitatioa.
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to lipophilic linkers. A combination of both linkers shows an intermediate ef&ct. Finally, 

the solubilization of TCE in surfactant solution and in surfactant and hydrophilic linker is 

tracked by turbidity, with the SMDNS-based formulation showing a 6ster solubilization 

rate than the sur6ctant alone farmulation.

Key words: microemulsion, solubilization, coalescence, kinetics, linkers, hydrophilic, 

lipophilic.

Introduction

Previously we introduced the use of both hydrophilic and lipophilic linker 

molecules to enhance the solubilization capacity of chlorinated hydrocarbon 

microemulsions (1-3).

Graciaa, et al. jGrst proposed the use of long chain alcohols or non-ionic 

sur&ctants with low degree of ethoxylation as lipophilic linkers, proposing that these 

linkers segregate in the palisade layer near but not adsorbed at the interface, serving as an 

extension of the surActant tail (4-6). In contrast, medium chain alcohols (propanol to 

octanol) have traditionally been used as cosur&ctants in the formulation of 

microemulsions to decrease the rigidity of interfacial membranes and prevent the 

formation of liquid crystal phases and metastable gel or macroemulsion phases (7). We 

will later show that long chain alcohols (dodecanol in particular) have a completely 

different effect on the formulation of microemulsions.

Hydrophilic linka^s were Grst introduced by Uchiyama, et al (1). Hydrophilic 

linkers were 6und to coadsorb with the sur&ctant at the oil/water inter&ce but have poor
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or no interaction with the oil phase (2). Upon co-addition of both hydrophilic and 

lipophilic linkers a synergistic interaction has been observed which increases the 

solubilization capacity of the corresponding microemulsions as each linker incorporates 

into the interface (3). In this work we will use variations in linker concentrations to 

systematically control the properties of the dynamic surfactant membrane (thereafter 

referred to as surActant membrane). This will allow us to use linkers to test the 

dependence of the coalescence and solubilization rates on the inter6cial rigidity of the 

surfactant membrane.

While our previous work has elucidated the equilibrium behavior of linker- 

modified microemulsions, the current work concentrates on how linker addition modiEes 

the inter&cial and dynamic properties of emulsions and microemulsions. These studies 

will evaluate trichloroethylene (TCE) middle phase microemulsions (Type m ) and excess 

oil and water using sodium dihexyl sul5)succinate (SDHS) as the surfactant.

Solubilization in microemulsions and macroemulsion coalescence are generally 

treated as independent processes. Solubilization refers to the process by which a micelle 

(or reverse micelle) is Glled with oil (or water) to harm a Type I (or Type II) 

microemulsion. Coalescence, on the other hand, is the process by which two 

macroemulsion droplets collide to form a bigger droplet (8) The two processes are 

closely related, as discussed in Bourrel and Schecter (9), because both are controlled by 

the properties of the surfactant membrane.

Solubilization dynamics in microemulsion systems is less well understood than 

coalescence in the corresponding macroemulsion systems since fewer studies have
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investigated the &)rmer phenomenon. Karaboni, et al. used molecular dynamics to study 

the solubilization kinetics of nonionic molecules and identified three solubilization 

mechanisms (10), as shown in Figure 4.1. Figure 4.1a shows the mechanism by which a 

micelle collides with an oil emulsion droplet, thereby deforming the surface of the 

droplet. The micelle eventually departs &om the droplet sur&ce as an oil-laden micelle. 

Figure 4.1b shows the solubilization mechanism by which a surfactant rich phase (liquid 

crystal) forms on the surface of oil droplets, which subsequently becomes filled with oil, 

and eventually departs &om the sur&ce as micelles Glled with oil. The third mechanism 

(Figure 4.1c) requires the oil to be dissolved in the aqueous solution and, once it is 

dissolved in water, then diffuse into the micelles.

Several different authors have identified at least one of these three mechanisms 

(11-23). The lack of convergence to a single mechanism is why there is no complete 

agreement on a dynamic model &r microemulsion solubilization. As an example, 

Evilevitch, et al. (11), studied the solubilization kinetics of decane by pentaethyleneoxide 

dodecyl ether (C12E5) sur&ctant solutions by measuring turbidity versus time once the 

system was subjected to temperature jumps. They found that oil diffusion in the aqueous 

phase and then into micelles was initially the dominant solubilization mechanism (Figure 

4.1c). However, aAer a &w temperature cycles they found a much &ster solubilization 

rate due to the presence of both big and small droplets (Figure 4.1a). Evilevitch, et al. 

(12) later interpreted the above results using a molecular diffusion model where oil 

droplets larger than equilibrium swollen micelles provide oil to droplets smaller than the 

equilibrium size.
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Figure 4. la. Solubilization mechanism based on oü exchange between droplets and 
micelles aAer a soA collision. Adt^ted Aom Karaboni et al (10).
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Figure 4.1b. SolubAizaAon mechanism based on surfactant adsorpAon/liquid crystal 
formation AiAowed by oA uptake and coAecAve desorpAon of surActant and oil. Adapted 
Aom Karaboni et al (10).
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Aqgeoas gobdom $
Figure 4. Ic. Solubilization mechanism based on molecules of oil dissolved in water 
before being dissolved in micelles. Adapted &om Karaboni et al (10).

The mechanism illustrated in Figure 4. Ib has been extensively reported by Miller, 

et al. (13-18). Using video microscopy, they have consistently observed that 

"spontaneous" émulsification occurs when a lamellar liquid crystal forms on the surface 

of an oil droplet, therday extracting oil 6om the droplet. They have argued that this 

mechanism (Figure 4.1b) results in a much faster solubilization than molecular 

solubilization (Figure 4. Ic). Recently, they compared a molecular diflusion model to a 

mass trans&r model using a mass transfer constant based on dissolution rates of 

individual oil droplets undergoing spontaneous émulsification and found better 

agreement with experimental data (18).

Despite the above observation, Friberg, et al. (19) have indicated that the presence 

of surfactant liquid crystals at the oil/water interface signbBcantly reduces the rate of 

solubilization. While appearing contradictory, the observations of Miller and Friberg may
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be conq>atible, considering that liquid crystals phases can be of dif&rent types and 

viscosities. For example, a high viscosity, rigid liquid crystal (cubic phases) would be 

expected to slow the solubilization process.

Carroll and O'Rourke conducted a series of solubilization kinetics studies of non

polar oils in non-ionic surfactant micelles (20-23). Their data hallowed the model 

depicted in Figure 4.1a, and confirmed that the temperature dependence can be 

reproduced assuming an Arrhenius kinetics (when the reaction rate decreases 

exponentially to the inverse of temperature), where the activation energy corresponds to 

the step where the micelles collide with the oil/water inter&ce and modify the inter6ce 

structure.

The activation energy identified by Carroll and O'Rourke (20-23), and the 

solubilization behavior observed by Miller and Friberg, can be explained in terms of the 

"rigidity" of the sur&ctant membrane. A rigid membrane (such as cubic liquid crystals) 

requires more energy to deform and therefore produces solubilization more slowly than a 

less rigid membrane. This illustrates the important observation that sur&ctant membranes 

can have widely varying levels of rigidity.

The role of the surfactant membrane is more obvious in emulsion coalescence. 

Helûich (24) developed a mathematical model to account &r the rigidity of amphiphile 

membranes:

—  = — (c, -2C(,y Eq. 1

Where dG/dA is the free energy cost of extending the interfacial area of the sur&ctant 

dynamic membrane, K is the membrane's elastic modulus (energy units), K is the
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(jawuBBwm inwadiihis, ci aiwi Cz are thus <orthogc)nal cturvatiunas (xfHie ajiqptdiibile ineaidbraae 

and Co is the natural curvature of the amphiphile (an equilibrium propaty). This 

(ZKprnessiori has been widely used in studyir% microemulsion systems, and their 

correspondent macroemulsions (8, 25,26).

Kalbanov (25) developed an expression for droplet coalescence rates as a function 

of the elastic modulus of the surfactant membrane. In general, the model uses an 

approximation where the kinetics is Grst order in the number of droplets and second order 

with respect to their size. He proposes that the activation energy required to de&rm the 

membrane is a power function of the membrane's elastic modulus.

The studies in this brief review suggest that the dynamic properties of 

microemulsions, both in the coalescence rates of their corresponding macroemulsions and 

the rate of solubilization by the microemulsion, are dictated by the toughness (rigidity) of 

the surfactant membrane. A rigid membrane requires more energy to deform and thus 

leads to dower macroemulsion coalescence and lower microemulsion solubilization rates.

Based on our understanding of the role of linker molecules in equilibrium 

systems, we herein hypothesize that as linker molecules modify the equilibrium 

interfacial properdes of trichloroethylene microemulsions, they will also modify the 

inter6cial rigidity. These changes will thereby impact the dynamic behaviors of 

coalescence in the corresponding macroemulsions as well as oil solubilization by the 

aqueous microemulsion solutioiL

To test this hypothesis, the interfacial tension, characteristic length and interfacial 

rigidity of optimum bicontinuous microemulsions (volume of oil = volume of w ate) of
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trichloroethylene (TCE) -  sodium dihexyl sul6>succinate (SDHS) and water are evaluated 

as a function of different linker concentrations and combinations. These results are 

compared to coalescence of the corresponding macroemulsions and solubilization 

kinetics of oil uptake by the corresponding aqueous sur&ctant solutions.

Expérimental procedures. 

Materials

The hallowing chemicals were obtained 6om Aldrich (NClwaukee, WI) at the 

concentrations shown in parenthesis, and used without further purification: 

trichloroethylene (TCE, 99%+), n-dodecanol (98+%), sodium chloride (99%+), and 

sodium dihexyl sulfbsuccinate (80% wt. solution in water, Fluka brand). Sodium mono 

and dimethyl naphthalene sulfonate (SMDNS, 95+%) was supplied by CKWitco 

(Houston, TX). The main impurity in SMDNS (-less than 5%) is reported to be sodium 

sulfate; our own ion chromatography analysis reflects that the proportion of additional 

salt is less than 1%, and the proportion of mono to dimethyl isomers is approximately 

65/35.

Methods

Phase behavior studies were per&rmed using equal volumes of aqueous solution 

and oil (5 mL each) in 15 mL flat bottom test tubes (15 cm height) sealed with silicon- 

lined screw caps. Electrolyte scans were performed by varying the sodium chloride 

concentration at constant temperature, initial aqueous concentration of sodium dihexyl 

sulâ)succinate, dodecanol, and SMDNS; and pressure (1 atm). Phase studies were
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conducted in a water bath at 27°C, shaken once a day for three days, and left to 

equilibrate for two weeks. The volumes of excess oil, water and microemulsion phases at 

equilibrium were determined by measuring the levels of each phase in the test tube with a 

graduated ruler (precision of ± 0.15 ml). The concentrations of the surfactant, sodium 

dihexyl sulfbsuccinate, and the hydrophilic linker, SMDNS, in the middle phase 

microemulsion and excess aqueous phase were measured using a Dionex ion 

chromatogr^h (equipped with a NS1 reverse phase column and a ionic suppressor ASRS 

4mm and conductivity detector CD25) The mobile phase was a mixture of acetonitrile 

and water. Concentrations of dodecanol in the middle phase microemulsion and in the 

excess oil phase were measured using a Varian 3300 gas chromatograph equipped with a 

SPB-25 capillary column. Mass balance was used to determine the concentration of 

dodecanol in the excess water phase and the sur6ctant and SMDNS in the excess oil 

phase. Electrical conductivity of middle phase microemulsions was measured using a 

Fisher Scientific electric conductivity meter model 09-326-2.

Intefacial tension was measured using a model 500 University of Texas spinning 

drop interfacial tensiometer by injecting one to five microliters of the middle phase 

microemulsion into a 300 pi tube Elled with the excess heavy phase (TCE). Turbidity 

during coalescence or solubilization was measured using a device shown schematically in 

Figure 4.2. The light source was a white light (72mW). The detector was a 

phototransistor with proportional voltage signal. The voltage signal was registered by a 

digital voltmeter (METEX M3850D) with computer inter&ce. The signal was converted 

into turbidity using the fallowing expression (27):
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1
In Eq. 2

W hat T is the turbidity, with units of inverse length, L is the light path length, "I" is the 

intensity of light, and "lo" is the intensity of light detected with the "clear" sample. The 

light intensity (I) was measured by the voltage (V) of the phototransistor as registered by 

the voltmeter.

Macroemulsi(m 
(upon shaking)

Coalescenc
Water

Coalescing
Macroanulsimi

O il
(TCE) Coaleso^^

Shakmg

Multimeter

0 23'' V M

Photocell

Computer^

i
Light  ̂
Source

Microemulsion 
(after coalescence)

Figure 4.2. Schematic of the turbidity meter designed to study the kinetics of coalescence 
of macroemulsion and solubilization of microemulsions. Test tubes illustrate the 
relationship between the equilibrium middle phase microemulsion, the corresponding 
macroemulsion produced upon shaking and the intermediate states that occur in between.

The coalescence curves were obtained by shaking optimum middle phase 

microemulsions, followed by measuring the turbidity versus time as the macroemulsion 

droplets coalesce and the system approaches the equilibrium microemulsion condition. 

The light source and detector wo^e aligned at the center of the test tube, where the middle
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phase microemulsion forms after coalescence of the macroemulsion, as depicted in 

Figure 4.2. The test tubes in Figure 4.2 illustrate the relationship between the equilibrium 

microemulsion and the corresponding macroemulsion that forms upon shaking. 

Solubilization curves were obtained by injecting 250 pL of TCE into a 5ml-surfactant 

solution. The initial aqueous sur&ctant and linker concentrations are reported in the 

figures and tables. The turbidity was measured at the middle of the surfactant solution. To 

verify the validity of the tests, all experiments were conducted in triplicate.

Results and discussions

To study linker ef&cts on coalescence kinetics Sn trichloroethylene (TCE)/ 

sodium dihexyl sulfbsuccinate (SDHS) / water microemulsions, optimum bicontinuous 

microemulsions (volume of oü = volume of water) were obtained by electrolyte scans 

with diHerent concentrations of hydrophilic linker (SMDNS) and lipophilic linker 

(dodecanol). At optimum farmulation, the bicontinuous microemulsion is composed of 

equal volumes of oil and water and the inter&cial tension betwem the middle phase and 

both excess oil and water phases is ultralow and at its minimum for a given scan. The 

optimum formulations for all systems are summarized in Table 4.1, with concentrations 

referring to the initial aqueous concentration before mixing with the oil.

Bourrel and Schecter (9) describe optimum bicontinuous microemulsions using 

the following criteria: (A) measuring the volume of oil and water (which are equal at 

optimum formulation) that participate in the microemulsion, (B) verifying that the 

inter6cial tension between the middle phase and the excess water was the same as the
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interfaciai tension between excess oil and middle phase and ultralow (less than 0.1 

mN/m) and (C) corroborating that the electrical conductivity of the bicontinuos middle 

phase is intermediate between the conductivity of the excess oil and water phases. The 

conductivity of all excess oil phases was less than 0.1 pS. The conductivity of middle 

phases and excess aqueous phases are presented in Table 4.1 for all the systems 

considered in this work. While other researches have used NMR techniques to determine 

the bicontinuity of microemulsion systems (28), we relied on the three techniques 

discussed above to provide sufRcient evidence ofbicontinuity.

Table 4.1. Optimum formulation of Type HI formulations and electrical conductivity of

[SDHS]
mol/Lt

[SMDNS]
mol/Lt

[CizH^gO]
mol/Lt

S*, % Wt. 
NaCl

Bicontinuos
ns

Aqueous
pS

0.103 0 0 1.25 1800 20000
0.103 0 0.045 1.15 1500 18000
0.103 0 0.09 0.85 1000 15000
0.103 0.045 0 1.9 3800 24000
0.103 0.09 0 3 9400 38000
0.103 0.135 0 5 17000 55000
0.103 0.045 0.045 1.4 3400 22000
0.103 0.09 0.09 1.6 3600 25000
0.103 0.135 0.135 2.3 9000 33000

S*: Electrolyte (NaCl) concentration necessary to reach optimum Airmulation.
Note: Conductivity of all excess oil phases is less than 0.1 pS.

Figure 4.3 shows the middle phase microemulsion scans for selected systems.

These phase diagrams present the phase boundaries as a function of the sur6ctant SDHS

(y-axis) and electrolyte NaCl concentration (x-axis). For a given sur&ctant concentration,

as we increase the electrolyte concentration we cross 6om a Winsor Type I to Type HI

microemulsion, which is the Rrst line crossed. The middle line, which occurs within the

Winsor Type HI region, indicates the optimum electrolyte concentration (i.e., the middle
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phase microemuision containing equal volumes of oil and water), and the last line 

indicates the transition from Type m  to Type n  microemuision. The point v^ere the 

three lines merge at high surfactant concentration is when the bicontinuous phase 

occupies the entire volume of the vial (no excess oil or water phases), and corresponds to 

a Type IV microemuision. Bourrel and Schecter present a series of these type of phase 

diagrams for ionic surfactant systems (9). Others have presented phase diagrams for 

nonionic surfactants with temperature as the scanning variable (instead of electrolyte 

concentration), and with temperature on the y-axis and the sur&ctant concentration in the 

x-axis (reversed &om above). Since this orientation can result in a phase diagram that has 

the appearance of a Gsh, it is sometimes referred to asa  "Gsh diagram" (29-31).

20 J

16(0
Xo(0

0.5 2.51 1.5 2
% wt. NaQ.

Figure 4.3. Phase diagram of TCE-SDHS microemulsions with and without lipophilic 
linker (0.09M dodecanol) or hydrophilic linker (0.09M SMDNS). The centerline of each 
system corresponds to the optimum middle phase microemuision (equal volumes of oil 
and water in the middle phase) 6 r  a given scan @ 27°C.
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The orientation (slope) of the phase diagrams varies as a function of other 

additives present along with the sur&ctant. From Figure 4.3 we note that for the 

sur6ctant alone the phase diagram is more or less vertical, ^&hile addition of the more 

hydrophobic dodecanol causes it to shift towards the left, and addition of the more 

hydrophilic SMDNS, causes it to shift towards the right. This trend has been observed 

previously for short chain and long chain alcohols (3,4-6,9).

Once the equilibrium microemuision phase was attained, each test tube was 

shaken to form a macroemulsion and introduced into the turbidity cell (Figure 4.2). 

Discrete turbidity values were then determined using voltage readings taken bom the 

light detector and equation 4.2. Figure 4.4a shows selected examples of coalescence 

curves for diSerent linker combinations. The coalescence curves register the decrease of 

turbidity (y-axis) versus time (x-axis). In all cases, the sur&ctant (SDHS) concentration 

was 0.103M

Figure 4.4a shows that for the SDHS-TCE system without linkers, coalescence 

was complete (turbidity values begin to level off) in approximately 4 minutes (-240 

seconds). When the hydrophilic linker, SMDNS, was added, the coalescence time 

reduced to 2 minutes (120 seconds). However, when the lipophilic linker (dodecanol) was 

added to the SDHS/ TCE/ water system, the coalescence time was extended to over 

EAeen minutes (900 seconds). When 0.09 M of SMDNS and 0.09 M of dodecanol were 

combined, the coalescence time was close to 5 minutes (300 seconds), similar to the time 

when surfactant SDHS alone was present.
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Figure 4.4a. Turbidity curves during coalescence of macroemulsions made &om optimum 
middle phase TCE microemulsions, and excess TCE and aqueous phase with difkrent 
linker combinations @ 27 °C, [SDHS] = 0.103 M.
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Figure 4.4b. Inverse turbidity curves during coalescence of macroemulsions made &om 
optimum middle phase TCE microemulsions and excess TCE and aqueous phases at 
di@erent linker combinations @ 27 °C, [SDHS] = 0.103 M.
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This experiment conjBrms our initial hypothesis: as linker molecules alter the 

nature of the surfactant membrane they also impact the coalescence rates of the 

corresponding macroemulsions (which results upon shaking). Having established this 

eSect, we next desire to identify the reason behind this effect, and, more importantly, to 

investigate how to exploit this effect to achieve desired dynamic properties, either Aster 

or slower coalescence or solubilization rates.

Using turbidity to quantify coalescence curves is complicated since turbidity (%) 

results from the light scattered by the colloidal system (Tyndall Effect). While turbidity 

can be measured easily by reduction in light intensity (Eq. 2), its correlation to the size 

and number of droplets is a more complicated function. Fletcher and Morris used the 

Allowing expression A study the droplet size in microemulsions (27):

24;r.3

T = Eq.3

where X is the light wavelength, P is a Anction of the re&active index of oil and water, N 

is the number of droplets per unit volume and Vp is the volume of each individual drop 

(assuming mono-disperse drop size distribution of the corresponding macroemulsion).

Using equation 3 A interpret coalescence curves requires certain assumptions 

regarding the correlation between the size and number of droplets. We assumed that upon 

shaking of Type m  equilibrium microemulsions a macroemulsion is Armed where 

excess oil and water phases Arm droplets that are suspended and undergoing coalescence 

into a bicontinous middle phase microemuision phase. This assumption was confirmed by 

measuring the electrical conductivity of the corresponding macroemulsions during
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coalescence. While the conductivity fluctuated throughout the coalescence, it remained 

close to the equilibrium middle phase microemuision conductivity presented in Table 1. 

In addition, the "apparent" volume of the middle phase shrinks as the excess oil and 

water leave the coalescence region (i.e., as separate oil and water phases result 6om 

coalescence). We will subsequently assume that the volume of individual oil and water 

drops (Vp) remains constant throughout the coalescence process but the number of drops 

per unit volume (N) decreases. This assumes that as soon as two droplets (either oil or 

water droplets) coalesce into a larger droplet, the larger droplet rapidly departs &om the 

macroemulsion to enter the corresponding excess phase (oil or water phase) (see Figure 

2). Another way to understand this assumption is that the initial collision of the smaller 

droplets is the rate-limiting step of the coalescence. Under this assumption, the turbidity 

is proportional to the number of droplets per unit of volume (r oc N), since any larger 

droplets resulting 6om coalescence immediately exit the macroemulsion.

The emulsion coalescence rate is normally expressed as the rate of decrease in the 

number of droplets per unit volume (-dN/dt). Rosen derives the coalescence rate of a 

mono-dispersed emulsion assuming that the diOusion and eSective collision of droplets 

is the rate limiting stq) (32). This model is based on second order kinetics relative to the 

number of droplets per unit of volume (-dN/dt = K*N^); the assumptions used by Rosen 

are consistent with our constant droplet volume assumption above far interpreting 

turbidity data. The e^licit expression of this model is (32):

V  377
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where N is the number of droplets per unit volume of the macroemulsion. Kg is the 

Boltzman constant, T is the absolute temperature, r) is the viscosity of the bicontinous 

microemuision medium, t is the time, E is the activation energy of droplet collision, and 

C is the integration constant and corresponds to the initial inverse droplet concentration. 

Writing a similar expression in terms of turbidity, results in:

l  = Eq.5
T To

where the coalescence kinetic constant (kc) is :

1 4Æ.T ^t  Eq.6
^  3;;

and where A is the proportionality constant between the turbidity and the droplet 

concentration (r — A*N) after lumping the constants in Eq. 3.

Figure 4.4b shows the inverse turbidity curves for the same systems plotted in 

Figure 4.4a. The nearly linear shape of the "inverse" turbidity curves conBrms that the 

constant drop volume assumption is, in general, a good first approximation for these 

particular systems. Likewise, the same types of curves were generated and the same 

linear trend was observed 6)r the rest of the farmulations indicated in Table 4.1

From equation 5, we see that the slope of the linear traid of the inverse turbidity 

curves versus time corresponds to the coalescence kinetic constant. Figure 4.5 

summarizes the coalescence kinetic constants (k«) as a function of linker concentration 

A)r the various linker combinations. To simplify the display of the results, the 

concentration of linker molecules shown in the x-axis is the initial aqueous linker
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concentration (also in Figures 4.7 through 4.9). The actual linker concentration in the 

middle phase microemuision is presented in Table 4.2 (noted as inter&cial 

concentration), and is observed to increase proportionally to the initial aqueous 

concentration; thus the trends in Figure 4.5 and Figures 7 to 9 would be the same if 

plotted against interfacial concentrations. In a recent paper we have discussed the details 

of linker partitioning in middle phase microemuision (3).

0.45-1

À 0.35-

—0-Dodecan(AfSMDN8=t/1
m 0.25 -

0.2 1

0.15 -

0.05

0.12 0.14 0.160.02 0.04 0.06
Linker concentration (mol/l)

0.08

Figure 4.5. Coalescence kinetic constant (k«) &r macroemulsions made &om optimum 
middle phase microemulsions and excess TCE and aqueous phases at different linker 
concentrations @ 27 °C, [SDHS] = 0.103 M.
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Table 4.2. Optimum middle phase (Type m ) viscosity, concentrations of SMDNS and

[SDHS]
molÆt

[SMDNS]
mol/Lt

[CizHzeO]
mol/Lt

(n/p)*
Cst

[SMDNS]
interface
mol/Lt

[C12H2 6 O]
inter&ce
mol/Lt

(PSMDNS
(%)

0.103 0 0 4.3 ± 0.2
0.103 0 0.045 4.3 ± 0.4 0.03
0.103 0 0.09 4.1 ± 0.2 0.05
0.103 0.045 0 4.1 ± 0.3 0.03 30
0.103 0.09 0 4.5 ± 0.2 0.11 55
0.103 0.135 0 5.3 ± 0.2 0.2 65
0.103 0.045 0.045 4 1 ± 0.4 0.05 0.023 60
0.103 0.09 0.09 4.0 ± 0.2 0.09 0.05 60
0.103 0.135 0.135 5.1 + 0.3 0.15 0.083 75

T |:  Viscosity of the middle phase microemuision 
p: Density of the middle phase microemuision
(PsMDNs: percentage of the SMDNS present in middle phase microemuision

The data in Figure 4.5 show that when the hydrophilic linker (SMDNS) is added 

to the surActant harmulation, the coalescence rate constant increases with increasing 

linker concentration (initial or inter&cial). When the lipophilic linker (dodecanol) is 

added to the surfactant harmulation, the coalescence rate constant decreases (slower 

coalescence rate). Upon simultaneous addition of both linkers, the coalescence rate 

constant is intermediate between the two single linker eSects. The data presented in 

Figure 4.5, along with the initial observation made in Figure 4.4a, thus conGrm our 

hypothesis that linker molecules modify the intafacial properties of the microemuision 

system, as rejected by their impact on the coalescence rate of the corresponding 

macroemulsion systems.

Recall that Eq. 6 gives an expression for the coalescence constant (kc) as a 

function of only two basic microemuision properties: the viscosity (q) and the activation 

energy of collision (E) (all the others parameters are constant for these systems). Table 2
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summarizes the kinematic viscosity (ii/p) of the diSerent linker combinations, Wiich are 

observed to be quite similar &r the different linker combinations. In addition, the density 

(p) of all the middle phase microemulsions were quite similar, ranging between 1.22 g/ml 

to 1.26 g/ml. From this analysis we conclude that the viscosity (q) must not be the Actor 

impacting the coalescence constant, and we must conclude that the linkers directly aSect 

the collision activation energy (E). But how does the presence of linker molecules aSect 

the activation energy?

Kalbanov (25) provides a partial response to this question. He found that the 

activation energy 5)r coalescence (E) of middle phase microemuision systems is a power 

function of the surActant dynamic membrane bending rigidity modulus (K). He also 

observed that the activation energy increases as the rigidity increases.

Hel&ich and Kozlov (33) derived an expression showing that when short chain 

cosurActants (which are similar to our hydrophilic linkers) are added to a surfactant 

system, the bending rigidity (K) is reduced. From this result, a hydrophilic linker would 

also be expected to decrease the bending rigidity (K), and, according to Kalbanov (25), 

this should be evidenced by lower activation energy of coalescence (E), and therefore, 

faster coalescence, as observed in our experiments.

Corroborating this line of reasoning, Nazario, et al. (34) used a laser induced 

tenq»erature jump to study the dynamic behavior of reverse AOT micelles in isooctane. 

They Aund that addition of a long chain alcohol, such as decanol, increased the bending 

rigidity (K), thereby retarding the relaxation time of the surActant membrane. On the 

other hand, the addition of non-ionic cosurfactant (e.g. CioEg) was observed to reduce the
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bending rigidity (K) and shorten the relaxation time after the laser pulse. The obsevation 

of Nazario et al. (34) that decanol increases the rigidity of the sur6ctant membrane 

contrasts with the expected behavior &*r medium chain alcohols, which reduce this 

rigidity (7). Zana reviewed the role of alcohols in microemulsions, commenting on the 

distinctive behavior of decanol by explaining that naitron scattering data shows that the 

decanol molecules tend to be segregated towards the central core of the micelle (7). This 

observation is consistent with the lipophilic linker concept of Graciaa and Salager, v4iich 

farmed the basis for this wodc (4-6).

From the results of Kozlov and Nazario, it is logical to hypothesize that the 

presence of linker molecules modifies the inter6cial rigidity, the activation energy far 

coalescence and thereby the coalescence constant (kc) in the macroemulsion. To test this 

hypothesis, the inter&cial rigidity of these linker-modified microemulsions must be 

evaluated. This is not a trivial task, especially because there is not a standard technique to 

do so.

Recently, we have proposed a technique to estimate this interfacial rigidity, based 

on inter&cial tension and solubilization da& (35):

where y' is the inter&cial tension (either middle phase/ excess water or middle phase/ 

excess oil) at optimum formulation, Er is the inter&cial rigidity (eogressed in KsT units 

at 300 Kelvin), and (A) is the characteristic length of the surfactant membrane in the 

middle phase microemuision at optimum formulation. Figure 4.6 shows a schematic of
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the characteristic length of the surfactant dynamic membrane (Q based on a microscopic 

lattice model of the bicontinuous microemuision.

ÊWater

Surfactant
membrane

Figure 4.6. Microscopic lattice model of an optimum bicontinuos microemuision showing 
the surfactant dynamic membrane and the characteristic length (^)

The sur6ctant membrane characteristic length (^), in general, can be calculated as:

Eq.8

where (|)o , (|>w are the volume factions of oil and water in the middle phase 

microemuision, respectively, Vm is the total volume of the middle phase microemuision 

(in A^), and As is the inter&cial area making up the sur&ctant membrane by the 

surfactant, cosur&ctant and hydrophilic linkers (in A )̂. The inter&cial area can be 

calculated as:
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= [ g C ,̂ * *(P, *6.023 *10"^* a. Eq.9

where C% is the initial concentration of the sur&ctant in the aqueous solution, Vw is 

the initial volume of the aqueous solution in the system, cpi is the faction of sur&ctant, 

cosur&ctant or hydrophilic linker in the middle phase microemuision (with respect to the 

total sur&ctant concœtration) and is the area per molecule of the sur&ctant T .

A similar set of equations has been proposed by Ruckenstein and Nagar^an (36), 

but in their case, the inter&cial tension used is that between the excess oil and excess 

water phases (yoA, --2y*). According to their equation, the inter&cial rigidity (Er) is 

approximately IKsT. It has been found, however, that the bending elasticity (K), a 

similar concept to the inter&cial rigidity (Er), can have different values for dif&rent 

formulations (37). De Gennes and Taupin also have proposed an expression similar to 

equation 7 for micelles (38). Our equation is unique because it is a general expression 

that can be applied to both micelles and bicontinuous microemulsions.

Using equation 7 to evaluate the inter&cial rigidity requires knowledge of the 

characteristic length of the diSerent linker series, which were evaluated usii% equations 8 

and 9, with the area per molecule taken to be lOOÂ  /molecule for SDHS and 90 

/molecule for SMDNS (2). Lipophilic linkers are not included in the calculation of the 

area because, based on the lipophilic linker e@ect, they don't adsorb at the interface (4-6). 

For medium chain alcohols, that behave as cosurfactants (as discussed above), the 

inter&cial area occupied by the alcohol should be included (7). While SDHS was 

measured to be 99+% in the middle phase, SMDNS was only partially present in the
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middle phase, as shown in Table 4.2 (cpsMDNs. expressed in percent of initial SMDNS 

added).

Figure 4.7 presents the middle phase microemuision characteristic length at 

optimum formulation (^*,A) as a function of the initial linker concentration (hydrophilic, 

lipophilic or each when combined linkers) in the aqueous surfactant solution. As can be 

seen &om Figure 4.7, increasing concentrations of hydrophilic linker decrease the 

characteristic length of the interface by spreading the surfactant molecules and probably 

reducing the ordering of the oil that interacts directly with the surfactant tails. 

Conversely, increasing concentrations of lipophilic linker (dodecanol) increase the 

characteristic length likely due to an increase in the ordering of the oil next to the 

sur&ctant tails (4). The use of combined linkers, which integrate these effects, has an 

intermediate impact.

Ê 120'
4 ? 110

' ïj:

0.02 0.04 0.06 0.08 0.1 0.12 
Linker concentration (moM)

0.14 0.16

Figure 4.7. Characteristic length (^) of optimum middle phase TCE microemulsions at 
different linker concentrations @ 27 °C, [SDHS] = 0.103 M.
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Figure 4.8 shows the measured intafacial tension at optimum kmmlation (y*) 5)r 

the various linker systems. Under optimum formulation conditions, the inter&cial tension 

is the same between the middle and excess water phases as between the middle and the 

excess oil phases. Here the trend is that lipophilic linkers tend to decrease the inter&cial 

tension, hydrophilic linkers to increase it and a combination of linkers tends to decrease 

the interfacial tension as well.

0.007

- 'i- 1. '

S 0.003

^  0.001 4

0.120.02 0.04 0.06 0.08 0.1
Linker concentration (mol/l)

0.14 0.16

Figure 4.8. Inta&cial tension of optimum middle phase TCE microemulsions at 
different linker concentrations @ 27 °C, [SDHS] = 0.103 M

With the data of Figures 4.7 and 4.8 and the aid of equation 7, the interfacial 

rigidity (Er) can be estimated. In Figure 4.9 this interfacial rigidity is plotted versus the 

initial linker concentration in the aqueous phase &r the various linker systems previously 

considered. Figure 4.9 shows that the inter&cial rigidity increases with increasii% 

concentrations of the lipophilic linker (dodecanol), but decreases with increasing
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concentrations of the hydrophilic linker (SMDNS). The combined linkers have an 

intermediate eSect. These results agree with the results of Nazario and Kozlov (33,34).

2.5

0.06 0.08 0.1 0.12 
Linker concentration (moM)

0.14 0.16

Figure 4.9. Interfacial rigidity (Er) of optimum middle phase TCE microemulsions at 
diffoent linker concentrations @ 27 °C, [SDHS] = 0.103 M.

Throughout the description of these results we have seen that the addition of both 

linkers shows an intermediate efkct between hydrophilic and lipophilic linkers. While 

this result seems natural, a parallel study on the partition of each linker showed that an 

equimolar combination of SMDNS and dodecanol increased the partition of each linker 

into the middle phase to form what appears to be a "self-assembled surfactant at the 

inter&ce" between these linker molecules (3). Moreover these combined linkers can, to 

an extent, rqilace the main surfactant at the inter&ce, such that middle phase 

microemulsions can be as much as ten times more concentrated in linker molecules than 

the concentration of the sur&ctant (3). The intermediate behavior of combined linkers is 

consistent with the hypothesis of a self-assembly between lipophilic and hydrophilic
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linkers to &rm a sur&ctant-Uke structure at the inter&ce. This intermediate behavior 

could also be due to the solubilization site of the lipophilic linker being closer to the 

inter&ce due to the presence of the hydrophilic linker, but we don't yet have spectral data 

(NMR, SANS) to &Uy answer these questions; such will be the &cus of future research.

De Gennes and Taupin (38) predicted that the diaracteristic length (^) and the 

surfactant dynamic membrane elasticity modulus (K) are related through the following 

equation:

^  = Eq. 10

where a  is a length constant spechSc to the oil-surfactant system, and all the other

variables are as previously defined. We have compared equation 7 to the expression of

De Gennes and Taupin (38) for inter&cial tension and concluded that E,^ IrcK (35). 

Replacing this equivalence in equation 10:

^ Eq. 11

The data of characteristic length (Figure 4 .7) and its corresponding inter&cial 

rigidity (Figure 4.9) are plotted in Figure 4.10. Along with the data, we plot values &om 

equation 11 using an a  value of 35 Â (Gtted). The agreement in trend between the 

mq)erimental data and the curve plotted using equation 11 shows that the hindamental 

equation of De Gennes (Eq. 10) holds true for this data, which confirms the validity of 

the surfactant dynamic membrane inter&cial rigidity (Er) concept previously introduced 

(35).
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m 80

Interracial rigidity, Er in KeT

Figure 4.10. Correlation between characteristic length (^) and interfacial rigidity (Er). 
White line represents the DeGennes correlation using a=35Â.

The data in Figure 4 .9 save to further conGrm the first part of our hypothesis, that 

linker molecules do modify the interAcial rigidity. Next we want to consider whether the 

surfactant dynamic membrane inter&cial rigidity affects the macroemulsion coalescence 

rate. We thus plot the coalescence constant (k«) versus the interfacial rigidity (Er) in 

Figure 4.11. An exponential relationship was found to best Gt the data (note that Figure 

4.11 is a semi-log plot). While the error range in the coalescence constant (k.) and the 

inter&cial rigidity (Er) are not minor, the data does conGrm the hypothesis that interfacial 

rigidity is a component of the acGvation energy of coalescence. If  we conqrare the 

empirical correlaGon obtained in Figure 4.11 with equation 6, the acGvation energy of 

coalescence is observed to be over three Gmes the interfacial ngidity (E-3.8*Er). 

Kalbanov (25) showed the acGvadon energy of coalescence to be a function of the 

elasGcity modulus (E- 7K), which is similar to our results, but we can not directly
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conq)are these results since the assumptions in his kinetic model are d if^en t 6om the 

assumptions in our study.

0.1
ECO
%c
8

$

0.001
0.5 1 1.5 2

Interfacial rigidity, Er, KgT
2.5

Figure 4.11. Correlation between coalescence constant (kc) and interfacial rigidity (Er).

Up to this point, the effect of linkers on interAcial properties (characteristic 

length, inter6cial tension, and intafacial ngidity) and on kinetics of coalescence have 

been studied. We conclude this paper by reporting an initial solubilization study in an 

attempt to verify the proposed e@ect of linkers on the solubilization kinetics of TCE in 

SDHS microemulsions, based on the central role of the surfactant dynamic membrane in 

both macroemulsion coalescence and microemuision solubilization rates.

As indicated in the method section, this solubilization rate study was performed 

by iryecting 250 pL of TCE into 5 mL o f the surfactant solution. Figure 4.12 shows the 

turbidity evolution for the solubilization of trichloroethylene in the sur&ctant solution 

alone (SDHS) and in a solution of SDHS + 0.135 M SMDNS. The Wdition of lipophilic
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linkers or combined linkers could not be considered because the introduction of TCE into 

solution containing dodecanol produced a sur&ctant-rich separate phase containing the 

surfactant, the oil and the linka(s).

0 .1

10 15 20
Time,seconds

25 30 35

Figure 4.12. Turbidity curves during solubilization o f250 pi of TCE injected into 5ml of 
SDHS solution to 6)rm a type I microemuision @ 27 °C, [SDHS] = 0.103 M.

From the data that could be obtained, however, it is seen that the presence of the 

hydrophilic linker, SMDNS increases the rate of solubilization, just as it increased the 

rate of coalescence. Nonetheless, the interprAation of these curves is even more complex 

than the coalescence curves. According to Carroll and O'Rourke (20-23) the 

solubilization rate is a function of the sur&ctant concentration, which in this case held 

constant (0.103 M SDHS). The solubilization rate is also a function of the proximity to 

the cloud point for non-ionic sur&ctants (20,21). In our case this is analogous to the
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proximity to the optimum formulation; for both series, the electrolyte concentration was 

70% of the optimum salinity. While the method is not amenable to numerical evaluation 

of the activation energy of solubilization; it does give an appreciation of the efkct of 

hydrophilic linkers on solubilization kinetics. When lipophilic linkers are added, the 

equilibration time A)r the formation of the surfactant-rich separate phase is on the order of 

several hours.

Conclusions

Through turbidity curves, we have evaluated the ability of linker molecules to 

affect the dynamic behavior and the interfacial properties of middle phase 

microemulsions and their related macroemulsions. In our study, hydrophilic linkers 

reduced the interfacial thickness (characteristic length) ofTCE microemulsions. This 

result agrees with the picture of hydrophilic linkers adsorbing at the oil/water inter6 ce, 

thereby opening "holes in the interface" and "loosening" the packing of the surfactant at 

the interface, which thus explains the reduced rigidity (Er) in hydrophilic linker 

microemulsions. This reduced rigidity makes it easier for the inter&ce to modify its 

shape, which seems to help reduce the activation energy of coalescence and solubilization 

processes

Lipophilic linkers had an opposite e@ect to their hydrophilic counterpart. Since 

lipophilic linkers segr%ate in the palisade layer o f the inter&ce, they extend the thickness 

of the inter&ce, increasing the characteristic length of the microemulsion dynamic 

membrane. They also increase the "tightness" of the surfactant dynamic membrane, 

leading to increased rigidity, higher activation energy, slower coalescence, and we
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hypothesize, a slower solubilization. Combined linkers had an intermediate e@ect 

between hydrophilic and lipophilic linkers. Combined linkers can be interpreted as an 

assembled surfactant system. More important they lead to increased solubilization 

capacity without sacrihcing kinetic performance.
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CHAPTERS

Linker-Modiûed Microemulsions for a Variety of Oils and Surfactants^

Abstract

Previously we reported on the use of hydrophilic and lipophilic linker molecules 

to enhance the solubilization capacity of chlorinated hydrocarbons using sodium dihexyl 

sulfbsuccinate. In this work we extend the use of linker molecules to a wider range of oils 

and surfactants. The data show that the linker eSect not only works for all the systems 

studied, but also demonstrate that linker-based systems are even more economical than 

sur&ctant-only systems for more hydrophobic oüs. Using a more hydrophobic 

surfactant, such as sodium dioctyl sulfbsuccinate (Aerosol-OT), requires a harmulation 

enriched with hydrophilic linker, where as the formulation for the more hydrophilic 

sodium dihexyl sulfbsuccinate (Aerosol-MA) required the use of more lipophilic linker. 

By considering the properties and appearance of the fbrmulation be&re contacting with 

the oil, and by evaluating the coalescence dynamics, it was fbund that hydrophüic-linker- 

rich fbrmulations are pre&rred. These fbrmulations are tested as &bric pretreatment fbr 

removing motor oil and hexadecane &om cotton, and as a flushing solution fbr glass bead 

columns contaminated with these oüs. The cleaning per&rmance of these linker-based 

systems was superior to common surfactant and pretreatment Annulations in the

 ̂This or portions thereof have been published previously in Journal of surlhctant and detergents
under the title"Linker-ModiGedMicroenn]lsions5)raVari^ofOils and Sur&c(ants"J. SurActant 
Detergents 2003,6(4), 353-363. (J. SurActant Detergents best paper of 2003) The current version has 
been Armatted h* this disserlatioii
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detergency tests, and it could achieve more than 80% removal of motor oil and 

hexadecane trapped in the packed column flushing tests.

Keywords: microemulsion, linkers, hexadecane, motor oil, detergency, column, 

fbrmulation.

Introduction

Microemulsions are single-phase systems that contain oil and water domains 

separated by surfactant films. The oil and/or water domains in microemulsions are of 

nanometer size (1-100 nm) (1,2). While microemulsions were initially identified by 

Schulman in 1943, it was not until the 1970s that they became of widespread interest, 

resulting &om their potential use in enhanced oil recovery (EOR) (2).

Microemulsions have the distinction of producing ultralow interfacial tension 

(less than 0.1 mN/m) between the microemulsion phase and the excess oil and/or water 

phases, thereby overcoming the capillary forces that 'Trap" oil in a porous medium. This 

property of a microemulsion, along with its capacity to cosolubilize oil and water, is what 

promoted their use in tertiary oil recovery, and later its use in cleaning oil-contaminated 

aquifers in an approach called sur6 ctant enhanced aquifer remediation (SEARX3)

Microemulsions can be of three types: Type I microemulsions correspond to oil 

solubilized in swollen micelles with water as the continuous medium. Type n  

microemulsions correspond to water solubilized in swollen reverse micelles having oil as 

the continuous medium. Type m  microemulsions are bicontinuous in oil and water (1) 

where oil and water are present in channels of net zero curvature. Figure 5.1 shows a 

schematic of a microemulsion phase behavior study of a system containing the sur6 ctant
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sodium dihexyl sulfbsuccinate (SDHS) and tetrachloroethyene as the oil phase. With 

increasing concentrations of sodium chloride the double layer thickness reduces, allowing 

the curvature of micelles (Type I microemulsion) to reduce and thus 6 >rm surfactant Sims 

of coexisting concave and convex curvature producing a net zero curvature (4) (Type m  

microemulsions), and eventually forming reverse micelles (Type n  microemulsions).

Optimum Formulation (S*, f, SP*)
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Figure 5 .1. Phase behavior of microemulsions with SDHS and tetrachloroethylene 
showing Winsor phases (Type I-IQ-n) and corresponding interfacial tension and 
solubilization

The solubilization data presented in Figure 5.1 is presented as the solubilization 

parameter (SP), which is the amount of oil (SPo) or water (SPw) solubilized per mass of 

sur&ctant. Figure 5.1 shows that while the solubilization of oil (SPo, black line) increases 

as the concentration of electrolyte increases, the solubilization of water (SPw, white line) 

decreases with increasing electrolyte concentration. The point at Wiich the interfacial
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tension between the middle phase (Type HI) microemulsion and the excess water (Ym/w*, 

Wiite dots in Figure 5.1) is the same as the interfacial tension between the middle phase 

and the excess oil phase (Ym/o*, black dots in Figure 5.1) is called the optimum 

fbrmulation (noted with an asterisk); at this location the interfacial tension is simply 

reported as the optimum interfacial tension (y* = YmA,* = Ym/o*) At optimum formulation, 

the oil and water reaches the same solubilization level (Spo = SPw = SP*) and the 

magnitude of this solubilization is simply called the optimum solubilization parameter.

The optimum solubilization parameter (SP*) is an indication of the solubilization 

potential of a microemulsion system. The larger this value, the more economically 

attractive the system becomes fbr cleaning Annulations. While in EOR surfactant 

Annulations routinely had solubilization parameters of 20-30 ml/g, and even up to 50 

ml/g, Ar most SEAR Annulations, SP* is less than 5 ml/g (5). This is due in part to the 

desire to avoid vertical migration concerns associated with dense oils which may be 

released by low interfacial tensions. One way to increase the solubilization capacity of 

microemulsions is the use of linker molecules, as explained below.

Linker molecules are chemical additives used in surfactant systems that enhance 

the surfactant-oil (lipophilic linkers) or surActant-water (hydrophilic linkers) 

interactions. Graciaa et al. (6,7,8) initially introduced long chain alcohols and 

ethoxylated fatty alcohols having a low degree of ethoxylation as lipophilic linkers. 

These lipophilic linkers would segregate near the oil side of the inter&ce close to the tails 

of the surActants, as depicted in the schematic in Figure 5.2 fbr oleyl alcohol. The
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presence of the lipophilic linker extends the sur&ctant impact deeper into the oil phase, 

and probably promotes additional orientation of the oil molecules (6,7).

Aqueous Phase

Surfactant SDHS

O

Hydrophilic Inker 
SMDNS

Oil Phase

Lipophilic linker: Oleyl alcohol Combirieolinker

Figure 5.2. Schematic of the linker effect, showing the surActant, lipophilic, and 
hydrophilic linker at the oilAvater inter&ce.

Earlier we fbund that adding lipophilic linkers alone to SDHS-trichloroethylene 

microemulsion only marginally enhanced the solubilization capacity of this system (9). 

We therefore introduced the hydrophilic linker concept whereby an amphiphilic molecule 

coadsorbs with the surfactant at the oil water inter&ce so that its interaction with oil 

molecules would be very weak (9,10).

We proposed the use of sodium mono- and di-methyl n^hthalene sulfonate 

(SMDNS) as a hydrophilic linker, as depicted in Figure 5.2 (9). The adsorption of the 

hydrophilic linker at the oil/water inter&ce increases the total interfacial area, thereby
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allowing more room fbr the lipophilic to segregate and further enhancing the 

solubilization capacity of the system. While hydrophilic linkers alone did not increase the 

solubilization capacity of the microemulsion, the combination of lipophilic and 

hydrophilic linkers behaved just like a self^assembled surfactant at the oil/water interface, 

and the resulting solubilization enhancement was proportional to the combined linker 

concentration (9,10).

We investigated this novel "self-assembly" by measuring the partition coefBcient 

of each of linker and R)und that the lipophilic linker became inefGcient because, above a 

certain concentration, it partitions more into the excess oil phase, especially if the oil is 

polar (11). While hydrophilic linkers also have a partial participation at the interface, 

adding both hydrophilic and lipophilic linkers increased the partition of each at the 

inter&ce (1 1 ).

More recently, we fbund that linker molecules also modify the mechanical 

properties of the sur6 ctant membrane, and thereby the kinetics of coalescence and 

solubilization (12). Specifically, lipophilic linkers, due to their tendency to pack near the 

sur&ctant tails, increase the rigidity of the interface. Hydrophilic linkers, on the other 

hand, adsorb at the interface, but because of their short tails they create a loose packing 

that decreases the rigidity of the interface. We have 6 )und that the more rigid the 

interface, the slower the rate of coalescence and solubilization ( 1 2 ).

Thus 6 r we have concentrated on linker-based systems fbr oils representative of 

SEAR p lications (e.g. trichloroethylene, tetrachloroethylene and hexane). This 

approach can also be used in other applications such as hard surface cleaners (e.g. orange
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oil cleaners), nanolatex synthesis and drug delivery systems among others. Our objective 

in this work is to extend the combined linker ^proach to diSerent oils and surfactants, 

while learning how to combine the linker molecules in different systems. SpeciEcally, we 

are interested in more hydrophobic ods such as hexadecane and motor od, which are not 

only important to detergency and hard surface cleaning but are also common in 

environmental spdls.

Our hypothesis is that our previous observations on the role of linker molecules in 

chlorinated hydrocarbon microemulsions will hold true fbr systems containing diSerent 

ods and surfactants. The conSrmation of this hypothesis wdl show that the linker eSect is 

indeed an inter&cial self-assembly phenomena that can occur with diSerent ods and 

surfactant systems.

To test this hypothesis, we wdl start by targeting a range of ods (&om 

trichloroethylene to motor od), with SDHS as the sur6 ctant, oleyl alcohol as lipophilic 

linker and SMDNS as the hydrophilic linker (schematic depicted in Figure 5.2). For 

successful microemulsion phases we wdl present the optimum salinity (S*), and the 

characteristic length at optimum fbrmulation (^*), which is analogous to the 

solubilization parameter (SP*). The characteristic length (^*) is the average radius of the 

od and wata- channels present in the middle phase microemulsion, and can be calculated 

using the 6 )dowing expression (13):

^ Eq. 1
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where <|)o and (|)w are the vohime factions of oil and water in middle phase 

microemulsion, Vm is the volume of the middle phase, and A, is the interfacial area, 

provided by the sur&ctant adsorption (13):

X X 6.023 x 10^ x a. Eq. 2
Î

where Vw.o is the initial volume of the aqueous solution containing the sur&ctant and 

linkers, Csi is the initial aqueous molar concentration of the surfactant, cosur&ctant and 

hydrophilic linker added to the formulation, is the fraction of the 

sur&ctant/cosur&ctant that is present in the middle phase microemulsion and ai is the 

area per molecule of the species considered (in A^/molecule). Lipophilic linkers are not 

considered in this calculation because they do not adsorb at the oil/water interface 

(7,12,13).

We will also report the inter&cial tension at optimum conditions (y*). The 

equation used to correlate the solubilization parameter (SP*) and the inter&cial tension 

has traditionally been the Chun Huh relationship (y* = C/SP*^) (14). Recently, we have 

proposed an alternative expression (13):

where Er is the interfacial rigidity with energy units. Normally, the inter&cial rigidity has 

values close to IKsT (Ks, Boltzman constant) (12,13). Since values of Er higher than 

IKgT will produce slow solubilization and coalescence, it is a thermodynamic parameter 

that has profound implications on the dynamic behavior of the system.
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In the second part of this paper we will switch sur&ctants by using sodium bis(2- 

ethyl) dihexyl sulfbsuccinate (Aerosol-OT, AOT) instead of SDHS This will allow us to 

assess the role of the sur&ctant molecular structure on the performance and fbrmulation 

of linker microemulsions. Finally we will use the best formulation, as determined above, 

to remove hexadecane and SAE IOW-30 motor oil 6 om glass beads packed columns and 

6 om cotton &bric.

Experimental Procedures

Materials

The fbllowing chemicals were supplied by Aldrich (Milwaukee, WI) at the 

concentrations shown in parenthesis and used without hirther puriScation: 

tnchloroethylene (TCE, 99%+), tetrachloroethylene (PCE, 99%+), hexane (99%+), 

decane (99%+), hexadecane (99%+), 1-octadecene (99%+), oleyl alcohol (85+%), 

sodium chloride (99%+), sodium dihexyl sulfbsuccinate (Fluka brand, 80% solution in 

water), sodium bis-(2-ethyl) dihexyl sul6 )succinate (AOT, -100%). Sodium mono and 

dimethyl naphthalene sulfbnate (SMDNS, Morwet M ®) was supplied by CKWitco 

(Houston, TX). Unused motor oil, SAE lOW-30 grade (Castrol brand) was purchased 

&om a local gas station. A bleached white 100% cotton 6 bric was purchased from local 

store. Tables 5.1a and 5.1b show the relevant properties of the oils and amphiphilic 

molecules used in this work, respectively.

146



Oil Equivalent Alkane 
Number (EACN)

Density
(g/ml)"'

\%cosity
(mPa*s)"'

Molecular
Structure

T richloroethylene 
(TCE)

-3.8" 1.60 0.84 Cl2C=CHCl

T etrachloroethylene 
(PCE)

2.9" 1.42 1.11 Cl2C=CHCl2

Hexane
(C6)

ô'' 0.67 0.30 CtHw

Decane
(CIO)

lO'' 0.72 0.84 CioH22

Tetradecane
(C14)

14"" 0.75 2.12 Ci4H30

Hexadecane
(C16)

16'' 0.77 3.03 C16H3 4

SAE lOW-30 oil 
(Mot)

19" 0.82 100 Mixture

Squalene
(Sqln)

24'' 0.80 80 CH3(CH3C=C(CH2
)2);CH3

(a): From reference (16)
(b): From the definition of alcane caibon number, ACN re&rence (17,18)
(c): From re&rence (19)
(d): This work

Table 5.1b. Properties of the amphiphilic molecules used in this work
Amphiphilic Molecule Area per 

molecule 
A^/molecule

Molecular
weight
g/mol

Molecular Structure

Sodium dihexyl 
sulfbsuccinate (SDHS)

100" 376 C6Hi302CH2CH(S03Na)C02
C6H13

Sodium mono- and di
methyl naphthalene 
sul&mate (SMDNS)

90" 250 CH3(CioH6)S03Na(65%) 
(CH3)2(CioH5)S03Na (35%)

Oleyl alcohol N.A". 266 CsHi7C=CCgHi60H
Sodium bis (2-ethyl) 
dihexyl sul&succinate 
(AOT)

1 1 0 '' 432 C4H9CH(C2H;)CH202CH2CH(S0 
3Na)C02CH2(C2H;) CH C4H9

(a): These amphiphilic molecules were characterized 
of oleyl alcohol, the are per molecule does not apply .
(b): From reference (21)

in references (9,10,11). In the case
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Methods.

Phase behavior studies were performed using equal volumes of aqueous solution 

and oil (5 mL each). Electrolyte scans were performed by varying the sodium chloride 

concentration while holding constant the temperature, additive content, and pressure (1 

atm). Test tubes were placed in a water bath at 27°C (300K), shaken once a day fbr three 

days, and left to equilibrate fbr two weeks. The phase volumes were determined by 

measuring the levels of each phase in each test tube. The middle phase volume and the 

sur&ctant concentration of the optimum middle phase were used to calculate the 

solubilization parameter (SP*), and the characteristic length (^*) at this condition. The 

electrolyte concentration (in weight percent) necessary to fbrm the middle phase 

microemulsion is also reported (S*).

The inter&cial tension of the optimum middle phase microemulsion (y*) was 

measured using a tensiometer model 500. For excess oil/water inter&cial tension (y*o/w) 

measurements, the tube is hlled with the heavier phase and a 1 to 5 pi drop of the less 

dense phase is iryected. At optimum middle phase reaches a minimum value and the 

inter&cial tension we report can be approximated as 2y* = y* /̂* (15). While it is 

physically possible to measure the inter&cial tension between excess water-middle phase 

and excess oil-middle phase, using the middle phase as the continuum phase or droplet 

introduces more error than using the method described above due to partial phase 

separation of the oil or water which is initially solubilized in the middle phase. All these 

measurements were perfbrmed at 27°C (300K).
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The concentration of SMDNS, SDHS and AOT were measured using a Dionex 

ion chromatograph (Sunnyvale, CA) in reverse phase mode using a NSl column with a 

wata^-acetonitrile mixture as a mobile phase containing 10 mN of tetrabutyl ammonium 

hydroxide as a coupling agent. The coupling agent forms neutral complexes with the 

anionic surActants mentioned above which are then separated in the NSl column. The 

effluent of the column is contacted with an anionic suppressor (ASRS-4mm) where the 

complexes de-couple and the anionic surfactants are detected by their conductivity signal 

using a CD-25 conductivity detector. All the oils (except fbr motor oil; see below) and 

the oleyl alcohol concentrations were measured using a Varian 3300 gas chromatograph 

equipped with a FID detector and SPB-25 column.

The column studies were perfbrmed by flushing several pore volumes of the 

sur&ctant solution through a 15cm (length) x 2.5cm (diameter) glass column packed with 

0.5 mm glass beads that were precontaminated with the oil (hexadecane or motor oil). 

The glass column was wet-packed, and the pore volume was the volume of water added 

to pack the column (611 the void spaces between glass beads). The precontamination was 

done by injecting one pore volume of the oü and then Gushing with water at 10 ml/min 

(ten times the Gow rate of the surGictant fbrmulaGon) to remove the oil that was not 

tr^ped by capillary fbrces. Samples of the column eGluent were collected and analyze to 

obtain the recovery of the sur&ctant, linkers and oil.

Detergency studies were perfbrmed using "in house" stained &bncs. The staining 

was per&rmed by immersing a piece of &bric in a methylene chloride solution 

containing 20% by volume of the oil (hexadecane or motor oil) died with 200 ppm of red

149



Sudan m . The fabric was dried under a ventilated hood and then cut in pieces of 3"x4". 

The detergency studies were perfbrmed using a terg-o-meter USA Testing model 7243 

using the standard ASTM D3050-98 "Standard guide 6>r measuring soil removal from 

artiScially contaminated soils". For comparison purposes, we used a commercial 

detergent in its powder fbrm as the model detergent and a commercial pretreater as 

reference pretreatment system. The linker fbrmulations generated in this study were used 

as pretreatment fbr the oily stains. For this purpose, fbur stained Abric swatches (3"x4" 

pieces) were contacted with 30 ml of the surActant solution fbr 30 minutes, and then 

washed with the detergent in a 0.2% weight dosage in IL of water with 10 minutes 

washing -  5 minutes rinsing cycle. The initial and final concentrations of hexadecane 

were measured by extraction with methylene chloride Allowed by gas chromatography. 

For the case of motor oil, the concentration of motor oil was indirectly measured through 

the intensity of the red color (measured with an UV-VIS Hewlett Packard model 8452 

diode array spectrophotometer, at 600 nm) aAer extraction.

Results and Discussions

FonnuAting microemulsions with sodium dihexyl sulfbsuccinate (SDHS):

As indicated above, our hrst task was Armulating middle phase microemulsions 

with the oils shown in Table 5.1a. The surActant sodium dihexyl sulAsuccinate (SDHS) 

was selected as a baseline surfactant because it has been studied alone and in combination 

with linker molecules, making it a good benchmark to evaluate the perfbrmance of linker 

microemulsions Ar different oils (9,10,11,12,13,16).
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Formulating microemulsions with ionic surActants requires Ending the right 

combination of variables that will produce an optimum middle phase microemulsion. 

Salager et.al proposed a semiempirical equation that relates the diSerent fbrmulation 

variables (17,18):

ln(^*) = ^(^O V ) + / ( ^ )  -  <7 + aTAT Eq. 4

where S* is the optimum salinity, or electrolyte concentration; K is a constant, normally 

between 0.1 to 0.17; and ACN is the alkane carbon number. For non-linear hydrocarbons, 

the ACN becomes the equivalent alkane carbon number (EACN). The values Ear non

linear hydrocarbons in Table 5.1a have been obtained Eom the literature (16,19). In the 

case of motor oil (SAE lOW-30), the EACN value is estimated based on the optimum 

salinity obtained in our microemulsion studies. The efkct of alcohol or additives is noted 

by f(A), G is a function of the type of the surActant, a  is a constant, and T is the 

temperature of the system, held constant in this study at 27°C.

We selected the initial concentration of SDHS to be 4% (mass/volume, gr/lOOml) 

or 0.103 M. The initial aqueous concentration of oleyl alcohol and the SMDNS 

concentration was set at 0.18 M since, based on a previous study, we fbund that 

equimolar concentration of lipophilic and hydrophilic linkers shows the most efScient 

solubilization enhancement (11).

Table 5.2 shows the optimum salinity (S*) fbr the different microemulsion 

systems considered in this work. For SDHS microemulsions we are only able to report 

results with trichloroethylene (TCE), tetrachloroethylene (PCE), hexane (C6), decane 

(CIO), tetradecane (C14) and hexadecane (C16). As predicted by Equation 4, Ar more
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hydrophobic oils (higher EACN) the optimum salinity (S*) increased, as shown by the 

data in Table 5.2.

Table 5.2. Properties of optimum middle phase microemulsions - Simulation.
System s*,

%NaCl
Vm* ml

mN/m
<!>-%
Surf

<̂ -%
SMDNS

[oleyl] 
middle phase

SDHS-TCE 1.9 4.8 3.8E-03 100 52 0.09
if).2 ±4E-4 ±9 ±4 ±0.01

SDHS-PCE 4.7 4.4 6.3E-03 100 57 0.10
±0.2 +7E-4 ±7 ±4 ±0.01

SDHS-C6 6.3 4.6 4.6E-03 100 57 0.14
±0.2 ±6E-4 ±4 ±3 ±0.01

SDHS-CIO 11.0 3.5 9.3E-03 96 60 0.17
±0.2 ±8E-4 ±4 ±3 ±0.02

SDHS-C14 14.0 3.0 1.8E-02 92 60 0.21
±0.2 ±3E-3 ±4 ±4 ±0.02

SDHS-C16 16.3 2.7 2.3E-02 89 57 0.25
±0.2 ±3E-3 ±5 ±5 ±0.02

A0T-C14 0.5 4.8 5.7E-03 100 48 0.07
±0.2 ±7E-4 ±7 ±5 ±0.01

A0T-C16 2.0 3.5 9.5E-03 96 43 0.09
±0.2 ±8E-4 ±5 ±4 ±0.01

AOT-Mot 5.0 3.0 l.lE-02 81 59 0.11
±0.2 ±2E-3 ±7 ±4 iO.Ol

AOT-Sqln 10.0 1.4 8.1E-02 75 49 0.23
±0.2 ±9E-3 ±8 ±4 ±0.02

Using high electrolyte concentrations (S*) is inconvenient fbr most applications 

such as environmental remediation and detergency where the ultimate fate of the 

electrolyte may aSect the ecosystem of subsur&ce aquifers or surface rivers and &esh 

water reservoirs. Adding high concentrations of electrolyte (more than 10% NaCl, in this 

case) promotes the precipitation of surfactant solutions, but with linkers, it promotes the 

formation of a separate phase containing the surfactant and linkers that show similar 

behavior to a coacervate phase. This separate phase disappears with the addition of the oil
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(to fbrm its respective microemulsion phase). While the 6)rmation of a separate phase 

may not prevent the use of these Annulations in cleaning applications (two phase 

cleaners), it is inconvenient Ar environmental subsurface remediation where it is desired 

to inject a single phase isotropic surActant solution.

In addition to electrolyte concentration (S*), there are other aspects to consider 

when Armulating a microemulsion. One of these is the solubilization capacity, and as 

indicated beAre, we prefer to express this parameter as the size of the oil (or water) 

channels at optimum middle phase (^*), as expressed in equation 1. We use this thickness 

value instead of the traditional solubilization parameter (volume of oil/volume of 

sur&ctant or volume of oil/mass of surfactant) because it can be more readily compared 

with non-linker Armulations. Figure 5.3a shows the values of optimum characteristic 

length (^*) Ar the diSerent microemulsion Armulations with SDHS. The data in Figure 

3a shows that with increasing oil hydrophobicity (EACN), the solubilization (^*) 

decreases (although initially constant Ar the less hydrophobic oils TCE, PCE and 

hexane). We have previously investigated these oils with SDHS alone, Ending that 

(^plying equation I) the optimum characteristic length (^*) is I08Â, 46À and 42 A Ar 

TCE, PCE and hexane respectively. In the case of PCE and hexane, the use of linkers 

increase their solubilization capacity by almost three Aid (9). The same trends of 

decreasing solubilization (^*) has also been observed by Sotmann et al who have actually 

measured the values of the characteristic length by small angle neutron scattering (20). 

This trend has also been predicted by Huh based on analysis of the Hamaker constant of 

alternative layers of oil and water (14).
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Figure 5.3. Inter&cial tension and charact^stic length of the microemulsions as a 
function of EACN and sur&ctant series.

Based on these solubilization capacities we have estimated that fbr PCE and 

hexane microemulsions, this increased solubilization can produce cost savings of up to 

60%. For SDHS alone, the most hydrophobic microemulsion that can be &rmulated is 

with octane; &r more hydrophobic oils SDHS alone &rms either liquid crystals or 

precipitates.

We also measured the inter&cial tension between the excess oil and water phases 

as a function of oil EACN (Table 5 .2 and plotted in Figure 5.3b). According to equation 

3, the inter&cial tension is inversely proportional to the square of the optimum
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characteristic length, and therefore the decrease in solubilization capacity (^*) 

corresponds to an increase in the interfacial tension (y*o/w) This trend is conSrmed when 

comparing Figures 5.3a and 5.3b where the lower solubilization fbr more hydrophobic 

oils corresponds to a higher interfacial tension. The low interfacial tension is desired 

when formulating a sur6ctant flood to displace oil &om porous media, where the 

capillary fbrces are proportional to the interfacial tension between the oil trapped and the 

sur&ctant solution. Low interfacial tensions are also desired in detergency since both the 

adhesion coeGRcient (yo/w(cos8+I), where 8 is the contact angle) and the cohesion 

coeGBcient (2yo/w) of the oil droplet are proportional to the inter&cial tension. A reduction 

of both the adhesion and cohesion coefficients of the oily stain promote the detergency 

perfbrmance by means of roll-up and snap-oGf mechanisms (21,22). In certain instances, 

such as the remediation of chlorinated hydrocarbons, the solubilization mechanism is 

preferred over the displacement of bulk oil (to prevent the potential fbr further downward 

migration of the contaminant) and therefbre fbrmulations with higher inter&cial tensions 

that still maintain substantial solubilization are desired (11,23).

The relationship established by equation 3 between the inter&cial tension (y*, in 

this case y*oA,) and the optimum characteristic length (^') has a proportionality constant 

which indicates the interfacial rigidity (Er), which is normally expressed in Boltzman 

energy units (KbT). Figure 5.4 shows the inter&cial rigidity values of the studied 

microemulsions as a Gmction of the oil hydrophobodty (EACN). As was indicated 

be&re, the most common value of inter&cial rigidity fbr flexible, liquid-like sur&ctant 

membranes is IKbT, which is valid fbr the SDHS fbrmulations &om EACN -3.8 (TCE)
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to 10 (decane). For the SDHS microemulsions with tetradecane and hexadecane, the 

interfacial rigidity tends to increase. In the bottom of Figure 5.4 is plotted the ratio of 

molar concentration of hydrophilic link^ SMDNS in the middle phase to the molar 

concentration of oleyl alchol at the same conditions (noted as the H/L ratio) as a function 

of oil hydrophobicity (EACN). In general, as the middle phase becomes enriched with 

oleyl alcohol (H/L decreases) the interfacial rigidity (Er) increases. This observation is in 

agreement with a previous study on the effect of linkers in interfacial rigidity, where it 

was shown that hydrophilic linkers tend to decrease the inter6cial rigidity by promoting 

a loose packing of the sur&ctant molecules at the interface, and the lipophilic linkers tend 

to increase this rigidity by adsorbing between the tails of the sur&ctants, thereby creating 

a tighter packing at the interface (12).

—6 —A0T44/L

lU

2 .0 0 -

1.00

a  0.50
.2o

Oil Equivalent Alkane Carbon Number (EACN)

Figure 5.4. Inter&cial rigidity (Er) and SMDNS/oleyl mole ratio in middle phase as a 
function of oil EACN and surfactant series.
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The increased interfacial rigidity in microenmlsions brings about, according to 

this sarnestuKly refererwzed above, a slower kinetics of solubilization and coalescence of 

the system, which can be a detriment to the performance of certain formulations, 

specially those designed with cleaning purposes (12). We tested whether this observation 

holds true whai formulating linker microemulsions for diSerent oils by following the 

coalescence of middle phase microemulsions, measured as the turbidity of the middle 

phase as a hinction of time, according to the procedure described elsewhere (12). Figure 

5.5 shows these coalescence curves for the SDHS microemulsions formulated with 

hydrocaiixon oils. For the SDHS hexane (SDHS-C6) system, the system coalesced 

(approached turbidity = 0 cm'^) faster than the rest of the oil phases considered. The trend 

of slower coalescence for hydrophobic oils is consistent with the increased rigidity of 

these systems (Figure 5.4). Since the correlation between the interAcial rigidity and the 

kinetics coalescence is aSected by the viscosity of the middle phase (Table 5.3) and the 

oil (Table 5.1a), the slower coalescence of the SDHS- C16 and SDHS-C14 systems is 

also explained by this effect.

One last per&rmance parameter that is worth noting is the partition of each linker 

into the interfacial layer, in this case the middle phase microemulsion. Table 5.3 and 

Figure 5.6 show the partition coefBcient of SMDNS between the middle phase and the 

excess water phase (KsMDNs) and the partition coefBcient of oleyl alcohol between the 

middle phase and the excess oil phase (Koieyi):

^  SMDNS ~  F r »  ^ 4 ' ^
t . \n /F S  I A / . \  L

kx cess-w a te r
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Figure 5.5. Turbidity versus time for coalescence of middle phase for SDHS 
microemulsion with different oils.

E(D
"(3
Em
8
co
S
(0
o.

-  '.iA .sole/' 
< o ;e ;:

A oA
A*.r.

^  0 5 10 15 20 25

Oil Equivalent Alkane Carbon Number (EACN)

Figure 5.6. Partition of linkers into the middle phase as a function of oil EACN (see 
equations 5 & 6 for definitions).
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Table 5.3. Propages of optimum middle phase microemulsions - characteristic length.

System Er KsMDNS Koleyl
A KbT mPa-s Middle/water Middle/oil

SDHS-TCE 120 0.84 6.0 0.8 0.5
±15 ±0.07 ±0.5 ±0.2 ±0.1

SDHS-PCE 108 1.0 7.8 1.0 0.6
±10 ±0.2 ±0.6 iO.3 ±0.1

SDHS-C6 116 0.9 5.0 1.3 1.2
±13 iO.2 ±0.4 ±0.4 ±0.2

SDHS-CIO 89 1.1 5.5 2.3 1.8
±10 ±0.3 ±0.5 ±0.4 ±0.2

SDHS-C14 76 1.6 16 3.9 2.6
±8 ±0.3 ±2 ±0.4 ±0.6

SDHS-C16 72 1.8 17 4.9 3.5
±7 ±0.3 ±3 ±0.4 ±0.2

A0T-C14 110 1.0 6.3 0.6 1.5
±10 ±0.2 ±0.8 ±0.1 iO.l

A0T-C16 90 1.2 11 1.5 2.4
±10 ±0.3 ±2 ±0.2 ±0.2

AOT-Mot 73 0.9 90 1.9 3.2
±7 ±0.2 ±5 ±0.4 iO.2

AOT-Sqln 30 1.1 51 4.9 8.9
±5 ±0.3 ±3 ±0.4 ±0.6

While other partition coefBcients can be calculated, these are the most important 

since the SMDNS tends to be mostly present in the middle phase and the excess aqueous 

phase, and the oleyl alcohol is mostly present in the middle phase and the excess oil 

phase. It is important that most of the linker partition into the middle phase so that the 

solubilization enhancement is maximized. According to Figure 5.6, for more hydrophobic 

oils (higher EACN) the partition of both, hydrophilic and lipophilic linkers improved.
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This result is consistent with previous studies on the partition coefRcient of linker 

molecules (11).

It is important to clarify that the partition coefRcients defmed by Eq. 5 and 6 and 

presented in Figure 5 .6 are a simple way to represent how much of the linker participates 

in the middle phase microemulsion, which includes the linker that is segregated near the 

interface and linker solubilized in the oü and water regions of the bicontinuous structure. 

Further studies are being pursued to characterize and model the segregation behavior of 

linker molecules.

In summary, formulating microemulsions with SDHS is appropriate for polar oils 

such as chlorinated hydrocarbons, and even &r hexane and decane. For more 

hydrophobic oils, the high electrolyte concentration required will promote the formation 

of coacervate phases be&re adding the oil, and will produce less solubilization (^*), 

higher interfacial tension, higher inter&cial rigidity (Er), and slower coalescence kinetics. 

Despite this set of undesirable performance parameters for hydrophobic oils, the partition 

of linkers into the middle phase improves &>r more hydrophobic oils, which is the most 

efGcient use of the linker molecules.

Formulating microemulsions with Aerosol-OT (AOT):

Based on the results discussed above, we selected a more hydrophobic surfactant 

sodium bis(2-ethyl)dihexyl sulfbsuccinate (Aerosol-OT, AOT), to formulate 

microemulsions for more hydrophobic oils. Our initial idea was to formulate these set of 

microemulsions under the same conditions used for formulation with SDHS (i.e. 0.18M 

SMDNS and 0.18M oleyl alcohol). However, we 6)und that the formulation was too
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hydrophobic even for hexadecane (i.e. S* less than 0.25% NaCl), therefore we proceeded 

to formulate this microemulsions with 0.18M SMDNS and reduce the oleyl alcohol 

concentration to 0.09M. Table 5.2 shows the optimum salinity (S*) for these 

formulations. For the case of tetradecane (C14), the optimum salinity reduces &om 14% 

NaCl (SDHS-C14) to 0.5% NaCl (A0T-C14), whereas 6)r hexadecane it reduces 6om 

16.2% (SDHS-C16) to 2% (A0T-C16). This signiûcant decrease in electrolyte 

concentration makes this systems better suited &r cleaning applications, and also 

prevented the &rmation of a separate surfactant phase, which is desirable for subsurface 

injection in oil wells or for aquifer remediation. We could not obtain the microemulsion 

Type i m  n  transition for more hydrophilic oils (lower EACN) because even with no 

added electrolyte, we obtained Type H microemulsions.

In Figure 5.3a we observe that A)r tetradecane (EACN=14) and hexadecane 

(EACN=16) the optimum characteristic length (^*) is significantly higher for the 

formulation with AOT As discussed be&re, the larger the value of the more efBcient 

is the solubilization and the less the cost of solubilization. For these hydrophobic oils the 

formulation with AOT is more economic than with SDHS. This result is consistent with 

systems formulated with or without linker molecules because of the larger hydrophobic 

group of AOT (2*C8 for AOT versus 2*C6 for SDHS) shows a greater interaction with 

the oil than that of the SDHS (1,6,13)

Similarly to the SDHS case, for AOT formulations, more hydrophobic oils 

(higher EACN), such as motor oil and squalene, show lower solubilization (^*).
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While the solubilization of squalene is quite low (^*-30Â) it is worth noting that 

we have not found previous references for microemulsions produced with this highly 

hydrophobic oil. In &ct we questioned whether this was a real microemulsion and we 

tested for liquid crystaline phases with a cross-polarized lenses, but found no signs of 

such phases. We also tested the inter6cial tension between the excess oil and water (y*), 

which is plotted in Figure 5 .3b, as a function of EACN, and the result was just below the 

borderline value where we consider a microemulsion (y<0.1 mN/m). In some cases the 

middle phase microemulsion can be confused with a coacervate phase (not a liquid 

crystal) that locates itself between the excess oil and water phases, and is sometimes 

designed a D' phase, with interfacial tensions between 0.1 to I mN/m (24). In addition a 

D' phase is continuous in aqueous phase and therefore it has very little if any oil 

solubilized, %diile we found that this microemulsion had the same proportions of oü and 

water solubilized.

Figure 5.3b also shows that for A0T-C14 and A0T-C16 formulations the 

interfacial tension was significantly lower than for their homologous SDHS formulations. 

This is consistent with the higher solubilization (measured as the optimum characteristic 

length, ^*) of the AOT systems.

Based on the optimum characteristic length (^*) and the interfacial tension (y*o/w) 

we calculated the inter&cial rigidity (Er) for these systems. Figure 5.4 present this 

inter&cial rigidity value as a function of oil EACN, along with the molar ratio of 

hydrophüic linker (SMDNS) to lipophüic linker (oleyl alcohol) present in the middle 

phase microemulsion and noted as H/L. For these systems formulated with AOT the
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mter6cial rigidity remains close to IKbT, which corresponds to very fluid and flexible 

surfactant membranes. For the case of tetradecane and hexadecane, the formulations with 

AOT have a significantly lower inter&cial rigidity than its equivalent SDHS 

formulations. The reason for the low inter6cial rigidity of these systems can be linked to 

the 6c t that the AOT formulations are enriched with the hydrophilic linker (SMDNS), as 

demonstrated by the signiûcantly higher H/L ratios observed in Figure 5.4.

We next proceeded to test whether this lower interfacial rigidity granted a Aster 

coalescence kinetics. Figure 5.7 shows the colaescence curves (turbidity vs. time) for the 

AOT systems. For tetradecane (C14) the coalescence was actually slower for the AOT 

formulations than &ir the SDHS formulation (Figure 5.7), this result was unexpected not 

only because the interfacial rigidity of the AOT system is lower but because the viscosity 

of the A0T-CI4 middle phase (Table 5.3) is lower than the viscosity of the SDHS-CI4 

system. One possible e^qrlanation for this efkct is that for the A0T-C14 system the 

salinity window is very small (this is the span electrolyte concentration that grants the 

presence of a middle phase), approximately 0.6%NaCl, and therefore the system is very 

sensitive to temperature changes. The experimental setup to measure coalescence does 

allow heating of the vial of up to 2°C.. This change in temperature could have been 

enough to change the position of the optimum middle phase microemulsion towards the 

borderline with Type I microemulsion where the coalescence kinetics is much slower 

than for optimum Type m  microemulsions. For the A0T-C16 system, this efkct is less 

severe because the salinity window is more extended ( -  5%NaCl) and therefore is less 

sensitive to temperature changes, and conqoaring Figures 5.7 and 5.5 we can observe a
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faster coalescence of the A0T-C16 systems as predicted by its lower rigidity and 

viscosity of the middle phase (Table 5 .3). For the case of the motor oil, Figure 5 .7 shows 

a fast coalescence (decrease in turbidity) during the initial three minutes (180 seconds) 

but after that the process becomes very slow, probably due to the high viscosity of both 

the oil (Table 5.1a) and the middle phase (Table 5.3). Another unexpected fsature of 

Figure 5.7 is that the AOT-squalene system showed similar coalescence kinetics to that of 

A0T-C14 and A0T-C16 systems; this is surprising because the viscosities of oil and 

middle phase where higher than the A0T-C14 and A0T-C16 systems.

is 0.2
= 0.15

0 100 200 300 400 500 600
Time, seconds

Figure 5.7. Turbidity versus time for coalescence of middle phase far AOT 
microemulsion with different oils.

We also studied the partition of linkers for this AOT series. Figure 5 .6 show these 

partition values for SMDNS and oleyl alcohol as a function of oil EACN. For the C14 

and C16 microemulsion systems the partition of both oleyl alcohol and SMDNS into the 

middle phase is significantly lower far the systems formulated with AOT This lower
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partition could be due to the fact that in AOT microenmlsions we did not use an 

equimolar ratio of SMDNS to oleyl alcohol. As mentioned be&re, the equimolar addition 

of linkers is the best scenario because the presence of one type of linker at the interface 

improves the partition of the other one (10,11). Considering that we added more SMDNS 

than oleyl alcohol, this explanation will also help understand why the partition of 

SMDNS in the AOT systems is consistently lower than the partition of oleyl alcohol. For 

the case of motor oil and squalene they hallow the same trend as the SDHS systems: the 

more hydrophobic the oil, the better the partition of linkers into the middle phase.

In both SDHS and AOT formulations, the partition of linkers is a phenomenon 

that seems to involve both the surfactant-linker-water interaction and sur&ctant-linker-oil 

interaction. This observation is consistent with the segregation phenomenon observed by 

our group as well as Graciaa et al. (6,7,8,11,25)

Based on the observations made for both harmulations (SDHS and AOT) we can 

summarize that the sur&ctant hydrophobicity is important when selecting how to 

formulate a particular system. In the case of SDHS we extended the range of oils where 

we could formulate microemulsions &om octane to hexadecane, but its best per&rmance 

was between trichloroethylene (EACN -3.8) and decane (EACN 10). For the AOT 

system we could formulate microemulsions for more hydrophobic oils, 6om tetradecane 

to squalene (not reported before). In Simulations, the proper technique to design a 

microemulsion or even an emulsion is select a surfactant with a hydrophilic/lipophilic 

balance (HLB) close to that of the oil to be Simulated. The linker technique can be used
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as a tuning technique that can enhance not only the solubilization «q)acity of the 

Annulation but also its dynamic behavior.

Cleaning Performance of Linker Microemulsions

In the previous sections we have discussed how to Annulate microemulsions 

using the linker technique and the physical properties of Aese microemulsions. We also 

wanted to observe the perArmance of these microemulsions in two diûerent cleaning 

setups: removal of oil 6om packed columns and removal of oil Aom textile. To do so we 

selected the AOT Annulations with hexadecane and motor oil, which were selected 

because they are commonly used in detergency tests and they represent common 

hydrophobic spills Aund in industrial sites.

The Arst set of tests was the removal of oil Aom glass bead - packed columns. We 

measured Ae concentration of oil, surfactant and linkers eluting Aom the column. Figure 

5.8a shows the conditions at which this sAdy was run and Ae removal of oil and 

recovery of surActant and linkers. A Aont of mobilized "bulk" hexadecane oil showed up 

within the second pore volume, while during the thnd and AurA pore volume the 

Annulation solubilized virtually all Ae oil that remained in Ae column. We recovered all 

the surfactant and linkers wiA no chromatogr^hic separation between these phases. This 

shows an excellent performance of the Annulation because we did not lose any of the 

linkers A the other phases, which was somewhat predicted by the equilibrium partition 

coeAicients.
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Figure 5.8a. Hexadecane column study with AOT + linker formulation.
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Figure 5.8b. Motor oil column study with AOT + linker formulation.
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We repeated the same test 6)r motor oil, and the reailts and the operating 

conditions are presented in Figure 5.8b. This test was not as successful as the hexadecane 

test because, while we could remove a good portion of the motor oil (-84%), around one 

third of the surfactant and lipophilic linker remained in the column. We also observed 

some chromatographic separation of the hydrophilic linker that eluted &om the column 

before the surfactant and the lipophilic linker. While doing this experiment we observed 

that behind the Grst 6ont of mobilized oil there was a &ont that appeared to have similar 

composition to the middle phase, nonetheless a good portion of this phase got trapped in 

the column. One potmtial interpretation is that once we injected the sur6ctant solution, it 

formed a middle phase system with the motor oil which had a high viscosity (-90 mPa-s) 

and was able to "push" the oil that also has a high viscosity (-100 mPa-s). However, once 

the oil was displaced and we switched to water-only flush (viscosity -  ImPa-s) the 

viscosity of the aqueous solution was not enough to push the remaining middle phase in 

the column, and there&re created pre&rential flow paths along the bed. We hypothesize 

that we can use polymers to control the viscosity changes and thus reduce this eSect and 

achieve similar performance to that of the hexadecane system.

In the next set of tests we investigated the detergency performance of these linker 

microemulsions used as pretreatment for the removal of hexadecane and motor oil from 

3"x4" cotton swatches (see the expaimental procedure described in the method section). 

To simulate the pretreatment conditions we contacted 30 ml of the surfactant formulation 

with 4 swatches for 30 minutes. Figure 5.9a shows the results in removing hexadecane 

hom cotton swatches, where it shows that hexadecane removal is significantly higher
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when using the linker Annulation than when using the commercial pretreatment. Most 

commercial pretreatments have as much as 20% sur&ctant and alcohols. The linker 

Annulation has no volatile components, and the concentration of the sur&ctant is as low 

as 4%. Rgure 5.9b shows Ae removal o f moAr oil &om the cotton swatches under the 

same conditions as Figure 5.9a, except Ar a higher concentration of sodium chloride in 

the Armulation. In the case of motor oil Ae perArmance of Ae hnker Annulation is 

signrGcantly superior A that of Ae commercial pretreatment. While Ae total removal Ar 

the case of moAr oil -linker Armulation (-85%) is less than the hexadecane-linker 

Armulation (-98%) this result was expected due A  the higher viscosity of motor oil. 

Each of these removal levels are very similar A the removal levels of Ae corresponAng 

Annulations used m column sAdies. This last comment suggests a similar removal 

mechanism m boA cleaning seAngs.
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Figure 5.9b. Detergency performance of linker formulation &»r motor oil on cotton: 
detergent alone, detergent plus commercial pretreatment, detergent plus linker 
formulation.
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CHAPTER 6 

Self-Assembly in Linker-ModiGed Microemnlsions^

Abstract

Linker molecules are added to microemulsion systems to enhance the 

interaction between the surfactant and oil (lipophilic linkers) or water (hydrophilic 

linkers) phases. Previous results suggest that when lipophilic and hydrophilic linkers are 

combined they behave as a self-assembled surfactant at the oil/water interface. In this 

work we investigate this self-assembly phenomenon as a function of surfactant, linker 

and electrolyte concentration. We 6nd that middle phase microemulsion appears at a 

specific concentration higher than the critical micelle concentration (CMC), which we 

denote as the critical middle phase microemulsion concentration (CpC). When the 

lipophilic linker dodecanol is added in equimolar ratio to the hydrophilic linker sodium 

mono- and di-methyl naphthalene sulfonate (SMDNS), the middle phase microemulsion 

did not appear until the sur&ctant sodium dihexyl sulfbsuccinate (SDHS) concentration 

was larger than the CpC of the SDHS-alone system. Dodecanol is shown to segregate 

near the surfactant tails following a Langmuir-type adsorption process. This segregation 

is not affected by the electrolyte concentration but is significantly reduced when the

 ̂This dh^%er or poitims thereof have been submitted to Journal of Colloid and InterAce Science under the 
title " Self-Assembly in Linker^fodrGed Microenmlsions ". The current version has been formatted for diis 
dissertation. . . . .
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surfactant (SDHS) concentration ^iproaches the CtrC. The data suggest that the self- 

assembly between hydrophilic and lipophilic linkers to form middle phase 

microenmlsions is only possible if a minimum amount of surfactant is present.

Keywords: microemulsion, trichloroethylene, tetrachloroethylene, lipophilic, hydrophilic, 

linkers, partition, interfacial, tension.

Introduction

Sur6ctant systems can self-assemble into many structures, the simplest of which 

is the micelle (1). The thermodynamic basis of micelle formation has been well 

documented and modeled (2). Despite being widely studied, higher order structures, such 

as microemulsion and liquid crystal phases, are more complicated to understand and thus 

to model. In this work we deal with yet another self-assembly phenomenon: the self- 

assembly of linker molecules in microemulsion systems (3,4,5,6,7,8,9). The purpose of 

this research is not to provide a thermodynamic model o f this novel self-assembly but 

rather to describe its properties. The concept of linker molecules in sur6ctant systems is 

relatively new (3,8). The novelty of this phenomenon, and the implication it has on 

commercial surfactant formulations, makes it an emerging area of research.

Graciaa and coworkers pioneered the Geld of linker molecules by Grst introducing 

lipohilic linkers (3,4,5,6). These lipophilic linkers are amphiphilic molecules such as 6tty 

alcohols, acids or amines that segregate near the surfactant tails. Figure 6.1 shows a 

schematic of the linker eSect. In this case, the lipophilic linker is dodecanol, which tends 

to segregate near the tails of the surfactant (sodium dihexyl sulfbsuccinate (SDHS)), or at

176



the palisade layer of the interface. Graciaa and coworkers 6)und that lipophilic linkers 

significantly increased the oil solubilization in middle phase microemulsions (3,5).

Aqueous Phase

Sur&ctant SDHS 
.SCLNa

Hydrophilic linker 
SMDNS

Oil Phase

Lipophilic linker dodecanol Combined linker

Figure 6.1. Schematic of the linker effect. The lipophilic linker and the hydrophilic linker 
self-assemble to act as a surfactant at the interface.

The segregation of a long chain alcohol is part of the self-assembly phenomenon 

of linker molecules (4,5). Medium chain alcohols (propanol to octanol) are considered 

cosur&ctants that adsorb at the oilAvater inter&ce (10). Alcohols with longer 

hydrocarbon chain length (decanol and higher) have been shown to segregate deeper into 

the oil side of the interface (11). It is worth mentioning that segregation of long chain 

alcohols has also been observed in micellar system devoid of a non-polar oil (12). In 

some instances long chain alcohols are considered oil-cosolvents, which implies the lack
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of sur&ce activity of these molecules (13). We have studied the partition of dodecanol in 

SDHS microemulsions, Gnding that some but not all o f this lipophilic linker segregates 

near the sur&ctant tails (7).

Hydrophilic linkers were Srst proposed in an ef&rt to compensate for certain 

effects of lipophilic linkers. The hydrophilic linker molecule was selected to have a short 

hydrophobe and a strong hydrophile such that while being able to adsorb and/or segregate 

at the oil/water inter&ce (see Figure 6.1), it weakly interacts with the oil phase, thereby 

increasing the inter&cial area and the number of sites available &r the lipophilic linker to 

s^ega te  near the interface. We proposed the use of sodium mono- and di-methyl 

n^hthalene sulfonate (SMDNS, as depicted in Figure 6.1) as the hydrophilic linker and 

&)und that by combining with dodecanol (lipophilic linker) and SMDNS we could 

increase the solubilization of chlorinated hydrocarbons beyond that possible with the 

lipophilic linker alone (8). Further investigation on the role of hydrophilic linkers 

revealed that these molecules partially coadsorb with the surfactant and certainly expand 

the inter&cial area but do not interact substantially with the oil phase (9). The exact 

orientation of SMDNS at the oil/water inter&ce is unknown and is depicted as a shallow 

penetration into the oil phase in Figure 6.1. These properties of hydrophilic linkers 

differentiate them &om common hydrotropes (that don't coadsorb at the oil/water 

inter&ce) and &om cosur&ctants (that coadsorb at the oil/water inter&ce and strongly 

interact with the oil molecules) (9). It was also found that the combination of lipophilic 

and hydrophilic linkers in equimolar ratio increased the partitioning into the middle phase 

of each linker in middle phase microenmlsions (7,9). It is worth noting that the
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combination of hydrophilic and lipophilic linkers can replace the main surfactant to a 

certain degree and still retain the same solubilization of oil, which again supports the idea 

that hydrophilic and lipophilic linkers self-assemble at the inter&ce, as suggested in 

Figure 6.1 (7). If the schematic proposed in Figure 6.1 is accurate, the self-assembly of 

hydrophilic and lipophilic linkers is driven by the presence of the sur&ctant that would 

allow the segregation of both linkers near the interface. To obtain a middle phase 

microemulsion with combined linkers, a minimum amount of surfactant is required, and 

this aspect of the self-assembly will be further investigated here.

In this work we will investigate the properties of this self-assembly phenomenon 

and how it relates to the self-assembly of single surfactant microemulsions. Our 

hypothesis is that when hydrophilic and lipophilic linkers are combined they form a self

assembled structure which has sur&ctant-like properties. According to this depiction, the 

dodecanol (lipophilic linkers) comes &om the oil phase and the SMDNS (hydrophilic 

linkers) is adsorbed 6om the aqueous phase. As these molecules individually partition 

into the diSerent phases, the only way for them to self-assemble is at an interface.

To test this hypothesis we obtained the phase diagrams of microemulsions with 

trichloroethylene (TCE), and tetrachloroethylene (PCE) as oil phases, and with the 

sur&ctant sodium dihexyl sul&succinate (SDHS) either alone or in combination with 

dodecanol and SMDNS as the linkers. In particular we will define the phase map (the 

area of sur&ctant and electrolyte concentration where a microemulsion exists) and 

characterize the microemulsion systems for their inter&cial tension and solubilization of 

oil and water. If the hypothesis is true, in the absence of sur&ctant or at low sur&ctant
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concentradoii, we would not be able to observe the formation of a middle phase 

bicontinuous microemulsion system because of the inability of these linker molecules to 

cross the inter&ce and setup a net-zero curvature system. We will also study the 

segregation of each linker at difkrent sur&ctant and linker concentrations, electrolyte 

concentrations and oil polarity.

Materials and Methods 

Materials

The following chemicals were purchased &om Aldrich at the concentrations shown in 

parenthesis and were used without Anther puriAcation: trichloroethylene (TCE, 99%+), 

tetrachloroethylene (PCE, 99%+), n-dodecanol (98+%), sodium chloride (99%+), sodium 

dihexyl sulfbsuccinate (SDHS, Fluka brand 80% solution in water). Sodium mono and 

dimethyl naphthalene sulfonate (SMDNS, 95%+) was purchased Aom CKWitco 

(Houston, TX). Table 6. la presents selected properties of the oils used in this work (TCE 

and PCE) and Table 6 .1b presents selected properties of the amphiphilic species (SDHS, 

SMDNS and dodecanol).

Table 6. la. Properties of the oils Aarmulated in microemulsions
Oil Equivalent Alkane Dipolar Molecular Structure

Number (EACN) moment (D)
Trichloroethylene 3 ^  Ô77 Cl2C=CHCl

(TCE)
T etrachloroethylene 2.9* 0.00 Cl2C=CHCl2

(PCE)
(a :̂ From re&rence (8)
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Table 6. lb. Properties of the amphiphilic molecules used in this work
Amphiphilic Molecule Area per 

molecule 
A^/molecule

Molecular
weight
g/mol

Molecular Structure

Sodium dihexyl 
sulfbsuccinate (SDHS)

100" 376 C6Hi302CH2CH(S03Na)C02
CeHis

Sodium mono- and di
methyl naphthalene 
sulfonate (SMDNS)

90" 250 CH3(CioH6)S03Na (65%) 
(CH3)2(CioH5)S03Na(35%)

Dodecanol N.A". 186 Ci^Hz^OH

(a): These amphiphilic molecules were characterized in references (9). In the case of 
oleyl alcohol, the area per molecule does not apply since lipophilic linkers don't adsorb at 
the oil/water inter&ce.

Methods.

Phase behavior studies were performed using equal volumes of aqueous solution 

and oil (5 ml each). For a given surfactant concentration and linker concentration, the 

sodium chloride concentration was systematically increased to obtain the transition 6om 

Type I microemulsions (micelles) to Type HI (bicontinuous microenmlsions) to Type II 

(reverse micelles). To obtain the equilibrium conditions, flat bottom test tubes (15 ml, 10 

mm diameter) were placed in a water bath at 27°C then shaken once a day far three days, 

and left to equilibrate for two weeks. The phase volumes were determined by measuring 

the height of each phase in the test tube (precision of ± 0.07 ml). One important 

parameter in studying microemulsion is the solubilization parameter at "optimum" 

formulations where oil and water are solubilized in the same magnitude, and are normally 

expressed as volume solubilized per mass or volume of surfactant (II). One alternative 

way to express the solubilization edacity is to use the characteristic length of the 

microemulsion (^) which expresses the volume of oil (or water) solubilized at optimum
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Annulation interfacial area of the adsorbed surActant, and thus the larger this length, 

the larger the solubilization capacity of the system (14,15). The characteristic length (Q 

Ar microemulsions can be calculated using the Allowing expression (14,15):

^ = Eq.l
4

where (|)o, ()>ware Ae volume factions of oil and water m Ae middle phase 

microemulsion, respectively, Vm is Ae total volume of the middle phase microemulsion 

(in A )̂, and A, is Ae mterfacial area of the surfactant membrane consisting of Ae 

surfactant, cosurfactant and hyAophilic linkers (m A^). The mterAcial area can be 

calculated as:

*6.023 * 10"" *a, Eq.2

where Csi is the initial concentration of the surActant "i" m the aqueous solution, Vw is 

Ae initial volume of Ae aqueous solution m Ae system, cpi is the Aaction of surfactant, 

cosurfactant or hyAophilic linker m Ae middle phase microemulsion (wiA respect A Ae 

total surActant concentration) and ai is Ae area per molecule of Ae surfactant "i" (Table 

6.1b).

Only SMDNS and SDHS were considered in Ae calculation of Ae interAcial area

because the dodecanol is envisioned A either A  m between SDHS tails or to self-

assamble with SMDNS. The concentration of boA of Aese molecules was obtained by 

ion-coupled chromatography perArmed wiA a Dionex 500 cAomatograph eqmpped wiA 

a reverse phase column (NSl-4mm). The concentration of dodecanol was measured by
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gas chromatography using a Varian 3300 with FID detector and a SPB20 capillary 

column with programmed temperature ramping &om 50°C to 250°C at I5°C/min.

Within the Type HI middle phase microemulsion, the optimum Annulation was 

observed as the point where equal volumes of oil and water were solubilized (11). At 

optimum Annulation, the maximum cosolubilization of both oil and water are achieved. 

For optimum middle phase microemulsions, the interfacial tension between the excess oil 

and water (y*o/w) was measured using a University of Texas spinning drop interfacial 

tensiometer model 500, injecting 1 A 5 pi of the less dense phase in a 300 pi tube Glled 

with the heavier phase. While it is most common to report the interfacial tension between 

the middle phase and each of the excess phases, at low surfactant concentrations it is very 

difRcult to sample the middle phase microemulsion. In this work we use the 

approximation that in optimum middle phase microemulsion the interfacial tension 

between the middle phase and each of the excess phases is one half of the interAcial 

tension between the excess phases (y*o/wS 2y*ww =2y*o/m) (16).

Results mud Discussions

SDHS microemulsions phase maps.

In this Grst section we describe the SDHS-alone microemulsion systems (no 

linkers) to provide a baseline Ar comparing with linker-based systems. Figure 6.2 shows 

the phase map of SDHS microemulsion systems Ar TCE (Figure 6.2a) and PCE (Figure 

6.2b). These phase maps, sometimes referred to as 6sh diagrams due to their shape 

(11,13), show the regions of surActant and electrolyte concentrations that produce a
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given type of microemulsion phase (17). The region labeled as "I" corresponds to a two 

phase system (excess oil phase and Type I microemulsion), the region "HI" enclosed by 

the phase boundaries has three phases in equilibrium (excess oil, water and Type m  

microemulsion), the region TT has two phases (excess water and Type H microemulsion) 

and region "IV" is a single phase system containing oil, water and SDHS. The amount of 

surfactant that corresponds to the cross point where Types I, n , m  and IV meet is the 

minimum amount of sur&ctant required to achieve a single phase microemulsion (11). 

The dotted line in the middle of the Type III region indicates the optimum Armulation 

(equal volumes of oil and water solubilized).

To understand the shape of the phase maps, we need to understand the properties 

of the different oils. Table 6.1a presents the equivalent alkane carbon number (EACN) of 

TCE and PCE. The EACN parameter was introduced by Salager et al. and indicates the 

hydrophobicity of a given oil phase (18). The larger and more positive the value of the 

EACN, the more hydrophobic the oil. For the case of PCE, an EACN of 2.9 means it is 

almost as hydrophobic as propane. The lower EACN of TCE is due to its polarity (Table 

6.1a, third column). Negative EACN values indicate that the oil is more hydrophilic 

than methane.

Figure 6.2 reveals three m^or characteristics of SDHS phase diagrams. The Erst 

characteristic is that more polar oil molecules tend to farm middle phase microemulsions 

at lower electrolyte concentrations, which is predicted by the lower EACN of the oil 

(8,15,18). Second, the middle phase region tends to shrink for more polar oils. Third, the 

minimum surfactant concentration to adiieve the harmation of a middle phase (Type m )
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microemulsion is higher for the more polar TCE. For TCE the lower boundary of the type 

m  region is about 0.4% SDHS and for PCE it is close to 0.1% SDHS
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Figure 6.2. "Fish" phase diagrams 6)r (A) SDHS-TCE microemulsion, (B) SDHS-PCE 
microemulsions. The roman numerals indicate the diSerent types of microemulsion 
systems. The solid lines represent the phase transitions and the dotted lines indicate the 
optimum middle phase microemulsion.

The results in Figure 6.2 can be interpreted based on the polarity of the oil. The 

more polar the oil the greater the affinity between the sur6ctant and oil, reducing the
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amount of electrolyte needed to obtain the middle phase microemulsion (notice that the 

x-axis varies between the three plots). The width of the Type IE region is also reduced 

&r polar oils. The optimum salinity and salinity windows of these systems have been 

modeled using the surfactant affinity difference concept and the net-average curvature 

model (15,18). In the extreme case, if the oil is polar enough, the middle phase r%ion 

disappears (19).

Finally, it is worth commenting on the curved rather than vertical shape of the 

phase maps. For anionic systems, an increase in sur6ctant concentration not only 

increases the concentration of the amphiphile, but also the concentration of the 

counterion. It is known that in micelles only 60 to 70 percent of the counterion is bound 

to the sur6ctant (20). If  we extrapolate this result to microemulsion membranes we can 

propose the Allowing expression:

/7VaC//^+ Eq.3

where is the molar concentration of sodium chloride added to the aqueous

solution (that we note as optimum salinity, S*), «6 is the molar faction of unbound 

sodium added with the anionic sur&ctant, in this case SDHS, is the molar

concentration of SDHS and /2Vq/f is the total molar concentration of sodium in the 

aqueous solution (not bound to the sur&ctant membrane). Figure 6.3 presents the data of 

molar aqueous sur&ctant concentration versus the molar optimum salinity for all the 

systems considered in Figure 6.2, where the curves are equivalent to the dotted lines in 

Figure 6.2 but expressed on a molar basis in Figure 6.3. The model (equation 3) is 

presented along with the data. The unbound &action for TCE and PCE was 0.19 and 0.45
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(all dimensionless), respectively, and the total sodium concentration was 0.24 M, and 

0.88 M for the same systems. A discussion of the difference in unbound faction and total 

sodium concentration h)r the different systems is warranted but is beyond the scope of 

this particular article. Nonetheless it is important to highlight that the good fit between 

the data and the model reflects the validity of the sodium balance proposed in equation 3, 

as will become evident in the next section.

The critical microemulsion concentration (CpC)

As previously discussed, one of the objectives of this work is to determine the 

role of the sur&ctant concentration in the self-assembly between hydrophilic and 

lipophilic linkers. In previous studies we have reported that a minimum surfactant 

concentration is needed to promote the linker self-assembly (7). In this section we 

investigate the minimum amount of sur&ctant needed to form a middle phase 

microemulsion. We do this by holding constant the optimum electrolyte concentration 

(S*) experienced at low surfactant concentration, which is 1.4% NaCI and 5% for PCE. 

We then varied the sur&ctant concentration and measured the inter&cial tension across 

each point of the scan.
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Figure 6.4. Inter&cial tension versus SDHS concentration at constant NaCI concentration 
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system.
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Figure 6.4 presents the mterfacial tension versus the initial surfactant 

concentration for phase diagrams with the these oils. At low sur6ctant concentration we 

observe a typical IFT decrease due to monomer adsorption at the oil/water interface. 

Above the CMC there is a range of surfactant concentrations where the IFT remains 

constant, untü at still larger sur&ctant concentrations the IFT further decreases to ultra- 

low levels which are typical of middle phase microemulsions. The point at which the IFT 

finally levels ofT (at an ultralow IFT value) is the point at which the first droplets of 

middle phase microemulsion (non-wetting droplets) appear. Aveyard et al. (21) coined 

the term "critical microemulsion concentration" to indicate the minimum surfactant 

concentration needed to attain the microemulsion phase. Here we use this same definition 

and denote this concentration as the CpC. The initial deGnition of Aveyard et al (21) was 

based on the change of slope of the solubilization curve of swollen micelles (Type I 

microemulsions), whereas here we extend this concept to middle phase systems based on 

the IFT studies presented in Figure 6.4.

One question generated by the data in Figure 6.4 is what type of transition occurs 

between the CMC and the CpC. Because of the relative novelty of the CpC concept, to 

our knowledge there has not been previous research on this topic. While our work does 

not directly address this issue we can oSer one plausible explanation. In 1972 Kodama et 

al first proposed the concept of a second CMC (22). According to this concept, the fu"st 

micelles farmed at the CMC are spherical but beyond a certain surfactant concentration 

rod-like micelles start forming; this surfactant concentration is known by some as the 

second CMC and also as the sphere to rod micelle transition. Here we will refer to this
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point as the micellar transition concentration (MTC). This phenomenon has been 

experimentally studied and modeled using molecular thermodynamic methods (23,24). 

Both experimental data and models agree that the sphere to rod transition corresponds to 

a change in curvature of the micellar phase due to conditions such as temperature, 

electrolyte, packing factor of the sur&ctant, etc. If this concept can be translated to the 

microemulsion systems the transition between the CMC and the CpC can be due to the 

formation of the Grst swollen micelles of near zero curvature that eventually yield to the 

formation of a separate middle phase microemulsion system. Thus the MTC and the CpC 

seem to be a similar concept except that in the latter case the micelle is swollen with 

dissolved oil. To further support to this hypothesis, Guo et al (24) observed that for SDS 

micelles the MTC is approximately three times the CMC. In Figure 6.4 we observe that 

the CpC is also approximately three times the CMC While this ratio may vary from one 

system to another, the close agreement between our result and that of Guo et al. (24) 

supports the equivalence of the MTC and CpC concepts. We should clarify that there 

could be alternative explanations to the origin of the CpC, such as micelle-micelle 

interactions, which merits future research in this area.

Phase maps of SDHS microemulshms with linker molecules

In this section we discuss the phase maps for SDHS microemulsions for TCE and 

PCE with mixed linker molecules (0.09M SMDNS as hydrophilic linker and 0.09M 

dodecanol as lipophilic linker in aqueous solution). Figure 6.5 shows these phase m ^ s  

(similar to Figure 6.2). The best way to interpret the phase nuq)s in Figure 6.5 is to 

compare them to their SDHS-alone counterparts presented in Figure 6.2. The Grst
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noticeable feature of the mixed linker phase maps in Figure 6.5 is that the optimum 

electrolyte concentration (dotted line) varies by close to one order of magnitude between 

the high SDHS concentration (10 to 20 g/lOOml SDHS) and the one at low SDHS 

concentration (0.1 g/100 ml). In contrast, the phase maps in Figure 6.2 have a salinity 

variance of only two to three fold difference in optimum electrolyte (S*). Additionally at 

low surfactant concentration, the optimum electrolyte concentration Ar SDHS alone 

microemulsions varies signiGcantly, 1.4% NaCI Ar TCE (Figure 6.2a), and 5% Ar PCE 

(Figure 6.2b), whereas Ar the mixed linker systems the optimum electrolyte 

concentration is much more similar Ar the three oils (9% NaCI Ar TCE, and 11% Ar 

PCE). For the linker-based systems, the shape of the phase map at low surfactant 

concentration is strongly asymmetric and extended towards higher electrolyte 

concentration. This "slanting" of the phase diagrams in linear systems is likely due to the 

diGArent partitioning of the linkers. Graciaa et al. have found that in nonionic surfactant 

microemulsion systems the optimum ethoxy group number (similar to S*) changes with 

surActant concentration due to partition efActs (25). Ryan and Kaler have observed 

similar asymmetry in nonionic microemulsions (in their case the asymmetry extends 

towards higher temperatures) when highly hydrophilic decyl glucoside was added (26). In 

our system, the hydrophilic linker seems to have the same effect as the decyl glucoside. 

Anotho" important observadon is that the lower phase boundary of the middle phase 

region (CpC) is relatively high Ar the SDHS system alone (0.15 g/lOOmI to 0.8 g/100ml) 

but less than 0.1 g/100ml SDHS Ar the systems with linker molecules. In fact the value 

of 0.1 g/100 ml concentration was reported based on the presence of a visible middle
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phase microemulsion but, as will be discussed latter, interûicial tension values reûect a 

much lower value.
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Figure 6.5. "Fish" phase diagrams for (A) SDHS-TCE microemulsion, and (B) SDHS- 
PCE microemulsions. All systems contained 0.09M of SMDNS and 0.09M of dodecanol. 
The solid lines represent the phase transitions and the dotted line indicate the optimum 
middle phase microemulsion.

These results raise a new set of questions regarding the behavior of linker 

molecules in microemulsions. The reason for the requirement of a higher electrolyte 

concentration in the mixed linker microemulsion can be partially answered by a previous
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study (7). In particular, we found that 5)r diGerent linker combinations and at a constant 

surfactant concentration, the optimum salinity of the system can be estimated as (7):

In y * = ^  ^ *[(WecwK)/] Eq.4

where S* and So* are the optimum electrolyte concentration in the presence and absence 

of linkers respectively, A and B are constants that depend on the type of linker, vŸimkr is 

the molar Gaction of the linker (e.g. Aamvs = and

/iSMDASy and are the initial aqueous molar concentrations of SMDNS and

dodecanol. For the case of different linker concentrations we have found the following 

empirical equation to be valid for a wide range of conqmsitions:

In
Adodecanol]

/

where So* is calculated based on equation 3, A' and B' are dimensionless constants that 

depend on the type of linker; [SDHS] is the initial aqueous molar concentration of SDHS. 

Figure 6.6 presents the data and model predictions (equation 5) for the optimum 

formulation systems (dotted line) presented in Figure 6.5. The model predictions in 

Figure 6.6 uses an A  of 1 and a B' of 0.5. While the model works well for medium to 

high SDHS concentrations, below an SDHS concentration of 0.0 IM the system behaves 

quite different Gom the original SDHS microemulsion system. Indeed, in this case close 

to 90% of the middle phase system is composed of SMDNS and very little SDHS is 

present. In the next section we will further discuss the low SDHS concentration zone of 

the phase map.
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Linker self-assembly as a function of surfactant concentration.

In this section we will study how the sur&ctant concentration influences the 

segregation of linker molecules in the middle phase microemulsion. As indicated above, 

the SDHS-linker microemulsion systems does not evidence a discrete SDHS critical 

microemulsion concentration (CpC) in Figure 6.5, which is in contrast with SDHS-alone 

systems presented in Figure 6.2. Figure 6.7 illustrates this point in more detail. Figure 

6.7a presents the interfacial tension between the excess oil and water phases as a hmction 

of the SDHS initial aqueous concentration for the TCE and PCE optimum systems 

indicated by the dotted line in SDHS-alone microemulsions (Figures 6.2a and 6.2b) and 

in the SDHS-linker systems (Figures 6.5a and 6.5b). For the systems without linkers, the
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log scale 6)r IFT in Figure 6.7a Aows that ultralow IFT (Le. 0.1 mN/m or less) is 

achieved by the TCE-SDHS and PCE-SDHS systems at the C|iC and it does not change 

signiGcantly with increasing surfactant concentrations. Kurlat et al. (27) measured the 

inter&cial tension of optimum systems within the type m  region at diGerent surfactant 

concentration (similar to Figure 6.7a, but above the CpC only) and Amnd that the 

inter&cial tension tends to increase slightly but remains ultralow with increasing 

surfactant concentration, which is consistent with the no-linker da& presented in Figure 

6.7a. On the other hand the da& for the TCE-SDHS-linkers and PCE-SDHS-linkers 

systems is not as clear as their single sur&ctant count«])arts. In the case of linker systems 

there is no obvious breakpoint in the IFT curve but rather a smooth lowering of the IFT 

(i.e. a clear CpC is not ^iparent). Also, with linkers it is observed that even at low SDHS 

concentrations (O.Olg/lOOml) the IFT is below ImN/m.

It is important to note the visual appearance of these systems with low SDHS 

concentration. There was no visible middle phase system in these cases but rather a fuzzy 

layer concentrated in SMDNS. For this reason the optimum formulation was pinpointed 

based on the minimum IFT found between the excess oil and water phases of the vials 

scanned at a given SDHS concentration.

This SMDNS &zzy layer, formed at low SDHS concentration, has the 

characteristics of a sur&ctant sponge La phase since it was clear and did not show the 

bire&ingent and viscous behavior expected of liquid crystals or oil solubilization typical 

of bicontinuous microemulsion systems. Additional research is necessary to characterize
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these systems and investigate the role of these sponge phases in the partition of the 

linkers and the unusual behavior at low surfactant concentration.
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Figure 6.7. Inter6cial tension and composition of SDHS microemulsions of PCE and 
TCE at 0.09M of SMDNS and 0.09M of dodecanol. Part (A) Interfacial tension between 
the excess oil and water phases as a function of SDHS concentration at optimum 
Annulation. Part (B) SDHS aqueous concentration at optimum Annulation, Ae dotted 
line indicates the initial aqueous concentration of SDHS.

While the IFT curves reveal the Aermodynamic state of Ae interAce, Ae question 

remains as to where the SDHS is located beAre and after reaching Ae CpC, boA wiA
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and without linkers. Figure 6.7b presents the SDHS concentration in the excess aqueous 

phase for the same systems considered in Figure 6.7a. For the case of the TCE and PCE 

we observe that, before reaching the CpC, the aqueous concentration of SDHS in 

equilibrium with the excess oil phase is the same as the initial aqueous concentration 

(dotted line of Figure 6.7b). Beyond the CpC the concentration of SDHS in the excess 

aqueous phase is somewhat constant at a level close to that of the Cp,C. This observation 

is important because it suggests that the transition between the CMC and the C|iC occurs 

in the bulk aqueous phase and is not due to additional adsorption at the oil/water 

inter&ce. In the case of the linker Annulations, Figure 6.7b shows that the equilibrium 

SDHS aqueous concentration was slightly lower than the initial concentration, suggesting 

that there was some degree of participation of the SDHS in the Azzy layer that was 

concentrated in SMDNS. This observation corroborates the observation made with the 

inter&cial tension curves that there is not a clear CpC level in the linker Annulations. 

The linker systems with low SDHS (less than C|iC) seem to be able to Arm a "local" 

microemulsion membrane at macroscopic oil/water interfaces (such as the droplet in IFT 

measurements or the interface between the oil and water phases in the sample tube); but 

can not Arm a separate middle phase microemulsion until the concentration of the SDHS 

approaches the CpC of the SDHS alone systems. It should be mentioned that the 

concentration of the surfactant in the oil phase was negligible (less than 0.1 mM or 0.004 

g/lOOmI, the detection limit). This observation supports our working hypothesis: the 

hydrophilic and lipophilic linker molecules cannot self-assemble to Arm middle phase 

microemulsion systems unless there is a certain minimum amount of surfactant present.
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In addition, we also have some evidence that in the absence or very low concentration of 

sur&ctant, there is some degree of segregation of the linkers at macroscopic oil water 

inter&ces (such as droplet surfaces in emulsion systems), as observed by the lower IFT 

values below the CpC in Figure 6.7a.

The discussion provided above suggests that the "self-assembly" of hydrophilic 

linker (SMDNS) and lipophilic linker (dodecanol) depicted in Figure 6.1 is aSected by 

the concentration of the surfactant, especially at low sur&ctant concentration. Figure 6.8 

presents the magnitude of the self-assembly of each linker as a function of the SDHS 

concentration for the TCE and PCE optimum microemulsions. Here the magnitude of the 

SMDNS self-assembly is expressed as the percentage of SMDNS adsorbed:

—

where [SMDNS] and [SDHS] are the initial aqueous concentration of SMDNS and SDHS 

added to the system and [SMDNS]m and [SDHS]m are the concentration of SMDNS and 

SDHS in the middle phase microemulsion.

The da& presented in Figure 6.8 shows that at low SDHS concentration (4 

g/100ml or lower) the faction of SMDNS adsorbed is only 30 to 40% and is slightly 

higher for PCE than for TCE. At larger SDHS concentrations (lOg/IOOml or larger) the 

percentage adsorbed increases to 50% - 60%. The reason for this increased adsorption of 

SMDNS with higher SDHS concentration is not clear at this moment but could be due to 

the reduction in the volume of the excess water as the system approached a type IV
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system (no excess oil or water phase). The SMDNS not present in the middle phase 

tends to be present in the excess water phase.

To understand the phenomena of lipophilic linker s^egation, here we propose 

the use of the sur&ce excess concentration (T) of the lipophilic linker, dodecanol, as the 

number of molecules adsorbed per unit interfacial area:

I = ---------------------------------------------------------  Eq. 7
4

where is the dodecanol concentration in the oil present in the middle phase

microemulsion, is the dodecanol concentration in the excess "bulk" oil

phase, is the volume of the oil solubilized in the middle phase., Mrv is the 

Avogadro's number, and is the interfacial area provided by the surfactant and 

calculated based on Eq. 2.

For the case of the dodecanol, Figure 6.8 shows that the segregation of dodecanol 

(measured as the sur&ce excess concentration) achieves a maximum value at 

intermediate SDHS concentration ( 2 to 4 g/100ml). At lower SDHS concentrations, and 

especially for TCE, we observe a signiGcant decrease in the segregation of dodecanol as 

it approaches the SDHS concentration that produces a well deSned middle phase 

microemulsion (which is close to the CpC of the SDHS-alone system). This diminished 

segregation of dodecanol at lower sur&ctant concentration is consistent with higher effect
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of partitioning in nonionic surfactant systems when the total surfactant concentration is 

reduced (25). This result also reinforces the idea that the self-assembly of SMDNS and 

dodecanol is mediated through the surfactant (SDHS). At high concentrations of SDHS, 

the area (/fj) increases significantly, which increases the number of sites for the 

dodecanol to segregate but due to the limited amount of dodecanol (constant 0.09 M 

added), the surface excess concentration decreases. In the next section we will evaluate 

the segregation of dodecanol in more detail by interpreting the segregation as an 

adsorption phenomenon
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Figure 6.8. Percentage of SMDNS adsorption and dodecanol segregation expressed as 
thickness of dodecanol-rich palisade layer for the SDHS-linker optimum formulation 
(dotted line) systems presented in Figures 6.5a (TCE) and 6.5b (PCE).

200



A final observation regarding linker microemulsions 5)rmulated at diSerent 

SDHS concentration regards the solubilization efficiency. The solubilization efficiency is 

presented in Figure 6.9 using the characteristic length concept (equation 1). The 

characteristic length of the linker microemulsion systems is very close to that of the 

SDHS alone system and has a very weak dependence on SDHS concentration. Previous 

research evaluated the characteristic length 6)r difkrent linker combinations (28) and 

6)und that equimolar mixtures of hydrophilic linker (SMDNS) and lipophilic linker 

(dodecanol) yielded systems with similar characteristic length to the surfactant alone. In 

the next section we will investigate the role of each linker in the magnitude of the self- 

assembly.
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Figure 6.9. Characteristic length of SDHS optimum middle phase microemulsions for 
TCE and PCE with and without linkers (0.09 M SMDNS and 0.09 M dodecanol).

Linker self-assembly as a function of linker concentration

In the previous sections we have studied the self-assembly of surfactant-alone 

microemulsion systems and systems containing a Gxed amount of hydrophilic linker
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(SMDNS, 0.09 M) and lipophilic linker (dodecanol, 0.09 M). In this section we will 

concentrate on systems of constant sur&ctant concentration (SDHS, 0.103 M) and 

diSerent concentrations of hydrophilic and lipophilic linkers. In previous studies we have 

evaluated some of the combinations presented in this work (7,8,28) but without using the 

concept of segregation length &r the lipophilic linker. As e^glained above, herein we 

assume that the self-assembly of these linkers can be modeled as an adsorption process.

Table 6.2 presents a list of formulations for diSerent linker concentrations used in 

this section.

Figure 6.10 presents the segregation length of dodecanol (calculated using equation 7) for 

TCE (Figure 6.10a) and PCE (Figure 6.10b) as a hinction of the equilibrium bulk 

dodecanol concentration (concentration in the excess oil phase) at different initial 

aqueous concentrations of SMDNS. For the case of TCE and no SMDNS, the 

segregation behavior approaches a Langmuir-type adsorption with a saturation value 

close to 0.13 molecules/nm^. When SMDNS is added, the concentration of dodecanol to 

reach saturation increases 6om close to 0.05 M with no added SMDNS to O.IM of 

dodecanol with 0.09M of SMDNS added and close to 0.15 M - 0.20 M dodecanol with 

0.18 M dodecanol added. This increase in adsorption (which is higher than dodecanol 

saturation levels) is due to the additional adsorption or segregation sites provided by the 

adsorption of the SMDNS at the interface. It is important to note that the saturation level 

of segregation itself is not modified by the presence of the hydrophilic linker, thus the 

saturation level (-0.13 molecules/nm^ for TCE) should be more a Amction of the oil- 

linker type of interaction.
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Table 6.2. Interfacial concentrations of surfactant and linkers for selected systems in 
Figures 6.10 through 6.13_____________________________
System

TCE
0.045 C120H
0.000 SMDNS
TCE
0.090 C120H
0.000 SMDNS
TCE
0.180 C120H
0.000 SMDNS
TCE
0.045 C120H
0.045 SMDNS
TCE
0.090 C120H
0.090 SMDNS
TCE
0.180 C120H
0.180 SMDNS
PCE
0.045 C120H
0.000 SMDNS
PCE
0.090 C120H
0.000 SMDNS
PCE
0.180 C120H
0.000 SMDNS
PCE
0.045 C120H
0.045 SMDNS
PCE
0.090 C120H
0.090 SMDNS
PCE
0.180 C120H
0.180 SMDNS

Vm* ml [SDHS] 
middle 
phase

3.3+0.2 ô . i ë m ô f

3.5+0.2 0.15±0.02

3.6±0.2 0.14±0.02

[SMDNS]
middle
phase

[oleyl] [oleyl]
middle phase excess

phase
Ô.Ô5^.ÔÔ4 Ô.Ô4Ï±Ô.ÔÔ3

0.100±0.008 0.085+0.007

0.193+0.01 0.173+0.01

3.0+0 2 0.17+0.02 0.044+0.005 0.052+0.004 0.042+0.004

3.5+0.2 0.15+0.02 0.077+0.008 0.115+0.01 0.077+0.007

4.3+0.3 0.12+0.01 0.126+0.01 0.229+0.02 0.143+0.02

1.4+0.1 0.37+0.03

1.8+0.2 0.29+0.03

2.5+0.2 0.21+0.03

0.080+0.002 0.039+0.003

0.131+0.01 0.081+0.007

0.226+0.02 0.165+0.02

1.7+0.2 0.30+0.03 0.065+0.007 0.081+0.007 0.038+0.004

2.6+0.2 0.20+0.02 0.087+0.006 0.172+0.01 0.061+0.005

4.2+0.3 0.12+0.01 0.107+0.01 0.279+0.02 0.107+0.(
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The results in Figure 6.10b give a little more insight into the role of the linker-oil 

interaction. SpeciGcally, Figure 6.10b shows the segregation of dodecanol in PCE-SDHS 

microemulsions. The Erst observation Eom Figure 6.10b is that the adsorption does not 

approach saturation in any of the formulations. Nonetheless, it seems that for the no 

added SMDNS case the adsorption curve starts leveling ofT at a value of 1 molecule/nm^. 

The plateau value of the dodecanol segregation in the PCE case is signiEcantly higher 

than the TCE case. We suspect that this is due to the polar nature of TCE (see Table 6.1) 

and because of its polarity TCE might compete with dodecanol for segregation sites near 

the surfactant tails (which we refer to as the palisade layer)

In addition to the segregation of dodecanol, it is necessary to analyze the 

adsorption of SMDNS for the same systems considered in Figure 6.10. Figure 6.11 shows 

the percentage of SMDNS adsorption (calculated using equation 6) as a function of the 

equilibrium dodecanol concentration in the excess oil phase (noted as bulk [C120H], as 

in Figure 6.10). Figure 6.11a shows these results for the case of TCE microemulsions. 

For the case of 0.09 M added SMDNS, the adsorption of SMDNS increases over its 

adsorption in the absence of dodecanol (bulk [C12OH]=0) as the concentration of 

dodecanol increases. The same kind of trend was observed for the addition of 0.18 M of 

SMDNS, and in both cases the maximum adsorption appears to occur at 

[C 120H]/[ SMDNS] of between 0.5 and 1.0. In the case of the PCE we observe the same 

trend far the case of 0.09M of SMDNS.
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Figure 6.10. Dodecanol segregation 0 q)ressed as molecules segregates per nm  ̂ of 
int«6cial area as a function of the concentration of dodecanol in the bulk excess oil 
phase for TCE (part A) and PCE (part B) at difkrent initial concentration of SMDNS and 
0.103 M (4 g/100ml) of SDHS.

In previous papers we have reported that the addition of lipophilic linkers in 

combination with the hydrophilic linkers increases the participation of SMDNS at the 

interface (9), which is consistent with the results in Figure 6.11 when the concentration of
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dodecanol is less than or approaching the equimolar ratio to SMDNS. This also might 

help explain an earlier observation that the optimum solubilization enhancement occurs 

near equimolar addition of linker molecules (7). It is interesting to note that vsdien 

dodecanol is added in higher proportion than the SMDNS, the synergism between 

dodecanol and SMDNS seems to be diminished. While we can't hilly explain this 

phenomenon now, two possible explanations are as follow: (1) excess dodecanol (in 

relation to SMDNS) could increase the rigidity of the sur&ctant membrane (28) hindering 

the SMDNS adsorption at the interface; and (2) excess dodecanol (in relation to SMDNS) 

promote the lipophilic linker behavior (i.e. the SDHS-dodecanol interaction) over the 

self-assembly between the SMDNS and dodecanol. Future research should further 

explore this phenomenon.

One jGnal detail that needs to be addressed in this section concerns the 

characteristic length (^  equation 1) of the diSerent hirmulations. In previous papers we 

noted that adding lipophilic linker alone for the case of TCE, produced a "saturation" 

efkct on solubilization enhancement at high dodecanol concentration (8). Comparing this 

observation with the type of behavior of the segregation curve Air TCE (a Langmuir type 

adsorption. Figure 6.10a) suggests that the increased solubilization capacity achieved 

with lipophilic linkers might be proportional to the amount of linker segregated near the 

sur&ctant tails, which is expressed as the surface excess concentration (equation 7).
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concentration of dodecanol in theliulkiexoess oil phase for TCE (part A) and PCE (part 
B) at different initial concentration of SMDNS and 0.103 M (4 g/lOOml) of SDHS.

In Figure 6.12 we have combined the increase in characteristic length of the 

system relative to the solubilization edacity of the system without dodecanol

(^o) of the diff^ent systems considered above (TCE - triangles and PCE - circles) as a 

function of the dodecanol segregation expressed as surface excess concentration. The 

combined data in Figure 6.12 show a linear relationship between the increase
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solubilization and the magnitude of dodecanol segregation, corroborating our suspicion 

based on the described earlier solubilization enhancement studies.
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Figure 6.12. Relative increase in characteristic length of microemulsion systems (^) with 
the segregation of dodecanol &r TCE (triangles) and PCE (circles).

Linker self-assembly as a function of dectrolyte concentration

All the self-assembly studies with linker molecules reported thus far have been 

based on optimum middle phase microemulsion. One research question that needs to be 

addressed is the validity of these results at conditions deviating 6om optimum conditions. 

The results in Figure 6.12 suggest that the m^or contribution to the solubilization 

efBciency, measured by the characteristic length, is provided by the segregation of 

dodecanol. We thus proceeded to determine this segregation at electrolyte concentrations 

lower than the optimum salinity (S/S*<1). Figure 6.13 presents these results for TCE
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(triangles) and PCE (circles) microemulsions Airmulated with 0.103 M SDHS and 0.09 M 

of dodecanol and SMDNS, respectively. For both oils the segregation is independent of 

the electrolyte concentration. All the points at S/S*<1 correspond to Type I 

microemulsions. The independence of the segregation phenomenon 6om the electrolyte 

concentration supports an earlier interpretation of the segregation curves in Figure 6 .10 

latere it was proposed that the segregation was mainly a product of the oil-lipophilic 

linker interaction. In this case the increase in electrolyte concentration only afkcts the 

interactions on the aqueous side of the interface.
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Figure 6.13. Dodecanol segregation for TCE (triangles) and PCE (circles) with 0.104M 
SDHS and 0.09M of each SMDNS and dodecanol as a function of relative electrolyte 
concentration.

linker self-assembly at constant surfactant - linkers molar ratio.

In the previous sections we have investigated the eSect of the sur&ctant and each 

linker concentration on the self-assembly properties of the combined linker systems. 

While this in&rmation helps to picture a molecular arrangement at the inter&ce similar to
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that depicted in Figure 6.1, there is something more important 6om the practical point of 

view concerning the response of the self-assembly of these linkers at constant linker to 

sur6ctant ratio upon dilution. In particular when a linker system is formulated far 

application purposes, chances are the farmulation is likely to be diluted, wherein the 

relative ratio of linker and surfactants is maintained but the total concentration changes.

Figure 6.14 shows the phase map for a mixture of 10 molar parts of SDHS to 9 

molar parts of hydrophilic linker SMDNS to 9 molar parts of lipophilic linker dodecanol 

(C120H) with TCE. For ease of comparison Figure 6.14 also shows the surActant-alone 

phase map presented in Figure 6.2. For TCE we observe that the addition of combined 

linker reduces by roughly half the concentration of SDHS necessary to achieve a Type IV 

single phase microemulsion and also reduced the lower boundary of the phase map 

(critical microemulsion concentration CpC) by the same magnitude. At medium to low 

concentrations of SDHS the optimum electrolyte concentration is also increased by the 

addition of linkers (can be reproduced by using equation 5). The addition of a constant 

ratio of linkers also widens the middle phase Type in region but it does not alter the 

phase maps as in the case of Figure 6.5. The same trends were observed for the case of 

the PCE system.
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Figure 6.14. "Fish" phase diagrams for SDHS-alone TCE microemulsion (thick lines), 
and a mixture of constant ratio of 10 molar parts of SDHS to 9 SMDNS to 9 dodecanol 
(C120H) (thin lines).

It is important to highlight that when adding incremental amounts of medium 

chain alcohols to microemulsion systems, the amount of the surfactant required to 

achieve a single phase microemulsion (Type IV) tends to increase, while in the case of 

the combined linkers, this amount tends to decrease (10). The difference between the role 

of the combined linkers and medium chain alcohols could be explained by the data- 

supported hypothesis that combined linker behave more like a surfactant itself (7,8,9),
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helping to increase the thickness of the inter6ce that in turns represent a higher 

characteristic length of the microemulsion. In the case of medium chain alcohols, these 

are mostly used to reduce the rigidity of the surfactant membrane thus making the 

interface more dilute and reducing the interfacial thickness, they can also behave as 

cosolvents that increase the partition of the sur&ctant in the excess oil and water phases 

Wiich reduces the surface activity of the surfactant itself (10).

In the case of SDHS-alone systems and constant linker concentration systems, we 

supplemented the phase m ^ s studies with inter6cial tension studies to localize the C îC. 

We performed the same type of studies in this case, and in Figure 6.15 we present the 

interfacial tension between the excess oil and water as a function of initial aqueous SDHS 

concentration. Figure 6.15 shows the IFT curves for the SDHS-alone microemulsion 

systems for TCE (close diamonds) and for the SDHS-linker constant ratio (open dots). 

For the case of TCE it is observed that the IFT curves is shiAed to approximately half the 

concentration of SDHS, which means that the sur&ctant becomes more surface active 

when it is mixed with the linker molecules. These data suggest that upon dilution the 

mixed linker system remains self-assembled at the interface until the surfactant 

concentration is lower than its C îC.
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Summary

In this work we investigated the self-assembly properties of the hydrophilic linker 

SMDNS and the lipophilic linker dodecanol when combined with SDHS to make 

microemulsions of TCE, and PCE We 6rst identihed the critical microemulsion 

concentration (C^iC) of the SDHS-alone microemulsions and found that at the Cp,C, the 

Erst non-wetting middle phase microemulsion is formed which corresponds to the point 

where the IFT reaches an ultralow value. When mixing SDHS at diSerent concentrations 

with constant amounts of SMDNS (0.09M) and dodecanol (0.09M) it was found that no 

middle phase microemulsion was observed until SDHS reached the C|iC level of the
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sur6ctant-only formulation which confirmed our hypothesis that some level of sur&ctant 

was necessary to produce the self-assembly in microemulsion systems. Nonetheless, for 

linker-based systems no obvious CpC was obtained based on IFT curves, suggesting that 

the hydrophilic and lipophilic linkers could, in the absence of the surfactant, segregate 

near the surface of droplets in emulsion systems. We also learned that the segregation of 

the lipophilic linker occurs in a Langmuir-type fashion and that at dodecanol/SMDNS 

molar ratios less than unity, the dodecanol seems to preferentially segregate near the 

SMDNS hydrophobe. Finally we also observed that the addition of combined linker not 

only promotes a synergism between the linkers but also improves the sur6ce activity of 

the surfactant.

It is necessary to clarify that Wiile the data presented in this work supports the 

hypothesis of linker self-assembly as depicted in Figure 6.1, it does not represent Goal 

proof of this hypothesis. In future studies we will present scattering and spectroscopic 

techniques that will study this self-assembly.
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CHAPTER?

Linker-based Non-toac Microemulsions

Abstract:

Lecithin-based microemulsions have been of great interest over the past decade because 

of their potential application in drug delivery systems and in cosmetic and food additive 

formulations. While the literature presents examples of lecithin-based microemulsion for 

drug delivery systems, most of these formulations contain alcohols and/or polyglycols to 

prevent liquid crystalline phases. Alcohol addition increases the toxicity of the 

harmulation, and polyglycols increases the viscosity of the formulation, thereby making 

the delivery system less desirable. In this work we use linker-based formulations to 

mitigate the toxicity concerns and achieve substantial solubilization capacity. We studied 

lecithin-based microemulsions using sorbitol monooleate as the lipopMlic linker and 

hexyl polyglucoside as the hydrophilic linker. The phase behavior of linker-based lecithin 

microemulsion with isopropyl myristate (IPM) was studied as a function of hexyl 

polyglucoside to lecithin ratio and at different temperature, electrolyte and pH conditions. 

From these studies it was found that the zwiterionic characteristic of lecithin rules its 

response to these different formulation conditions. Compared to other lecihtin IPM 

microemulsions, die linker-based lecithin system required the least amount of lecithin to 

achieve a single-phase microemulsion. By studying the ratio of the lipophilic linker Span 

80 to ledthin, it was found that a certain portion of the lectihin could be replaced by a
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combination of Span 80 and hexyl polyglucoside. These linker-based formulations were 

able to produce microemulsions 6)r a wide variety of oils, &om polar oils like chlorinated 

hydrocarbons to hydrophobic oils such as hexane, hexadecane and squalcâte. These 

formulations w«"e obtained using a constant electrolyte concentration (isotonic solutions 

containing 0.9% NaCl), at room tanperature, at constant lecithin and sorbitol monoleate 

(Span 80) concentration, and by varying the concentration of the hydrophilic linker hexyl 

glucoside. In addition to formulating with low electrolyte concentration, the 

solubilization edacity of these lecithin systems was higher than linker-based 

microemulsions formulated with alkyl sulfbsuccinate anionic surfactants.

Keywords: lecithin, linkers, polar, non-polar, oils, microemulsions, toxicity,

solubilization.

Introduction

By enhancing the solubilization of otherwise immiscible water and oily 

components, microemulsions have been utilized in a wide range of Helds (1). In tertiary 

oil recovery research the ultralow od-water interfacial tension produced by these systems 

decreases the capillary Garces which trap residual crude oil in reservoirs (2). More 

recently microemulsions are being used in sur&ctant enhanced remediation of oil- 

impacted aquifers, production of nanoparticles, drug delivery, and cosmetic formulations 

(1,3,4,S,6). Biodegradable and non-toxic surfactant formulations are necessary for 

applications such as drug d e liv ^  and &od additives, cosmetic formulations, personal 

care and cloning products and in some sur&ctant enhanced remediation ̂ plications.

220



Surjetant toxicity varies with surfactant type and molecular structure. In general, 

cationic surfactants are highly toxic and are normally used as antisqAics or preservatives 

(7,8,9). While aniomc sur&ctants are generally milder than cationic surfactants, their 

tendency to disrupt cell membranes causes them to irritate the skin. Nonetheless, their 

relative toxicity dqxnds on the molecular structure of the surfactant itself ( 10,11,12,13). 

In contrast, nrmiomc sur6ctants are gena-ahy slightly toxic or non-toxic, although their 

toxicity also depends on the molecular structure. For example, nonionic surfactants of 

medium molecular weight and containing aromatic grorqïs or branched hydrophobes 

garerally demonstrate some level of toxicity (11,14,15). "Sugar-derived" surfactants, 

such as the sorbitol esters, are amongst the most biocompatible sur&ctants. For example, 

even at dosage levels as high as 20 g/Kg sorbitol monoleate showed no adva-se eGect on 

rats (16). More hydrophilic versions of sorbitol monole^e, with either ethoxylated giou;» 

or shorter hydrophobes, demonstrate some level of toxicity or tendency to produce skin 

irritation (16). Depending on the molecular strudure and pH of the system, zwitterionic 

surjetants, surfactants having both positive and n%ative charges in the molecule, can be 

relatively bioconqiatible, showing low or no skin irritation efkcts and low toxicity 

(17,18).

Pho^Aolipids are naturally-produced surfactant molecules that self-assemble in 

vesicles to form cell walls In terms of consumer product jrmulation lecithin or 

jjo^hatidyl cholines are the most rdevant phospholipids as they can be easily extracted 

&om egg yolks, soy beans and other natural sources (19,20).
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Non-Êoik microemukion:

Formulation of non-toxic microemulsion has been studied for over a decade, as 

summarized in recent review articles (21,22,23,24,25). For pharmaceutica] applications, 

Mahnsten concludes that anionic microemulsion systems are typically undesirable 

because of their inherent toxicity, and because medium chain alcohols are &equently used 

as cosurActants and these alcohols also have adverse toxicity (2 1 ). Malmsten also points 

out that nonionic sur&ctant formulations, especially those including sorbitol or 

glucoside-derived surfactants, have a better toxicity proSle than anionic sur&ctant 

formulations. Finally, Malmsten states that lecithiB-based formulations are especially 

desirable because they tend to mimic the phospholipid nature of cell walls, thus proving 

to be more biocompatible. At the same time, since medium chain alcohols are often 

needed to produce lecithin-based microemulsions, the toxicity concerns associated with 

these alcohols again limits this approach (2 1 ).

Lecithin-based formulations in the literature include a triglyceride microemulsion 

with butanol for transdermal delivery of keto;n^ofen (26). Hexadecane microemulsions 

were Simulated by mixing the lecithin with a series of small and medium chain alcohols, 

which produced large solubilization enharxement and ultrlow intea&cial tensions ( - 1 0 ^ 

mN/m) (27) Isopropyl myristate microemulsions have been formulated with lecithin and 

medium chain alcohols h)r drug delivay purposes (28,29,30,31,32).

The goal of this research is to formulate lecithin-based microemulsions for a wide 

range of oils whitout the use of medium chain alcohols, thus producing non-toxic 

microemulsion systems that could be used in a range of applications (e.g. drug and food
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additives delivery, cosmetics, cleana^s and environmental remediation formulations). The 

hypothesis for this study is that we can formulate alcohol-free microemulsion systems 

using lecithin as the main surfactant by using biocompatible linkers molecules, thus 

reducing the overall toxicity of this formulation.

Liaker-based microMnakioas.

Linker-based microemulsions use a lipophilic and/or a hydrophilic linker additive 

to modify the interfacial properties of the microemulsion system to achieve larger and/or 

faster solubili^tion (33,34,35,36,37,38). Graciaa et al. (33,34,35) first introduced 

lipophilic linkers as polar oil molecules (e.g. long chain alcohols, fatty acids, amines, low 

HLB ethoxylated alcohols) that segregate near the surfactant tails, thereby serving to 

"extend" the surfactant tail into the oil and increasing the solubilization capacity of these 

systems. Later, Uchiyama et al. (36) found that the solubilization enhancement was 

limited above certain concentrations of the lipophilic linka^. Uchiyama introduced the 

concept of hydrophilic linka: as sur6 ctant-like molecules that would adsorb at the 

oil/water interface, but due to their short tail would offer little interaction with the oil 

phase (36). Combinations of hydrophilic and lipophilic linkers can produce a surfactant

like self-assembled system that offers solubilization enhancements proportional to the 

combined linker concentration, and then can iqr to a certain point replace the main 

surActant (36,38,39). Using this approach we have been able to formulate 

microemulsions far a wide range of oils, and a variety of surfactants with applications 

ranging horn environmental remediation to detergent formulations (40,41).
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The linkers studied in this research were selected in this study based on their 

biocompatibility: soibitan monoleate was used as the lipophilic linker (41) and alkyl 

polyglucoside was used as the hydrophilic linker. Figure 7.1 shows a schematic of a 

linker-based microemulsion using these non-toxic surfactants and linkers. In Figure 7.1 

lecithin is represented by phosfdiatidyl choline dialkyl, hexyl polyglucoside is 

represented by hexyl glucoside and used as the hydrophilic linker (42) and sorbitol 

monoleate is used as the lipophilic linker. In Figure 7.1 we have depicted sorbitol 

monoleate as residing closer to the water inter6 ce than other lipophilic linker molecules 

(34,36) because this molecule is slightly more polar than other long chain alcohols 

commonly used as lipophilic linkers, and bœause sorbitol monoleate has shown behavior 

intermediate between a lipophilic linker and a cosurlactant (41).

Selected properties of lecithin, sorbitol monoleate and hexyl polyglucoside are 

summarized in Table 7.1. Since it is a mixture, the molecular weight reported for lecithin 

is an average (43). For this same reason, lecithin's critical micelle concentration is given 

as an order of magnitude value (43,44). Lecithin ar% per molecule is pH and 

concentration dependent, and the area per molecule value in Table 7.1 corresponds to a 

neutral pH in diluted aqueous solutions (i.e. lecithin less than 75%) (45). In the case of 

hexyl polyglucoside, the molecular weight is an average value because the product 

(AG™ 6206) is a mixture of isomers with one ami two glucoside groups (46). The hexyl 

polyglucoside CMC and area per molecule vîüues w ae determined in this study using 

methods discussed bdow. Sorbitan monoleate data was readily available in the literature 

(47).
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Figure 7.1 Schematic of the linker eSect using non-toxic surfactant lecithin, exemplified 
by phosphatiyl choline dialkyl (RI an R2 are alkyl groups ranging from C14 to CIS, see 
reference 29). Hexyl polyglucoside (exempliRed by hexyl glucoside) is sho^ti as 
hydrophilic linker and sorbitol monoleate as lipophilic linker.
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Table 7.1. Selected properties for lecithin (surfactant), soAitan monoleate (lipophilic

SurAce active molecule Molecular Critical Micelle
weight, g/mol concentration, M

Lecithin*

Sorbitol Monoleate''

Hexyl polyglucoside"

(a) From re^ences 43 and 44
(b) From reference 47
(c) Fmm reference 46
(d) Current work

-770

428

-550

10,-10

1 .8 x 1 0
.-5

1 .8 x1 0
-2d

Area per molecule 
A'/moIecule

-9 0

35

Table 7.2. Sek

0 Ü EACN Molecular
weight,
g/mol

Molecular Formula

T etrachloroethylene 2.9* 166 ClzCMZaz

Hexane o'' 8 6 C&H,,

Decane lO*" 142 CioHzz

Methyl oleate <13" 296 CgHi7CH=CH C7H14COOCH3

Isopropyl Myristate 13" 270 Ci3H2?COOCH(CH3 )2

Hexadecane 16'' 226 CigHw

Squalene 24̂ ^

(aj From ref^ence 36
(b) From refereiKes 48,49
(c) From this work
(d) From reference 40

423 l(CH3)2CH(CH2)3(CH3)CH(CH:)3(CH3)CH(C%L-h

226



The primary objective of this w ort is to tbrmulate and characterize 

microenmlsion systems using the biocompatible surjetants and linkers discussed above 

and oils of relevance to consumer products. We selected isopropyl myristate as the 

primary oil of interest because lecithin - isopropyl myristate microemulsions have been 

previou^y studies &ir drug and cosmetic delivery applications (28,29,30,31,32). A 

secondary ol^ective of this woik is to study the eHect of twnperature, electrolyte and pH 

on the phase behavior of linker-based isopropyl myristate microemulsions. The third 

oiyective of this work is to demonstrate the ability of these linker-based biocompatible 

systems to produce microemulsion systems with a wide range of oils, &om polar oils like 

tetrachloroethylene to more hydrophobic oils like hexadecane and squalene. Table 7.2 

summarizes charactaistics of the oils studied in this work, including the oil EACN or 

equivalent alkane number (48,49). The oil EACN, which indicates the hydrophobicity of 

the oil, has been correlated to the surfactant aSinity diSerence (SAD). The SAD is a 

semi-empirical equation that indicates the difference between the chemical potential of 

the surjetant in water and oil phases as jllow s:

? ^  = - \n S  + K >  ACN + f ( A ) - n  + a , { T Eq.l

where S is the electrolyte concentration, K is a constant for a given surjetant (ranging 

from 0.1 to 0.2), and ACN is the alkane carbon number of the oil (for non-hydrocarbon it 

becomes EACN equivalent-ACN). The parameter @[A) is a jnction of the 

alcohol/cosurfactant concentration, o  is a parameter that is a function of surjetant, % is a 

constant (-  0.01 when temperature is in Celsius), and Tist is a re jrence temperature.
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The SAD equation can be considered a "formulation equation" because it relates 

the formulation variables into a simple equation. The SAD equation will be u ^  in this 

work to both interpr^ and model the non-toxic linker formulations.

In a recent study, we harmulated middle phase microemulsion systems A>r similar 

ods as studied here using alkyl sullbsuccinated surfactants, oleyl alcohol as lipophilic 

linker and sodium mono and dimethyl naphthalene sulfonate SMDNS as hydrophilic 

linker (40); we will conq)are the per&rmance of these systems with the lecithin-based 

microemulsion systems studied in the current work.

Experimental procedures 

Materiak

The hollowing dremicals were obtained hrom Aldrich (Milwaukee, WI) at the 

concentrations shown and were used without further purification: trichloroethylene (TCE, 

99%+), tetrachloroethylene (PCE, 99%+), hexane (99%+), decane (99%+), hexadecane 

(99%+), isopropyl myristate (99%), methyl oleate (60%, technical grade), squalene 

(99%+), soibitan monoleate (99%+) and sodium chloride (99%+), sodium dihexyl 

sulfbsuccinate (SDHS, 80% aqueous solution, Fluka brand). Laboratory grade soybean 

lecithin (99%) was purchased from Fisher Scientific; the composition of soybean lecithin 

has been reported elsewhere (29,30). Hexyl polyglucoside AG 6206™ was donated by 

Akzo Nobel (Cbic%o, IL), the product was received as a 75% wt. aqueous solution, with 

no alcohols or unreacted materials in the reremaining 25% and was used without hirther 

purification
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Method:

Phase behavior studies were per&rmed using equal volume of aqueous solution and oil 

(5 niL of each). Hexyl polyglucoside scans were perhonned by varying the hexyl 

polyglucoside concentration at constant temperature (300K unless otherwise stated), 

electrolyte concentration, lecithin and sorbitol monoleate concentiation, and pressure (1 

atm). Test tubes were placed in a water bath at 300K (unless otherwise nr^ed), shaken 

once a day R)r three days, and left to equilibrate for two weeks. The phase volumes were 

determined by measuring the heights of each phase in the test tube.

It is important to mention that these microemulsion systems were v ay  sensitive to 

the ratio of sorbitan monoleate and lecithin added to the ^stem, and the best way to 

prepare (hese solutions was to prepare a 20% lecithin solution in water with the 

prescribed amount of sorbitol monoleate. Another important observation is that Type I 

and m  microemulsion systems also showed signs of algae/bacterial growth after one 

month of being prepared when left at room temperature (a potential sign for 

biocompatibility) and thus the chmacterization of these systems had to be done within 

two weeks time&ame.

Inter^cial tmsions were measured using a Model 500 University of Texas 

spinning drop interfacial tensiometer, injecting 1-5 pi of the equilibrated middle phase in 

a 300 pi tube ûlled with the excess denser phase 6om the 10-ml microemulsion sample 

tube. The concentratioa of hexyl polyglucoside was determined using a UV-VIS 

Hewlett Packard model 8452 diode array spectrophotometer set at a wavelength of 280 

nm.
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Dyjoamic light scattering experiments were performed at room temperature usir% 

a BI-90 Brookhaven instrument. Samples of the Type I and Type II microemulsion 

systems were placed in standard 1-cm glass cells that w«ie placed in the BI-90 sample 

holder at least 30 minutes behare the measurement. Eadi sample was measured three 

times. The viscosity of the microemulsion phase was measured using a U-tube 

viscometer and this value was entered to the computer to calculate the average 

hydrodynamic radius. The viscosity of selected samples were measured at different shear 

rates using a Brookhaven LV-DVEH rheometer. The rehactive index of the continuous 

phase at 650 nm ami 300K (water 1.332 Arr Type I microemulsions and isopropyl 

myristate 1.433 for Type II microemulsions, reference 50) was entered into the algorithm 

used to calculate the particle size. Additional details of the experimental procedures 

can be fixmd elsewhere (36,37,39,40,42).

Results and discussions 

CkaracteHzadou hexyl poly^ucoside.

The 6rst step of this work was to identify a non-toxic hydrophilic linker. In a 

previous study we 5)und that each surfactant "family" is likely to have at least one 

hydrophilic linker molecule, and that the hydrophilic linker typically exists inbetween a 

common hydrotrope and a surfactant, with 6 to 9 carbons in the tail per hydrophilic ionic 

head group (42). We selected the alkyl polyglucoside &mily because of their low 

toxicity, because they are among the most hydrophilic of the non-toac surfactant; and 

because there is a precedent Air the success of alkyl polyglucoside Arrmulations in non
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toxic formulations (29,51,52). Initially hexyl and octyl polyglucosides were tested as 

hydrophilic linkers (42), but we soon realized that alcohol was necessary to &rm middle 

phase micToenmlsions with octyl or longer polyglucosides. Since hydrophilic linkers 

have been shown to prevent the harmation of liquid crystal and metastable phases and to 

help increase the solubilization and coalescence kinetics (37), the fact that formulations 

with octyl and longer polyglucoside requires the use of medium chain alcohols suggests 

that they do not behave as hydrophilic linkes.

We began by studying the behavior of trichloroethylene (TCE) microemulsions 

using an aqueous solution of O.IM SDHS with varying amounts of electrolyte and in 

combination with 0.09M of the hydrophilic linker (concentration based on aqueous 

solution) and also in combination with both 0.18M of dod%anol as lipophilic linker and 

0.18M of the hydrophilic linker. Table 7.3 summarizes the results horn using hexyl 

polyglucoside as a hydrophilic linker. From previous results we observed that a 

hydrophilic linker shows the Allowing characteristics: (1) the addition of the hydrophilic 

linker should not signiGcantly impact the scdubilizatirm capacity of the microemulsion 

expressed as volume of oil (or wato") solubilized at optimum formulation (i.e. equal 

amounts of oil and water are solubilized in the middle phase microemulsion) per unit 

mass of surfactant; (2) the co-addition of hydrophilic and lipophilic linkers should 

produce a significant increase in the solubilization capacity of the system; (3) the addition 

of the hydrophilic linker diould signihcantly increase the optimum salinity (the 

electrolyte concentration needed to obtain an optimum formulation); and (4) the co

addition of hydrophilic and lipophilic linker should inmease the haction of hydrophilic
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linker present in the middle phase (42). Not only do the results in Table 7.3 demonstrate 

that hexyl polyglucoside &Kills A æ  characteristics, bexyl glucoside has a very similar 

performance to sodium mono and dimethyl naphthalene sulfonate (SMDNS), as 

previously reported (42).

Table 7.3. Characterization of hexyl polyglucosirk as a hydrophilic linker using SDHS 
(0. lOM) as surActant.
Hydrophilic

linker
Concentration
hydrophilic

linker

Dodecanol
concentration

Solubilization 
parameter 

(ml/g SDHS)

Fraction of 
hyihofdnlic linker 

in ïypem (% )

Opthnum salinity 
S*

(gNaCI/lOOml)

Blank' 0.00 M 0.00 M 5.7±0.7 1.4±0.03

SMDNS' 0.09M 0.00 M 5.4±0.7 50±4 3.1±0.1

SMDNS' 0.18 M 0.18M 10.7±0.7 75±6 2.8±0.1

polyglucoside
0.09 M 0.00 M 6.1±0.7 52±4 3.5±0.1

Hexyl^ 0.18M 
polyglucoside

(a) From re&rence 42 
^ )  This work

0.I8M 10.4±0.7 76±4 2.5±0.I

In addition to testing the hydrophilic linker per&rmance for hexyl polyglucoside, 

figure 7.2 shows the interfacial tension of hexyl polyglucoside solutions with isopropyl 

myristate in the presence of0.9g/100mlofNaCl (isotonic solution). The breakpoint on 

the curve corre^ronds to the critical micelle concentration (CMC -  1.8*10'"' M). The 

sur6ce area per molecule of the surfactant can be calculated usmg the Gibbs adsorption 

equation for ixrnionic surfactants using the slope of the dotted line in Figure 2 (17):

Eq.
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where F is the surface excess concentration of the amphiphile, y is the interfacial tension, 

C is the concentration of the amphiphile, R is the gas cotistant and T is the absoiute 

temperature of the system.
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Figure 7.2. Interfacial tension of isopropyl myristate/ hexyl polyglucoside solutions as a 
function of hexyl polyglucoside concentration at 300K and 0.9 g NaCl/100 ml. The slope 
of the dotted line was used to calculate the sur6ce area per molecule of the surûictant.

From the surface excess concentration (T, mol/m^) it is possible to calculate the 

area per molecule (a,

1020

Eq. 3

where NA is the Avogadro's number and 10^ is a convasion factor. Applying this 

method, the area per molecule for hexyl polyglucoside is 65 A^/mol. Later, this value will 

be used to estimate the characteristic length of the microemulsion systems.
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Phase behavior of linker-based isopropyl myristate (IPM) microemulsions.

The phase behavior of linker-based IPM microemulsions was obtained by 

scanning the concentration of the hydrophilic component of the surfactant mixture, in this 

case hexyl polyglucoside. In this manner, the following transition occurred: Type II 

(water-swollen reverse micelles) - Type HI (bicontinuous) - Type 1 (oil-swollen micelles) 

(29,53).

Figure 7,3 shows the relative phase volumes of the different microemulsion 

phases resulting from mixing an aqueous lecithin solution (4 % w/v or g/lOOml), sorbitol 

monoleate (4% w/v), electrolyte (0.9% w/v NaCl) and varying amounts of hexyl 

polyglucoside with isopropyl myristate (IPM). The oil to aqueous solution ratio was kept 

at 1/1 (v/v). As expected, the addition of incremental amounts of hexyl polyglucoside 

produced a phase transition of H-ITI-I as a result of the increising hydrophilicity of the 

surfactant mixture. Figure 7.3 also presents a solid line representing the phase volumes 

calculated using the net-average curvature model of microenmlsions, as discussed later 

(54).

The findings in Figure 7.3 help confirm our hypothesis that it is possible to form 

middle phase microemulsion systems using lecithin as surfactant and a combination of 

ncm-toxic linkers while avoiding the use of alcohols. The question now remains as to how 

does this formulation compare to those pre\dously reported in the literature that use 

lecithin as a sur6ctant in combination with alcohols. Perhaps the best comparison can be 

made with the systems formulated by Corswant et al. (29) where they were able to form a 

single phase microemulsion with IPM using 7% lecithin (or 3.5% based on total volume
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oil+water), 3% octyl glucoside (1.5% based on total volume) and 8% isopropanol. While 

our results in Figure 7 3 show the formation of a middle phase microemulsion, this was 

not yet a single-phase microemulsion, and thus needed additional surfactant to form a 

single-phase.

1 1
0.9-
0.8 -

.5 0.7 -
0.6 -

(D 0.5-
E3 0.4-1
§ 0.3-1

0.2 -
0.1

0 -1

Type II: Reverse 
Micelles

Net-average curvature model 
Experimental data

Type III: } 
Bicontinuou^

Type I: Micelles

6.5
Hexyl polyglucoside, %w/v

7.5 8

Figure 7.3. Phase behavior study of hnker-based isopropyl myristate microemulsion 
formulated with 4% w/v Lecithin, 4% w/v sorbitol monoleate, 0.9%w/v NaCl (all 
concentrations based in aqueous solution). Oil to aqueous solution volume ratio =1/1. 
Adding incremental amounts of hexyl glucoside yielded a microemulsion phase transition 
Type E-Type d-Type I. Solid lines correspond to the net-average curvature model htted 
with a length parameter = 24Â and charactaistic length of ̂ *=217 À.

Figure 7.4 shows the "phase map" of IPM microemulsions where the boundaries 

between the different types of microemulsion phases are plotted in terms of the lecithin 

concentration (y-axis) and the bexyl polyglucoside to lecithin ratio (x-axis), while 

holding a constant weight ratio of sorbitol monoleate to lecithin of 1/1, a temperature of 

300K. and a sodium chloride concentration of 0.9% w/v. According to this phase map, 

formation a single phase (Type IV) microemulsion containing equal volumes of oil and 

water required the following minimum concentrations: lecithin of 6%, sorbitol
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monoleate of 6% and hexyl polyglucoside of 9% (ratio -1.5). When this formulation is 

conqmred with that of Corswant et al. (29), our combined linker formulation required less 

lecithin and avoided the need for alcohol in the system.

I s 
^  8 
o 7 
» 6 
5  5o!: 
#  2 
.3 1

Type IV

Dilution line

Type Type III

T

1 1.5 2 2.5
Hexyl polyghicoside/LecHNn w e i^  rado

Figure 7.4. Phase map for IPM microemulsions prepared with sorbitol monoleate to 
lectihin weight ratio -  1/1 at 300K and 0.9 % w/v NaCl. The dotted line indicates the 
optimum formulation (equal volumes of oil and water solubilized in middle phase). The 
dilution line represents the potential changes in phase behavior as the total sur6ctant 
concaitration is diluted.

We should clari^ that the formulation of Corswant et al. (29) is very efGcient in 

terms of solubilization. Another similar formulation was obtained by Moreno et al. (55) 

where they j&rmulMed Type I microemulsions with close to 30% lecithin+polysoTbate 80 

(an ethoxylated version of sorbitan monoleate) that could only solubilize 10 to 15% of oil 

and did not report any system that could form a middle phase microemulsion.

Sirxe linker molecules are not cosur6ctants, they can show significant partition 

into the bulk oil and/or water phases (38). This phenomenon makes the linkers less
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efBcient than a typical cosur6ctant (e.g. octyl glucoside) in tenns of solubilization 

c^)acity, as discussed above in reference to the formulation of Corswant et al (29).

The partition of the linkers, and especially hexyl polyglucoside, is an important 

factor in the appearance of the phase diagram. Accounting only for the CMC of hexyl 

polyglucoside ( -  1%, see TAle 7.1 and Figure 7.2) we can produce a ample calculation 

to illustrate this effect: at 2% lecithin, 4.4 % hexyl polyglucoside was needed to obtain an 

optimum middle phase (See Figure 4), Imt considaing that 1% of bexyl polyglucoside 

can be present as monomer, only 3.4% of hexyl polyglucoside is associated with the 

lecithin. If this concentration was used to calculate the hexyl polyglucoside to lecithin 

ratio, this value would be close to 1.7, which is close to the value needed to form a single 

phase microemulsion ( -  1.5, see Figure 7.4). It is tlms necessary to clari^ that the CMC 

is not the only source of deviation because partitioning effects are involved, including the 

partition of the lipophilic sorbitan monoleate that needs to be Anther evaluated but is 

beyond the scope of this work.

Anotha^ important feature ofFigure 7.4 is that it can be used as a dilution test o f a 

given harmuiation. The dotted dilution line indicates that a microemulsion phase which is 

initially Type I will upon dilution with a mixture of water and oil with a ratio close to I/I, 

undogo a phase transition Type I- Type m -T )^  II. Thus, a votical phase map Ar this 

surfactant system would be desirable so as to not transition out of the optimal phase. At 

the same time, if the dilution is made with an aqueous wlution Figure 7 .4 (k)es not apply 

since the oil to water ratio will vary as the dilution occurs and this would further alter the 

Aape of the phase map.
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Charactenzaüen of linker-based IPM microemnWons

Recalling that the goal of this research was not only to fbmmlate microemulsion 

systems with non-toxic sur6ctant and linkers but also to chmacterize these systems. 

Figure 7.5 shows the radius of droplet-type microemulsions (Type I and H) obtained from 

dynamic light scattering (DLS) measurements and values predicted by the net-avmage 

curvature model, as will be explained later. Both DLS measurements and model 

predictions showed an increase in droplet size as the formulation approaches the Type m  

bicontinuous system. The disparity between the model radius and hydrodynamic radius 

obtained &om DLS diSbsion measurements has been rqxnted beA>re and dismissed in 

terms of the nature of the hydrodynamic radius being dependent on the shape of the 

droplet (54). The droplet sizes measured using dynamic light scattering are within the 

range of lecithin - IPM microemulsion formulations reported in the literature (55,32). In 

addition to droplet sizes. Figure 7.5 zdso presents tlm viscosity of the di&xmrt 

microemulsions. For Type I microemulsions viscosity values are two to three times the 

viscosity of water, while in the case o f Type II systems viscosity values are close to twice 

the viscosity of pure IPM (-  5 cp). For the case of Type m  systems, viscosity values are 

in between the Type I and II system. Relative viscosities o f 2 to 3 times those observed 

here are typical of microemulsion systems (56). It is worth mentioning that some of the 

data points where evaluated at difkrent spinning speeds of the rdiometer and the 

viscosity remained constant at all speeds which suggests a newtonian-like behavior Rn 

these systems The obsaved viscosity vidues (betwem 2 and 10 cp) are a^ropriate jkr
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applications excq)t &>r some transdermal applications where a higher viscosity may be 

desired.

^  Radius - DLS 
—  Radius, net-average model 
O Viscosity Q200 -

6 6.5 7 7.5 8
Hexyl prW^luoosde, % w/v

Figure 7.5. Characterization of isopropyl myristate microemulsion prepared with 4% 
lecithin, 4% sorbitol monoleate, 0 . ^  w/v NaCl and varying amounts of hexyl glucoside

One important characteristic of microemulsion systems is their ability to reduce 

the interfacial tension between oil and water Figure 7.6 presents the inter6cial tension 

between Ae difkrent microemulsion phases and the excess phase (oil for Type I systems 

and water for Type E). The solid line represents the net-average curvature model 6tted 

with an interfacial rigidity of Er=2.5 KgT. The values of inter6cial tension p r in te d  in 

Figure 7.6 are typical of microemulsion systems, and these values are consistent with the 

large solubilization produced by these lecithin microemulsion systems, and also the low 

interfacial tension reported for lecithin microemulsion systems with alkanes (27). These 

low interkcial tension values are especially desirable in Annulation of detergents and 

other cleaners.
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Figure 7.6. Inter&cial tension of IPM microemulsion &>rmulated with 4% lectihin, 4% 
sorbitol monoleate and varying concentration of hexyl polyglucoside. Solid lines 
obtained using the net-avaage curvature model and a value of inter&cial rigidity of 
ER=2 .5 KgT

Effect of formulation conditions on linker-based IPM microemulsions.

During the application of microemulsion in drug and cosmetic delivery or in 

general cleaning applications they can be exposed to a series of changes in environmental 

conditions such as temperature, electrolyte concentration, and pH For this reason we 

studied how the phase maps of linker-based lecithin - IPM microemulsions change under 

these diGlaent conditions

Figure 7.7 shows the phase maps for linker-based lecithin microemulsions with 

IPM using a sorbitan monoleate to lecithin weight ratio o f 1/1, a concentration of 0.9% 

w/vNaCI, and three different temperatures (10°C, 27°C, 40°C). The Figure 7.7 data 

show that increasing ÜK tanperature of Ihe systems promotes a shid in die phase map 

towards lower bexyl glucoside to lecithin ratios (AG-6/le), increases the minimum 

concentration of lecithin required to achieve a Type IV concentration (which suggests a
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less efBcieal: Ammilatkm mterms o f solublliadon), and wideKthe regioa of Type HI 

mio^oemulsions. The shiA towards lower AG-6/Ie rados with increasing tmnperature 

indicate that the system becouKs more hydrophilic In other words, for a givm 

formulation, increasing the temperature will produce a transition be tw ^i 

microemulsions types Type n  - Type HI - Type L The réponse o f the system is typical o f 

ionic microemulsion systems (2). Thus, although there is no pure ionic surfactant in this 

formulation̂  it scans that the zwitai(wic nature of lemthin shows the same response as 

single ionic surjetants. In the case of hexyl glucosides, it has been observed that 

ghicaside-baaed microemulsions are instmsitive to tenperature, which is a unique 

prop^ty of these surfactants compared to other non-ionic surjetant microemulsion 

systems (51,52). In practical terms, the results in figure 7.7 indicate that if a 

microemulsion is prepared as a Type IV single microemulsion systems at room 

temperature (e g. usng 7% lecithin aqueous concaitratian, and AG-6/le = 1.5/1) Imt 

once is ^plied at a body at 37°C it may transition to a Type I system and release excess 

IPM. The previmis comment does not mean that these Airmulations are not appropriate 

fbr delivoy applications but that the fbrmulator needs to be aware of possible phase 

transiüoœ, ami should make the proper ac^ustments to asses pmentialiy und^irable 

phases (e g reduce the amount of solubilized oil below the solubilization capacity).
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Figure 7.7. Phase maps fbr IPM microemulsions prepared with sorbitol monoleate to 
lectihin weight ratio = I/I at different temperatures (IO°C, 27°C, 40°C) and 0.9 % w/v 
NaCl. The dotted line indicates the optimum formulation (equal volumes of oil and water 
Wubilizied in middle phase)
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Figure 7.8. Phase maps fbr IPM microemulsions prepared with sorbitol monoleate to 
lectihin weight ratio = I/I at 300IL and at two levels o f electrolyte: 0.9 % and 4% w/v 
NaCl. The dotted line indicates die optimum Rirmulation (equal volumes of oil and water 
solubilized in mirWle phase).
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Figure 7.8 presents the phase maps fbr IPM microemulsion with two levels of 

electrolyte concentration (0.9% and 4.0% NaCl). The data shows that with increasing 

dectrolyte comcentratirm the ;Aase map shiAs to lower ratios of hexyl polyglucoside to 

lecithin (AG-6/Ie) In oth«^ words^ with increaang electrolyte ctmcaitratâm, the syst^n 

transitions Aom II - HI- I similar to the case of increasing tanpcrature as discussed 

earlier. This reailt is unuswal since even in non-ionic surfactant nncroemulsion, addition 

of dectndyte tends to produce a transition of Type I-m  n. The exidanatimi fbr this 

phenomawm is not dear, but it could result Aom the fact that at neuAal pH lecithin has 

poative and negative charges that could have a net attractive intaactkm between bead 

groups (which is the opposite to ionic surfactants where the interactxms is repulsive^ and 

that since adding electrolyte can help to screen these ionic Weractions, it can weaken this 

attfactirm and promote the req>ective charges in curvature Further studies are needed to 

te*t this possibility.

Figure 7.9 shows the eAect of pH cm linka^xised lecithin IPM microemulsions 

The curves show that increasing pH has the same eSect as increaang teaqreratrure or 

electrolyte^ i e ][*(nnotes the Aansition n m  i  (the system becomes mme hydro^[Ailic). 

The trend previously explairmd is signiAcant between ^  6.5 and 10.8 but is subtle 

betwewr 3 5 and 6 5. The explanation A* this bdravior could be related tothe Arct that 

the lecithin compound shows positive drarge below (AI 3 (considaed the lecithin 

isodectric point) mrd start showing an anionic form at pHs larger than 5.2 ({dCb fbr 

lecithin) (57,56) According to this, at pH 3 5 lecithin has somewhat balanced number o f 

n^abve and poâtive diarges which produces a strong bydrophile-hydrr^Aile interaction
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between the lechhin (same as in the low electrolyte case) that leads to a

hydrophobic formulations. At pH 6.5 the system has started to develop a net anionic 

charge which improves its interaction with water molecules (makes the system more 

hydrophilic) but is close enough to the range of net ekclnmeutrality (pH -  3 to 5.2 ) that 

it prodiMies cmly a subtle c h a i^  in the phase bdmvior At pH 10.8 lecithin molecules 

have already become fully anionic which is reflected in a significant change in the phase 

map The above explanation is preliminary and Anther Judies are required to investigate 

this bd&avior in m «e detml The pH e@ect study is most rdevant Air wal ap^ications 

where the Annulation wih be eiqxised to the acidic media in the digestive system w  in 

AnmulatMms fbr surface cleanais where the pH of typical Axmulation is in the baac 

r a r ^  (e.g. pHs betwem 10 and 12).

pH=3.5

5

C
3s z

C5
J3

Tÿpel
2

1
2.5 31 1.5 2

AG-6/Le weight ratio

Figure 7.9. Phase maps fbr IPM microemulsions prqiared with sorbitol monoleate to 
lectihin weight ratio = 1/1 at 300K, at 0.9 % w/v NaCl and at three di@erent levels o f pH 
(3.5, 6.5 and 10.7). The dotted line indicates the optimum formulation (equal volumes of 
ml and water solubilized in middle phase)
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Figure 7.10 shows the eSect of using different sorbitol monoleate (Span 80) to 

lecithin ratios. The data in Figure 7.10 indicates that increasing the proportion of smWtol 

monoleate makes the mixture lecithin + sorbitol monoleate more hydrophobic, thus 

requiring a larger amount of hexyl polyglucoside (AG-6) to compensate and achieve a 

Type m  system. Perhaps more important in terms of cost of the formulation is that 

increasing the concentration of sorbitol monoleate reduces the minimum concentration of 

lecithin required to achieve a Type IV microemulsion, ahhough at the same time it 

increases the amount sorbitol mcmWeate and bexyl polyglucoside required. The main 

message of Figure 7.10 is that lecithin cmt be replaced in certain proportion by a 

combination of hydrophilic and lipophilic linkers, as has been previously demonstrated in 

Iinker4)ased microemulsions (39).

9

8
A Span 80/le =1/1

7
o
^ 6

Ç 5"c
| 4

Span 80/le = 2/1

Typel
Type II

2

1
1.5 2.51 2 3

AG-8/Le weight ratio

Figure 7.10. Phase maps fbr IPM miooemulsions prepared with two different ratios of 
sorbitol monoleate (Span 80) to lectihin weight ratio (I /l and 2/1) at 300K, at 0.9 % w/v 
NaCl. The dotted line indicates the optimum fbrmuladon (equal volumes of oil and wato^ 
solubilized in middle phase).
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Thus 6 r  we have learned about how to fbnnulate linker-based lecithin 

microemulsions with isopropyl myristate (IPhQ, we have characterized these 

microemulsions, and we have learned how different formulation conditions aG&ct the 

;Aase map o f this system. The Gnal otgective o f this work is to use this &rmulatkm 

rqiproach to develop microemulsions %r a wide range of oils and conq)are the 

poibrmance of these fbmmWions to other linkai-based microMUulsion systems.

Linker-based leciAin mkroemnMnn with a variety of ods.

The same baâc ^i^oach used to prothme linker-based lectihin microemulsion 

with ispropyl myristate was used to produce imcroemulsions with the other oils listed in 

Tfd)le 7.2. The basic conditKms these microemulsions wwe a sorbitol mrmoleate to 

lecithin ratio o f 1/1, a temperature o f 27°C (300K), ai^  a neutral pH. Figure 7.11 dmws 

die minimum aqueous crmcentration of lecithin required to achieve a Type IV 

microemulsion and the hexyl polyglucoside to lecithin ratio (AG-6/le) required to achive 

such a point as a hmcdon oTthe ml equivalent alkane nundier of each oil (see T ^ e  7.2). 

In tarns of the minimum amount of lecithin concentration rquired to achieve a Type TV 

micz^oemulsion, the data in Figure 7.11 diows tlmt as the o8 becomes nmre l^drophobic 

^ g h e r  EACN), more lecithin is required, which indicateB that it is more difRcult to 

srAibilize such oils, which is classical fbr nucroemulaon systmns (2) hi r%ard to the 

bexyl polyghiooside to lecithin ratio, figure 7.11 Ëiows a linear relation between the 

EACN and the AG-6/le ratio. For more hydrophobic oils (higher EACN values), the 

overall Armulatirm must be more hydrrqihobic in order to match the hydropbobicity of 

die and thus less Wxyl polyg^ucxisi^ is required to adneve the rqitimum fiumulatimi
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Figure 7.11. Formulation of linker lecithin microemulsion with a wide variety of oils, 
indicating the hexyl polyglucoside (AG-6) to lectihin ratio to achieve a single phase 
microemulsion and the minimum amount of lecithin required to form a single phase 
miooanulsion. OAer conditions: sorbitol monolede to lecithin ratio 1/1, T= 300^  0.9 
% w/v NaCl. EACN values fw each oil presented in Table 7.2.

In previmis linkm  ̂systems we have learned that the ratio of hydrophilic linker to 

sur6ctant (in Ais case AG-6/le) is a linear relationsbip with the surfactant afRnity 

difkrence equahoo (Equation 1) (39% which in this case is:

= -ln^-t%*FMCW^ + /(^ )-o -k aX T -7% ) + 6(AG_6/k) Eq. 4

where b is a constant, AG-6/le is the hexyl polyglucoside to lecithin ratio, and o t l^  

variables and constants as described before.
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Equation 4 predicts a linear relationship between EACN and AG-6/Ie. If 

Equation 4 is expressed in a differential (A) form with constant electrolyte and 

tonperature, A rno alcohol and the same type of sur&ctants, then:

= A * AE4(W+6A(vIG_6//e) Eq. 5

In Figure 7.11 all of the AG-6/le ratios are optimum Annulations (i.e. same 

volume of oil and wate^ solubilized in the microemulsion phase) Ar the range of oils 

considœd, and thus, m all these cases SAD/ RT = 0 (48,49). Using this condition m 

Equaticm 5, the slope of Figure 7.11 is -K/b = -0.089. Values of K typically range 

WwBcn 0.1 and 0.2, with an average value o f 0.17 (36,48,49). Thus the value of "b" is 

estimated to be 1.9. This value is used lata^ in the net-ay^%e curvature modd curves 

presented m Figures 3 ,5  ami 6 A r IPM microenmlsions.

A addition to dacribing the formulation o f linker-based lecithin microemulsions. 

Figure 7.12 presents two important parameters A r these formulations: the characteristic 

length and the optimum inter&cial tension (between the c^rtimum middle phase 

mimoemulsion phase ami the excas phases). The characteristic length is a parameter Aat 

indicates the half thickness of the average bicontinuous (hannds of optimum middle 

phase microemulsion and can be calculated as (54,59):

Eq. 6
As

where ^  and ^  are Ae vohnne Aactions of oil and w at^  in middle phase 

microcrmdskm, Vm is the vrdume of the middle phase, and As is the inte&cial area, 

provided by the sur&ctant adsorption Aat can be calculated as (54):
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X 6.023 X10^ X a. Eq. 7
i

where is the initial volume of the aqueous solution containing the surfactant and 

linkers, Csi is the initial aqueous nx)lar concaAraticKa of the surjetant, cosuiActant ami 

hydrophilic linker added to the &rmulation, (|>i is the faction of the 

surfactant/cosjr&dant that is present in the middle {diase microenadsion and ai is the 

area per molecule o f the species considered (in A^/molecule). Because the systems 

preseited in Figures 7.11 and 7.12 cwre^xmd to single phase microenmlsions all values 

of <(ii are equal to I (no excess phases to partition into). Also, in contrast to common 

lipophilic linkers, sorbitol monoleate is more airhrce active than its alcchol counte^)arts, 

and thus the area per molecule of this group (see Table 1) is also considered in As. The 

values of the characteristic length &r the dif&rent oils, as represented by tW r respective 

EACN values in Table 7.2, are presented in Figure 7.12. As was discussed previously, fbr 

more hydrofdKhic oils (Le. higher EACN vahms) the scdubiUzation c^racity o f the 

system decreases as denoted by smaller values o f characteristic length.

The great advantage of expressiag the sohrbilizatiaa capacity of microenmlsions 

as a characteristic ler%th value instead of a solubilization parameter is that it allows a 

direct comparison with microemulsion systems fbmmlated with a completely difi^ent set 

of sur6ctant and additives. This advantage permits the comparisoa between the Hnker- 

based lecithin microemulsions and linka^-based alkyl sulfbsuocinated microerrmlsion 

recently reported by our group (40). Figure 7.12 shows the characteristic length of 

microemulsions formulated with sodium dihexyl sul&aiccinate (SDHS) and sodium 

bis(2-hexyl) dihexylsulfbsuccinate (AOT) as surfactants, SMDNS as a hydrophilic linker
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and oleyl alcohol as lipophilic linker. For most cases the diaracteristic length of linker- 

based lecithin micmemulsions is twice or mme the charadensdc la%th of the alkyl 

sidfbsuccinate microemulsions. The greater solubilization in lecithin microemulsions is 

attributed to the longer extended tail o f lecithin (between 14 to 18 carbons) cmnpared to 

that of SDHS and AOT (six carbons). There is some evidence that aiggests that the 

diaracteristic length is proportioiMl to the extended lei%dt of die surGtctant (59% which is 

mipported by the findings of this work. In addition, fbr ledihin-based microemulsions the 

electrolyte concaitratkm was kept constant at a value o f 0.9% NaCl (isotonic sobitian) 

even &)r Girmulations with hydrophobic oils, but in the case of the alkyl sul&succinated 

surActants, more hydrophobic oils it was nectssary to increase the electrolyte as tn ^  

as 16% NaCl to achieve this tranâtion, which is inappropriate fbr many applications.
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300 0.005tli
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c
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—Û—C haracteristic  length 
—o— Interbcial tension
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Figure 7.12. Properties of linker lecithin microemulsion with a wide variety of oils, 
indicating the characteristic length and interfacial tension of Ae irncroemulsions whose 
formulation is descnbed in Figure 7.11. The cbaractaistic length fbr AOT and SDHS 
linker microemulsions obtained Gom reference (40)
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The mter&cial tension values presented in Figure 7.12 are well below valu% 

reported fbr microenmlsion ̂ sterns produced with alkyl sut&suocinated sur6ctants (40); 

this is consistent with the higher solubilization values of lecithin-based microemulsions. 

These inter&cial tension values are similar to those produced by others with medium 

chain alcohols as coan&ctants and alkanes as oil phase (27); thus om alcohol-6ee 

systems per&rm competitively with systems reported by others.

One important observation in regard to the Annulation of linker-based lecithin 

microemulsion with methyl oleate, is that the Armation o f middle phase microemulsion 

was only possible at temperatures 60°C or larger, ânce at lower temperatures atypical 

two phase system were obtained At this large tempeature the m ^ y l  oleate systMn 

presented an unusual h i^  soAbilization capacity such that it could Arm a single-phase 

microemulsion with close to 6% Lecidnn and AG-6/Le ratio of close A  1.4. The IPM 

systems at the same conditions Armed single-phase microemulsion systems ^  lower AG- 

6/Le ratios, whmh according A  Figure 7.11 suggests that methyl oleate has a lower 

EACN than IPM. Gradaa et al. have reported that ethyl oleate (a similar molecule A  

methyl oleate) diow polar bdiaviw and segn%ation near Ae RU&ctant tails, just as a 

lipophilic linka', and that the EACN A r ethyl oleate appmaches a value of 6 (60). 

Further research is necessmy to eapkne the nde o f the ester group on the Armulation of 

linker-based lecithin microemulsion.

ModeKng Knker^bascd kcithm mrcmemnWoms of Isopropyl myristate (IPM).

Recently our research group has introduced a microemulsion rzitical scaling 

model called the net-averse curvature modd In this modd the net curvature (It:) is
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scaled to die iion-dimmensiooal sur&ctant aBRnity dfQefence (SAD* = SAD/&T) as 

fbHows (54):

1 1 & 4D * 6[(WG 6/Ze)-(v4G 6//e)*] ^  ^
K q  i%  So So

where Ro and Rw are coexistent oil and water droplets (Ro is virtual if the systems is 

Type m  or Type H and Rw is virtual if die systan is Type I or IE), ^  is the length 

parameter or scaling constant, which is proportional to the extended lei^th of the 

surfactant, SA]y is the dimmensionless SAD, and the right hand expression results dom 

eaqiressing SAD* in tenns of the hexyl polygtucoside to lecithin ratio as indicated by 

Equation 5: this is accomplished by using the ratio of bexyl glucoside to lecithin that 

produces the optimum formulation (equal volume of oil and water solubilized in the

middle phase), where AG-6/le* is the critical point since it is at this point where the net

curvature of the sur&ctant membrane (Hx) becomes zero.

The second important term of the model is the average curvature (HyJ which 

indicates the average size o f the aggr^ates in bicontinuous (Type HI) microemulsions 

(54):

 7

where is the characteristic length (calculated using Equation 6) of the optimum 

microemulsion system. Equation 9 indicates that the average aggregate size in 

bicontinuous sy^ems can not be larger than the characteristic length of the system. The 

details of bow to solve diese equations are described elsewhere (54). The expression fbr
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Ae net cunmture was pmduced using the data in Figure 7.11 and Ae SAD equation, 

while the characteristic Iei%th for the IPM system is also obtained Aom Figure 7.12 

(^*"'217 A). The only fitting parameter of the net-average mode) is the length parameter 

or scaling constant. The relative phase volumes data presented in Figure 7.3 were used to 

fit tlK model resulting in a length paranKter o f  ̂  -  24 A. For cmiqmrison, the length 

parameter of SDHS (2*C6 tail) was found to be lOA and fbr SDS (CI2 tail) found to 

approach 20 A (54). Thus the value of ̂  -  24 A fbr lemthin is reasonable considering 

that lecithin is a mixture of components with a range of 14 to 18 carbons in saturated and 

unsaturated tails (29). The net-aven^ curvature model was used to produce radii values 

for Figure 7.5, where, as discussed above, Ae Asparity between DLS values and the net- 

average curvature modd has been (Aserved aikl discussed elsewhere (54).

One Gnal equation that relates to the net-average curvature model is the interfacial 

rigidity equation (37,54):

where E& is Ae inteiAcial rigidity express in energy units, y is Ae inteiAcial tension and 

R is the oil or water dropl^ radius as calculated by the net-average model. In this 

equation the only jSttiog parameta: is the interAcial rigidity. The interAcial rigidity is a 

similar concqrt to Ae bending modulus of surfactant membranes, but in this case it 

reflects the energy provided by the self-assembly of Ae sm Actant molecules to protect 

the dynamic equilArium o f the microemulsion. Values of E& are typically around I KgT; 

values larger than this reflect a more rigid meriArane which normally leads A  a slower
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kinetics of coalescence and solubilization (37). Tbe values o f intcf6cial tension in Figure 

7.6 were used to Gt the model and obtain a value fbr interfacial rigidity, Gnding that -  

2.5 KaT.

While not shown ha^e, the interfacial tension values presaited in Figure 12 also 

&llow Equation 10 and, with the exception of hexane (E^ -  1 KaT), all the o tha oils 

^ w  interfacial rigidities between 1.8 and 2.5 KgT. These somi^Nfhat higher values are 

common in long chain surGictants which have a faalency to Arrm lamellar or liquid 

crystal phases. The increased rigidity of these lecidrin microemulsion systems could thus 

be responsible Gar the larger solubilizadon capacity expwenced by these systems (37,59), 

since both can be rdated to the lei%th of tbe »rr6ctant tail

Condnsions

Lecithin microemulsions were formulated using sorbitol monoleate as Kpophilic 

linker and hexyl polyglucoside as hydrofdrilic linker This formulation was able to 

pfoAice akobol-6ee single-phase microemulsions with isoprr^iyl myristate (IPM) at 

lectihin concentratirm levds k)wer than alcrdiol-based systems rqxnted in the litoature 

The properties of the formulated micromnulmon are also comparable to systems reported 

in the literrdure, with our linker-based systems having slightly smalW dro^et size and 

viscosity Also irx^eesing tenqroature, dectrolyte concentration, pH or ratio of lecithin to 

sorbitol monoleate aU produced a (diase transition of Type H-III-L Furthermore, it was 

possible to formulate mieoemulsions with a wide range of oils while achieving 

solubilization levels twice or higher than linker-based miooemulsions formulated usir%
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alkyl sul&succmate sur&cbmts. Finally it was proposed that the greater solubilization 

capacity o f lecithin microemulsion is due to the longer tail o f the lecithin isomers and to 

tbe rdativdy high rigidity of lecithin microemulsirms. Fiially, thee  is a number o f 

potential applications fbr these kind o f formulations, but a successful application will 

involve a careful consideration of the swies of conditions at ^ lich  t k  formulation will 

be exposed, especially those concerning dilution, temperature and pH changes.
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CHAPTERS

CONCLUSIONS

The purpose of this section is to summarize the knowledge gained in the 

individual sections of this work and highlight some of the overall principles and the most 

relevant issues resulting from the collective work. The implications and potential uses of 

these principles are also discussed. The overall pmjwse of this work was to investigate 

how anfactant membrane properties are affected by formulation conditions and the 

presence of linker molecules, and also how these linke^s participate in the surfactant 

membrane.

In Chapter 2 the net-average curvature model was introduced to scale the net- 

curvature of the surfactant memhrane using the surfactant afGnity difference equation as 

an expression for the difference in chemical potendal of the sur6ctant membrane at a 

given curvature versus the flat or net-zero curvature point which occurs in an optimum 

&)rmulation (wh«ye equal ammmts of oil and water are solubilized). The scaling constant 

(L or later referred to as was &und to be proportional to the extended length of the 

surActant and independent of tempa^ature, type of oil solubilized, presence of 

cosurfhctants and, to a great extent, ind^endent of the presence of linkers. The average 

curvature componmh of the model was used to account 6)r the average size of the 

aggregates in bicontinuos phases. The size of the aggregates ^ould be equivalent to the 

characteristic ler%th of the system (^*) which indicates the maximum radius where the 

aggregates can grow and still maintain a dynamic equilibrium.
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Using this approach it was possible to reproduce the phase volumes, phase transitions and 

solubilization of microemulsion systems In Chapter 2 a disparity was observed between 

the droplet size calculated using the net-average curvature model and the droplet âze 

obtained &om the diSusion studies. This dif&rence is also evident when comparing the 

droplet sizes obtained by small angle neutron scattering (SANS) and dynamic light 

scattering (E&,S) in Chapter 3. In Type I and II microemulsions the net-average curvature 

model underestimated the size of the droplets, but it was consistait with the diaracteristic 

length obtained hcan Type HI systems. From this it was in l^ e d  that the main limitation 

of the net-avM^age curvature model in predicting droplet sizes was that it assumed a 

constant area per molecule of the surfactant, for ah types of microemulsions. Further 

analysis of the scattering curves reveals that the area per molecule of the mrfactant 

decreased by as much as one half in droplet microemulsions (Type I and H) when 

compared to bicontinuous ^stems. A simple correction of the areas showed a close 

correspondence between the model and SANS and DLS nKasurements.

Int«&cial t«ision is anotho^ important property predicted by the net-average 

curvature model. This property was predicted using the droplet size estimated by the net- 

avetage curvatwe model aW a inter&cial rigidity equatitm proposed to relate droplet size 

and inter&cial tension. The concept of interfacial rigidity (Er) was introduced as the 

energy provided by the surfactant membrane to maintain the dynamic equilibrium of the 

aggregates of the solubilized phase (ml or water).

Chapter 4 studied how addition of the hydro;dnlic linker sodium mono and 

dimethyl naphthalene sulfonate (SMDNS) and the lipophilic linker dodecanol affected
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the characteristic length and interfacial rigidity of trichloroethylene microemulsions and 

how it afÎGcted the kinetics of coalescence and solubilization. It was 6)und that the 

addition of the lipophilic linker (dodecanol) increased the characteristic length and 

interfacial rigidity of sodium dihexyl sulfbsuccinate (SDHS) membranes. The addition of 

hydrophilic linker showed the opposite efkct to the lipophilic linkers. The co-addition of 

lipoi[dnlic and hydrophilic linkers had an intermediate eflect. It was discussed that, in the 

case of lipophilic linkers, the increase in rigidity was due to the accumulation of 

dodecanol molecules near the surfactant tails that restricted the mobility of the surfactant 

molecules, thus increasing the rigidity of the surfactant membrane On the other hand, 

since the hydrophilic linker had such a small tail, its co-adsorption with the surfactant leA 

space between surfactant tails that piovidW additional mobility of the surfactant 

molecules. Another important finding in Chapter 4 is that the interfacial rigidity is closely 

related to the activation energy of coalescence and solubilization. Thus the addition of 

linker molecules influences not only the equilibrium but also the dynamics of 

microemulsion formation.

In Chrqyter 5 a wider range of oils is studied, and the more hydrophobic sur&ctant 

AOT is used to formulate linker-based microemulsions. The first inqwrtant result coming 

out of this work is that, when formulating SDHS-alone microemulsion systems, the most 

hydrophobic oil that can be formulated was octane, Wiich shows very limited 

solubilization. Introducing linker molecules, it was possible to h)rmulate microemulsions 

with oils as hydrophobic as hexadecane. When SDHS was replaced by AOT, it was 

possible to formulate microemulsions with oils as hydrophobic as motor oil and squalene.
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An important result anticipated in Chapter 2, and becomes even more evident in Chapter 

7; that while linker molecules can inqnove the solubilization capacity and modify the 

kinetics aspects of microemulsions, the main properties of the systems are dictated by the 

surfactfmt and not the linkers. A simple corollary that is deduced from these results is that 

in linker systems, tl% best formulation (for hydrophobic large molecular weight oils) uses 

a surfactant with a long hydrophobe (which leads to a larger ^°)

Chapter 6 reports on investigations of how hydrophilic and lipophilic linkers self- 

assemble in microemulsion systems. The first stage of that work led to the identihcation 

of the critical microemulsion concentration of the systems without linkers. This is the 

minimum surfactant concentration required to Arm the Srst droplet of bicontinuous 

microemulsion, as deduced from inter&cial tension measurements. It was later found that 

linker molecules could not form middle phase microemulsion by themselves, and that the 

sur6ctant concentration needs to exceed a minimum value before they self-assembly to 

form middle phase microemulsions could occur. The nature of the interactions between 

hydrophilic and lipophilic linkers that makes them behave as a pseudo-surfactant is still 

not clear and future research is needed to investigate these interactions

Chapter 7 applies the concept of linker miooemulsions to f)rmulate non-toxic 

and biocompatible microemulsions for drug, food and cosmetic delivery ^iplications. 

The surfactant used in this case was lecithin, the hydrophilic linker was bexyl glucoside 

and soibitan monoleate was used as the lipophilic linker. The formulations presented in 

this chapter could be considered the most advanced linker formulations to date, not only 

for their biocompatible character but because of the large solubilization experienced by
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these systems, and because it was possible to &)rm microemulsions with oils as 

hydropbc*ic as squalene usang low electrolyte concxmtratioiL The nrnin limitation of this 

and other linker-based microemulsions, as realized in Chapter 5, is that not all the linkers 

segregate at the oil/water inter&ce, and that the partition ejects reduce the efkctiveness 

of the system.

The results of this dissertation can be used in several ways. The net-average 

curvature model can be used as a ûamework 6ir characteiizing future lommlation 

studies. If enou^  systenK are analyzed, a database of constants could be accumulated 

and used in predicting the phase behavior of microemulsion even without the need to 

perform laboratory studies. In the near term, this model could be used in flow simulators, 

such as UTCHEM, for predicting the displacement of oude oil and oily contaminants 

from porous media. This model can help estimate the capillary forces T\irich results &om 

inter&cial tension, density and viscosity of the surfactant/microemulsion phases formed. 

Both density and viscosity could be (Stained from the composition data generated by the 

model.

Relative to linker molecules, this formulation technique has opened a new door to 

formulate micfoenmlsions, giving a whole new set of tools 5»" the colloid chemists to 

formulate surfactant mixtures. From the theoretical point of view, the origin o f the 

interaction between hydrophilic and lipophilic linkers is still unknown and current 

research is underway to Audy this phenomenon using certain spectroscopic techniques.
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APENDIX 1

Modeüng Microemulsion Solubilization and Interfacial Tension: The

Net-average Curvature Model

Abstract:
Microemulsions are nano-structured fluids that can be of three types. Type I 

microemulsions consist of micelles or swollen micelles of 1 to 100 nm filled with oil 

dispersed in continuous aqueous media. The curvature of the surfactant membrane at the 

oil/water interface in type I microemulsion is concave towards the oil (positive). Type H 

microemulsions consist of reverse micelles Glled with water dispersed in oil as the 

continuous phase, and the curvature is convex towards oil (negative). Type m  

microemulsions are bicontimmus in oil and water with net curvatures dose to zero. We 

describe the thermodynamic relevance of the interfacial curvature on the solubilization 

capacity by means of scaling laws and the "surfactant afGnity diff^ence" of 

microemulsions. In addition we introduce a droplet coexistence model to account for 

bicontinuity in Type m  microemuisions. By combining these elements in a simple model 

having one a<^ustable length parameter, we were able to reproduce solubilization curves 

and phase transitions for ionic microemulsions This length parameter was found to scale 

to the extended length of the sur6ctant tail. We also propose a model Rrr interfacial 

tension based on an "average" rigidity model far surfactant membranes. The potential of

' Uns a^gieMix or poitiaosdKreofhas been published previously under the tide "Modeling microenmlsicm 
solnbilizalion and interBacial tension. The net-average cnrvatnre model" in Annnal Meeting Archive - 
American Inslitate of Chemical Engineers, Indianapolis, IN, United States, Nov. 3-8,2002 (2002), 49-58.
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the model for simulating equilibrium properties of this type of nanostructured fluid in 

design applications is described.

Introduction

Microemulsion is a term that re&rs to emulsions of oil and water that are 

thermodynamically stable. Unfortunately the term does not reflect the nanostructure 

nature of this type of systems. The typical "droplet" size of microemulsion systems 

ranges between I to 100 nm (1-3).

Unlike their macro counterpart, microemulsions phase behavior is dictated by the 

thermodynamic conditions at which they are prepared. Despite the previous fact, it is 

very difficult to understand and predict the interrelation between the different 

thermodynamic variables involved (2).

Microemulsion are used as a nanoparticle synthesis media, nanolatex synthesis, 

drug delivery. Food additives, detergent, cleaners and cosmetic formulation (1). The most 

widespread use of microemulsions is as an oil solubilization/displacement media far 

enhanced oil recovery and surfactant enhanced aquifer remediation (4). There are two 

main properties of microemulsion systems that influence the pafbrmance of the 

formulation: solubilization capacity and interfacial tension. There are oth^ important 

propaties such as viscosity, thermal stability, and interfacial rigidity/flexibility that also 

affect the per&rmaihce in particular applications (1,2,4).

To undeiatand microemulsion thermodynamics is necessary to identi^ the 

diffèrent types of microemulsions. According to Winsor, there are three types of 

microemulsions. Type I microemulsions correspond to oil droplets dispersed in
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continuous aqueous media. Type II microemulsiong correspond to wata^ droplets 

dispersed in continuous oil media. Type IE microemulsions correspond to bicontinuous 

n^work of oil and water channds (2).

Several authors have attengAed to formulate equations that predict the 

thermodynamic equilibrium of miooemulsions. Nagarfÿan and Ruckenstein have 

produced a molecular thermodynamic n%)del based on the energy o f transfer of each of 

the congwnents &om the bulk phases to the interfacial phase (5), Huh also generated a 

modd for optimum microemulsion systems (Type IE mio^oemulsions with equal amount 

of oil and water) based on the conformational energy (Van der Walls and electrostatic 

forces) of ahemative layers of oil and water (6). Sa&an and DeGennes among others have 

promoted microscopic models of microemulsions where the ^Aase behavior is obtained 

by scaling methods and by applying membrane medianic concepts to simulate the 

inter&ce behavior (7,8).

Most thermodynamic models mentioned above are either too complicated or use 

paramet«3 imt readily available to fbrmulators. Our objective is design a set of equations 

easy to solve and accurate enough to reproduce the phase behavior of actual 

microemulsion systems.

Our hypothesis to formulate this set of equatirms is that the curvature of the 

inter&ce dictates the phase transition between the diffdent types o f microemulsions. 

Type I microemulsions have a coixave curvature horn the oil paispective (we assume a 

poâtive value). Type II microemulsions have a convex curvature &om the oil perspective 

(n^ative curvature). Type HI microemulsions have a near 2 cro (flat) curvature.
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Model development

Some authors have attanpted to use critical scaling theory to reproduce the 

changes in oil radius (type I microemulsions) (2):

where ^ is a length parameter related to the radius of die oil solubilized in type I 

microemulsions, is a length constant, n is the scaling exponent. is the difference 

on chemical potential between the actual thermodynamic state and the "criticar point.

The key to use the critical scaling theory is to select the appropriate 

thermodynamic variables involved in the process (^, Ap*s and n). According to our 

hypothesis the important variable that deGnes the thermodynamic transition is the 

curvature of the inter&ce. The problem is that we can dehne two curvatures, ather based 

on the oil or on the water present in the microemulsion, as follow:

1 4 V
Oil curvature = —  = — — Eg. 2

1Water curvature ÆFp. = —  = ------------------------  Eg. 3

where "As" refers to the interfacial area provided by the adsorption of the surfactant and 

cosur&ctant at the oil/water interface. Vo and Vw are the volume of oil and water present 

in the miooemulsion system respectively. Ro and Rw are the equivalent radius of oil and 

water droplets. The interfacial area can be obtained using the expression:

271



= Eq.4

where Csi is the initial concentration of the surfactant or cosurfactant "i" , V is the 

volume of the initial sur6ctant solution, N& is the Avogrado's number, as. is the area per 

molecule of the sur6ctant/cosur6ctant "i" and (j), is the fraction of the initial surfactant 

that is present in the microemulsion phase,

It seems natural for a type I microemulsion to think in terms of oil curvature and 

similarly for type II microemulsions to think in terms of water curvature. For systems 

close to type IH microemulsions or type HI microemulsions it makes sense to ask which 

curvature to use in the scaling model. Previous models have chosen either one of the 

curvatures, either choice resulted inappropriate to r^noduce the behavior near type HI 

microemulsions.

We propose a statistical description of the curvature through two additional 

curvatures:

Net curvature  ̂| -  ^ | Eq. 5

i/f o 14- I
Average curvature == ^ ^  Eq. 6

The net curvature describes the curvature of the surActant membrane. In other

words, at optimum Armulation (Vo = Vw) the curvature of the surActant membrane is, m

average, flat because it result Aom the coexistence of local conrave and convex zones. If

the curvature of the membrane only considers one of the initial curvatures, the radius of

oil or water droplets would be infinite to achieve flat curvature^ which is not true. In Act,

the size of the aggregates of water and oil of type 111 mii^oemulsions is finite. The
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average curvature it actually gives the mean size of the aggregates for bicontiauous 

systems.

If we replace equation 2 and 3 in ^piation 6 we obtain:

Eq.7

where is the characteristic length of the microemulsion system as delined by 

DeGennes (8). This characteristic length can be compared to the "correlation length" that 

DeGennes dehned for polymer systems. The correlation length is a thennodynamic 

property of the system that indicates the maximum distance that two polymer chains can 

be separated and still maintain significant interaction. Similarly, for microemulsion, as 

the curvature of the surfactant membrane goes to zo^o (due to added electrolyte or change 

in temperature or other thermodynamic variable), it seems easy &r the droplet of oil or 

water to grow indefinitely. The true is that there is a certain cutoff length beyond which 

the thermal mixing (entropy) prevents a molecule horn being "correlated" to the 

sur&ctant at the interface. This discussion lead to one of the model's constrain:

Eq.8
^  AVE

where is the characteristic length at optimum formulation (the maximum characteristic 

length of the system) that we propose to be equivalent to the correlation length of the 

system.

According to the hypothesis we will use the inverse net curvature instead of oil or 

water radius in equation 1 (^=1/%). To st^ve equation 1, we need an expression h)r
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(A)i*s). Nagai^an and Ruckenstein, Chun Huh, Miller and others have developed these 

kind of expressions but most of them are difficult to solve and they have been developed 

under very particular restrictions so that the parameters are not general or ^ y  to obtain 

(5-7,9).

Salager et al. have developed an empirical expression tor called the 

surfactant affinity difference (SAD) equation that rdated the 6ee energy change for 

transfer the surfactant molecule from the oil to the water phase (10):

For ionic surfactants:

&4D -  yUg

For nonionic sur&ctants:

= ln(A) -  (̂AC2\7 )̂ -  /(A ) + a  -  a,. AT Eq.9

= a -E 0 jV  + hS-X(ACAr)-<6(./4) + Cr^T Eq.lO
7(7 7(7

where R is the gas constant, S is the electrolyte concentration, ACN is the alkane carton 

number of the oil, K is a constant that depend on the sur&ctant, but generally has a value 

between 0.1 and 0 2 , f[A) and ij)(A) are functions of the alcohol type and concentration, 

ct and o are parameters particular of the surfactant. ''aT, are the temperature 

coefficients. The SAD equation takes a value of zero at optimum formulation (VorVw)

If we introduce these changes into equation 1 :

1 7

I  'I 7(7 7

Eq. 11
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where L is a length parameter. The value of the e?q)onent have been rqxxted between

0.75 to 1.2 (2,11,12) We choose an exponent kised on the Kelvin equation, where 

the droplet curvature is proportional to the excess chemical potential. The n^ative sign is 

adjusted to follow the curvature signs assigned to the curvatures.

We also propose a model to estimate the interfacial tenaon of the oil and water 

droplets. Lets consider a microemulsion droplet of oil in water of radius E* (1/Ho) that 

with the presence of the sur6ctant shows an inter6cial tension yo,,. In order to be in 

equilibrium, the overall excess energy of the droplet has to be zero. Therefore the 

surfactant self-assembly has to provide the energy to neutralize this excess energy. Here 

we call this energy the interfacial rigidity or Er:

4 ^ ^ /^  Eq. 12

By comparing this equations with previous equation presented in the literature (5), 

Er = I KaT (Ka is the Boltzman constant) Arr most systems that have liquid-like 

membranes. The values of Er can also be different Grom 1 KgT depending on the packmg 

of the surfactant membrane. R and y, can be either oil or water. Next we will show 

several example applications of the model.

Modd Example Applications

System 1: 4% (0.103 M) sodium dihexyl sulfbsuccinate + limonene + varying 

NaCl@ 2TC, W /0= 1/1.

% = 100 A^/molecule (13), (^=0.99 (measured)
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L = 10Â(6tted)

S* (electrolyte at optimum formulation, SAD = 0): 6.4 % NaCl (from phase 

behavior)

= 44 Â (calculated widi eq. 7 and data from phase behavior)

Er=lKBT(Stted)

For SAD = 0

-In(^*) = - ^ ( Æ A r ) - / ( ^ )  + (T-a^AT Eq. 13

Introducing this expression into eq. 9 and rearranging:

^  h M  %  ML ^  j

The net curvature equation is:

1 1 "
f  SAD-'

_v RT j
= Eq 15

Ro R. L L

The average curvature equation is:

 ̂ -  = 2 Eq. 16

For type I microemulsions, we know the volume of water (initial) and the amount 

of surfactant, therefore we can calculate Rw using equation 3. Using equation 15 we can 

calculate the radius of oil (Ro) for a given electrolyte concentration (S). We can then 

check for the diaracteristic length restriction (equation 16) and if the value is higher than 

the correlation lei%th, then equMions 15 and 16 have to be solved simultaneously for Ro 

and Rw, this would corre^iond to a type m  microemulsion For type II microemulsion Ro
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is known and we solve 6)r Rw. The interfacial tension can be cdculated using equation 

12 with the values of Ro and Rw.

The phase volumes can be predicted using the model by converting the radius of 

the droplets to volumes using equations 2 and 3. The volumes can also be converted into 

solubilization values using the density of oil or water accordingly.

Figure la shows the phase volume diagram for limonene including data and 

model prediction. Figure 1 b shows the interfacial tension curves of the system as a 

function of the dectrolyte concentration.

L im o n en e  p h a s e  v o k im e e  -  s o d iu m  d ihexyi 
B u lb su o c in a te  m ic m e m u b io n

L im o n en e  -  s o d iu m  d ihexy l s d k s u c c i n a t e  
m k x o e m u b io n s  H e i f a d a l  t e n d o n s

10

. 8

§
« 4

0.01 ^2

0.0C:
0 102 4. 8

Figure la. Phase volumes &>r limonene-AMA Figure lb. Interfacial tension &ir
limonene-AMA

The model reproduces the phase volumes and interfacial tension data for this 

limonene system.

System 2: 8% (0.206 M) sodium dihexyl sul&isuccinate + 4% isopropaool + TCE + 

varying NaCl @ 12°C and 32°C, W/0 -  l/I . (14)
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&AMA= 100 Â^/molecule (13), 

(assumed) 

aisopropanoi=30 A^/molecule (13), 

(asaimed)

L = 10 A(6tted)

Normalized formulation, S/S* 

= 51 A (calculated)

O w a m la n a il i  e t  a l  (14), 12°C  

N et- A v e rag e  c i e W u r e  m o d e l 

a  D w arak a n a tti e t  e l t1 4 ), 23°C T w e  II

T y p e  III

z  0 .3  4

» 0.2

& 4  0 6  o a  1

N o rm ^ iz e d  ealinH y B/S*

Figure 2. Phase volume for TCE-AMA- 
isopropanol with normalized salinity system

Figure 2 shows that the model reproduces well the phase volume for this

chlorinated polar hydrocarbon (EACN -  -3.8) at this two temperatures. Note that for this

system we keep the same length parameter as used for limonene.

System 3: 1.6% wt. sodium dodecyl sulfate + 2.4% wt. peitanol -  hexane (15)

asDs= 60 A^/molecule (13)

<|)i=l (assumed)

apentanoi=30 A^/molccule (13)

<|)i=l (assumed)

L -  20 A (Gtted)

S*=5.65%NaCI

= 415 A (calculated)

Figure 3. Solubilization curves for a hexane-SDS-pentanol- 
brine system.

....

G2 6 4% wt. Naa
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For the SDS system, the sur&ctant has the same number of carbon in the 

hydrophobe as AMA (12 carbons). In AMA the tail length is ^proximately 9Â and for 

SDS 18Â. The length parameter 'T" seems to scale with the extended length of the 

sur6ctant tail This result is supported by Miller et al.. Filext we will show how to solve 

the system for a nonionic system.

System 4: 0.7% wt. C10E4 -  octane (16) 

acioE4 = 50 A^/molecule (13)

L -  20 Â (Aled); PIT= 25°C (16); -  232 Â (16); Er = 3 KgT (Stted), CT = 0.054 (2)

Note: PIT or phase inversion temperature is considered at the middle of the type HI

region.

;
L

.90)c
a
mo
jS

04 #

001

0.001 #

O.WOI
10 20 30 40 50 60 70

Temperaiture, cebius

Figtire 4. Interfacial tension curves Air C10E4-octane system.
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Figure 4 shows that the net-average curvature method can also be used to 

reproduce the behavior of noniomc surjetants. The length parameter L resulted higher 

than expected (17Â) probably due to partial adsorption of the Grst ethoxy group on the oil 

side of the interjce.

Summary

The neat-average curvature model presented in this work was able to reproduce 

the solubilization and interfacial tension of real microemulsion systems (ionic and 

nonionics). The only Gtted parameter used by the model is a length scale (L) that is 

proportional to the extended length of the surfactant tail.

The other important parameters, the correlation length (^*) and the fm^mdatkm 

variables are obtained by experimental methods. Many of these parameters are already 

available in the literature or can be deduced 6om published phase behavior systems.

The interfacial rigidity, also actuated in these studies, is a paramete^ vey  difficult 

to measure and that often shows a large standard deviation. The Gtting method used here 

may be the most simple and signiGcant for these kind of systems.

There aie certain simpliGcations used in this method such as neglecting the 

volume of the surfactant itself) the presence of a palisade layer for polar oils which exists 

in addition to the core solubilization calculated by the radius of oil and water (it is 

included in more advances versions of the model). And maybe one of the most important 

simpliGcations is neglecting the changes in curvature due to liquid crystalline or sponge 

phases, where the net curvature can be flat but there is little or no solubilization of oil.
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The simplicity of the model makes it suitable for use in hydrodynamic models for 

sur6ctant flooding, per&rmance analysis of potaitial Annulations, moleoilar design of 

surfactants Ar particular application (optimum L, S*, PIT, etc), prediction of the average 

size of nanoscale aggregates (Ro,Rw), etc
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APPENDIX 2

Turbidity curves used to determine the kinetics of coalescence in linker

microemulsions (Chapter 4).
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Figure 1. Turbidity curves (triplicates) for the system: 0.103M
sodium dihexyl sul&succinate (SDHS) - TCE. Coalescence kinetic

constant: 0.07 +/- 0.03 cm/s
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Figure 2. Turbidity curves (triplicates) Ibr the system: 0 .103M
sodium dihexyl sulfosuccmate (SDH S), 0.09M  dodecanol - TCE.

Coalescence kitietic constant: 0 .0 0 2 8 + /-0 .0 0 0 8  cm/s
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Figure 3. Turbidity curves (triplicates) for the system: 0.103M 
sodium dihexyl sulfbsuccin&te (SDHS), 0.09M sodium mono and 
dimethyl naphthalene sulfonate (SMDNS) - TCE. Coalescence 

kinetic constant 0.18 +/- 0,06 cm/s
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Figure 4. Turbidity curves (triplicates) for the system: 0.103M 
sodium dihexyl sulfbsuccinate (S)HS), 0.09M dodecanol, 0.09M 

sodium mono and dimethyl naphthalene sulfonate (SMDNS) - TCE. 
Coalescence kinetic constant: 0.045 +/- 0.02 cm/s
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Figure 5. Turbidity curves (triplicates) for the system: 0.103M 
sodium dihexyl sulfosuccinate (SDHS), 0.045M dodecanol - TCE. 

Coalescence kinetic constant: 0.042 +/- 0.01 cm/s
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Figure 6. Turbidity curves (triplicates) for the system: 0.103M
sodium dihexyl suhbsuccinate (SD H S), 0.045M  SM DNS - TCE.

Coalescence kinetic constant: 0.10 + /- 0.03 cm/s

288



1

0.9

<
Eo

0.8

0.7
0.6

0.3

0.2

0.1

0
500100 200 300 400 6000

100 1 

90 -I

80 -i

70

60

50

40

30

20^
10

0

time, seconds

B

y = 0.033X +  ̂
R= = 0.9565 y = 0.029X + 4 

Ff = 0.9255
y = 0.0332% + 4 

R' = 0.9583

100 200 300 400 500 600
Orne,seconds

Figure 7. Tuibidity curves (triplicates) 6)r the system: 0 .103M  sodium
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TCE. Coalescence kinetic constant 0.031 +/- 0.003 cm /s

289



f  0.4 -I

100 200 300 400
tm e. seconds

500 600

100
90
80
70

Eo 60 -
"O OU

40 -
30 -
20
10
0 ^

B

y = 0.0328x+4
0.868

y = 0.0119X+ 4 
= 0.9036

y = 0.0159X+ 4

0 100 200 300 400
time, seconds

500 600

Figure 8. Turbidity curves (triplicates) 6)r the system: 0 .103M  sodium
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APPENDIX 3

Small Angle Neutron Scattering Studies of Linker-Modified Toluene

Microemukions.

Summary

Here middle phase microemulsions formulated with sodium dihexyl 

sulfbsuccinate (SDHS), containing equal amounts of toluene and w at^ (optimum 

A)rmulation) and varying concentrations of lipophilic linker dodecanol and hydrophilic 

linker sodium mono and dimethyl naphthalene sulfonate (SMDNS) whore studied using 

small angle neutron scattering (SANS). The charactaistic length of these linker 

microemulsions was obtained after adjusting SANS scattering curves obtained using a 

bulk contrast technique. This contrast was obtained by matching the neutron scattering 

length density of the sur&ctant membrane with that of the oil phase and using doiterated 

water to contrast the water domains. The results show that adding lipophilic linkers 

increase the characteristic length of the microemulsion system, adding hydrophilic linkers 

reduce the charadroistic length and combinations of both linkers produces an 

intermediate value of this parameter, similar to that of the original surfactant 

microemulsion. These results confirm earlier values of characteristic length calculated 

based on solubilization values obtained in linker microemulsions, which supports the 

schematic of the linker effect proposed in Chapters 4 through 7 of this dissertation The 

thickness of the surfactant film was also studied using the 61m contrast technique where 

the neutron scattering length density of water and toluene are matched by mixing the
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^)propnate proportions of hydrogenated and deuterated species of toluene and water. 

Adding hydrophilic linker SMDNS signiScantly reduced the thickness of the sur6ctant 

membrane, adding lipophilic linker dodecanol showed a slight increment of the thickness 

although the magnitude of the increment was not statistically signihcant. The SANS 

measurements of characteristic length and thickness of the surfactant membrane were 

consistent with the current model of linker segr^ation at near the oil/water interface and 

also validate the use of solubilization values to estimate the characteristic length of these 

systems.

Imtroductiom

The general objective of this study is to charact«ize linker-based microemulsions, 

with special attention to the characteristic length and thickness of the surfactant 

membrane upon addition of linker molecules. Thus far the value of characteristic length 

in linker-based microemulsion has been obtained using the characteristic length 

eqtression based on solubilization initially proposed by DeGennes et al (1,2):

As

where (|)o , are the volume fractions of oil and water in the middle phase 

microemulsion, respectively, Vm is the total volume of the middle phase microemulsion 

(in A^, and As is the interfacial area making up the surfactant membrane by the 

sur6ctant, cosurfactant and hydrophilic linkers (in Â )̂. The interfacial area can be 

calculated as:
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*<p/6.023 *10^ Eq.2

where Cs; is the initial concentration of the snrActant "i" in the aqueous solution, Vw is 

the initial vohime of the aqueous solution in the system, cpi is the haction of surfactant, 

cosurfactant or hydrophilic linker in the middle phase microemulsion (with respect to the 

total surfactant concentration) and a; is the area per molecule of the surfactant "i".

When Equation 1 was applied to link^-based microemulsion systems it was 

found that adding lipophilic linkers increased the characteristic length, while adding 

hydrophilic linker reduce this value and a combination of hydrophilic and lipophilic 

linkers produced an intermediate effect (3,4). These calculations ^vhere made based on 

assumptions that the hydrophilic linker coadsorbed with the sur6ctant at the oil/water 

inter&ce thus increasing the interfacial area As, but since adding hydrophihc linker does 

not contribute to increase oil solubilization (5) it was anticipated the characteristic length 

to decrease in these syMems. Another important assumption r^arding the s^egation  of 

the lipophilic linker is that it segregates near the sur6ctant tails but that it does not 

coadsorb at the oil/water interface and thus it does not contribute to the inter6cial area 

As. Since the addition of lipophilic linker increases the solubilization of oil (5) but not the 

inter&cial area, it was expected that adding lipophilic linkers would increase the 

characteristic length of microemulsions.

There were good masons &r the assumptions made above, such as the effect of 

lipophilic and hydrophilic linkers on the formulation variables, and the partition of these 

additives into the different phases (6,7,8). Despite these compelling reasons, there were
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no confirmation of such phenomena with spectroscopic techniques that would test such 

conformation of these molecules at the oil/water internee.

Based on the assumptions for linker segregation described above, it is also 

expected that the addition of linker molecules would impact the thickness of surfactant 

membrane. Specifically, since hydrophilic linker is assumed to coadsorb with the 

surfactant at the oil/water interface and having a short length (8), it is expected that the 

sur6ctant membrane would shorten upon addition of hydrophilic linkers. In contrast, 

since lipophilic linkers have been found to segregate near the oü/water inter6ce in a 

Langmuirian style, it has been calculated that in the case of dodecanol in 

tetrachloroethylene microemulsions, segregation values as high as 1 molecule/nm^ have 

been found, ndiich corresponds to an average increase in sur&ctant membrane thickness 

of 1.7 Â (9). Based on this calculation, it is expected a slight increase of the surfactant 

membrane thickness when using lipophilic linkers.

The hypothesis of this work is that such assumptions regarding the segregation of 

hydrophilic and lipophilic linker molecules are valid and that the characteristic length and 

surfactant membrane thickness determined using SANS scattering curves would reflect 

the predicted trends described above.

In SANS a neutron beam of wavelength X is passed through the sample and the 

intensity of neutron scattaing I(q) is obtained as a function of the magnitude of the 

scatteiing vector (q), where q—[4nsin(8/2)]/X and 8 is the scattering angle^. The

In this woik scattering was isotropic. The discussion and analysis assumes this convention
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relationship between I(q) versus q has two main contributions: scattering due to 

interference between aggr^ates, the structure factor (S(q)), and scattering due to the size 

and shape of the individual aggregates, the form factor (P(q)). The overall scattering 

pattern can be written as I(q)=P(q)*S(q) (10). The appropriate expressions for a number 

of structures and harm &ctors can be Rxmd elsewhere (11).

Experimental Section 

Microemuhiion phase behavior studies.

Microemulsion systems were formulated using sodium dihexyl sul&succinate 

(SDHS) (Fluka brand, 80% aqueous solution), toluene in either its hydrogenated form 

(Adrich brand, 99+%) or in its deuterated form (Aldrich brand, 99+%), nanopure water 

(18 Mfl/cm, Bamstead Nanopure® Infinity Base system) and/or deuterated water 

(Aldrich brand, 99+%), hydrophilic linker sodium mono and dimethyl naphthalene 

sulfonate (SMDNS) (Witco, 95+%) and lipophilic linker dodecanol (Aldrich brand, 

98%). The SDHS concentraticm was kept constant at 4% w/v (O.IOM). Sodium chloride 

(Fisher brand, 99.9+%) was added in increasing amounts to obtain the phase transition 

between microemulsion phases Type I-HI-II for each series containing various 

combinations of surfactant and linkers. The oil to aqueous volume ratio was k^pt at 1/1 

by adding 5 ml of aqueous solution containing the prescribed surfactant and electrolyte 

concentrËion to 5 ml of toluene in a 15-ml flat bottom test tube sealed with a Teflon- 

lined screwed cap. After mixing, the systems were kept at room temperature (300K) and 

leA to equilibrate for two weeks be&re analysis. The surhtctant (SDHS) and hydrophilic
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linker (SMDNS) concentrations in the microemulsion phase was measured using a 

Dionex 500 ionic chromatogr^hic system, the toluene concentration was obtained using 

a UV-YIS Hewlett Packard model 8452 diode array spectrophotometer set at a 

wavelength of 260 nm. The concentration of dodecanol was determined by gas 

chromatography using a direct injection Varian 3300 system equipped with a 

hydrophobic capillary column SPB20 (30m * 0.5 mm) and FID detector The phase 

volumes of the bicontinuous systems were obtained by measuring the heights of the 

separated phases. Additional exp^imentai details can be found elsewhere (3,4,8)

Table I summarizes the formulation of optimum middle-phase microemulsions.

Table 1. Summary of optimum formulation of 
varying amounts of hydrophilic linker SMDNS and

SDHS-toluene microemulsions with 
lipophilic linker dodecanol

NaCl, Linktr Linker Contrast Surfactant Hydrqdiilic L ip o^ h c V(dume
g/lOOml [SMDNS] [C120H] SDHS linka-SMmiS linker C120H midoemu]

of molar molar %Tolnme % volume % volume (ml)
aqueous &actiimin ûactinnin fraction in
solution microemulsian microemulsi(m microanulsimi

phase ^Aase phase
0 D W /Ô " N.A. K A ^ 1 9 3

4.4 0.045 0 D W /0 98 50 N.A. 2.00
6.7 0.09 0 DW /O 99 48 N .A 2.29
10.4 0.135 0 D W /0 98 49 N .A 2.58
2.15 0 0.045 DW /O 99 N.A. T.B.D. 1.69
1.7 0 0 0 9 D W /0 98 N.A. T.B.D. 1.86
1.3 0 0.135 DW /O 100 N .A . T.B.D. 1 9 3
3.4 0.045 0.045 DW /O 99 57 T.B.D. 1/71

4.15 0.09 0.09 DW /O 97 54 T.B.D. 2.07
5.1 0.135 0.135 DW /O 99 56 T.B.D. 2.57

8.15 0.135 0.045 DW /O 98 59 T.B.D. 2.00
6.45 0.135 0.09 DW/O 100 58 T.B.D. 2.14

4 0.135 0.18 DW /O 99 55 T.B.D. 2.79
2.3 0 0 DW/DO 100 N .A N .A 2.3
2.8 0 0 DW/DO 99 N.A . N .A 1 9 3
3.3 0 0 DW/DO 100 N .A N.A. 2.4
6.7 0.09 0 DW/DO 98 50 N .A 2.30
1.5 0 0.09 DW /DO 100 N .A T.B.D. 1.88
4.1 0.09 0.09 DW/DO 99 55 T.B.D. 2L10
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Neutron mattering eiperimenta.

Neutron scattenng experiments were per&rmed at the National Institute of 

Standards and Tedmology (NIST) Center for Neutron Research (NCNR, Gaithersburg, 

MD) NG7-30m SANS instrument using a nartron beam with X = 6Â with the detector 

positioned at three diSerent distances (Im, 4m and 15m) to give a combined q-range 

between 0.004 to 0.5 A '\ The two dimensional scattering data obtained at the three 

diGerent distances were normalized, masked, and integrated to an I vs. q form for each 

distance, and later condiined into a single I vs. q curve far each sample using the SANS 

data reduction soAware available through the NCNR website (11). The combined I vs. q 

data was later modified by subtracting the scattering background inherent to the amount 

of water and toluene present in each system. The measurements were made at room 

tempa^ature with 1-mm cell path length titanium cells assembled using Teflon o-iings to 

prevent leakage of the toluene-containing samples.

Two types of contrast techniques where used in these experiments, water-od 

contrast (noted as DW/O in Table 1) and 61m contrast (noted as DW/DO in Table 1).

To achieve the oil-water contrast, only 100% deuterated water with a neutron scattering 

length denâty of SLD= 6.3E-6 was used; toluene, SDHS, SMDNS and dodecanol 

were used in its hydrogenated form. The SLD of surfactants, linkers and toluene were 

close (within 5% deviation) to a value of SLD -  0.8 E-6 A' .̂ The absolute contrast in 

DW/O experiments was ASLD = (6.3 - 0.8) E-6 A'  ̂= 5.5 E-6 A' .̂ In the case of 61m 

contrast experiments a mixture of 90% deuterated water (SLD= 6.3E-6 A'^) and 10% 

hydrogenated water (SLD= -0.56E-6 A'^) was used to match the neutron scatt^ing of
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100% deuterated toluene (SLD= 5 .6E-6 Â'^) used in this set of experiments, in which 

case the scattering length density o f SDHS, SMDNS and dodecanol is approximate 0.8 E-

6Â".

The scattering curves obtained using the water-oil contrast were analyzed using 

the Traihner-Strey model (12,13):

I./(g) = Eq. 3

where a : , ci and are the fitting constants which are used to calculate the characteristic 

length (^) of the bicontinuous microemulsion:

i l l
2 ! I f l  

4 c.
Eq.4

The other parameter obtained from Equation 3 is the periodicity parameter d':

i f * ]
Co

l i L
4 Co

- 1 / 2

Eq.5

In the case of Elm contrast studies, the most important information regarding the 

thickness of the surfactant membrane can be obtained from the scattering proEle at high q 

values (14). Here we use the expression proposed by Strey et al. for monolayer sponge 

phases and microemulsions studied using Elm contrast (15):

/(g) = 2 # ,  2^
a.

Eq . 6

where <|)B is the volume Eaction of the surfactant, Va is the molecular volume of the 

surfactant (--650 Â^/molecule for SDHS), a, is the area per molecule of the surfactant. An
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is the SLD contrast (-  4 .8 E-6 t=d/(2%)°^ where d is the thickness of the sur6ctant

Elm.

Results and Discussions

Table 2 sunrmarizes the morphological parameters obtained for the series 

presented in Table 1 aAer fitting the scattering curves to the ^profniate models described 

above.

Table 2. Small angle neutron scattering (SANS) morphology for the system SDHS -
SMDNS - dodecanol - tolu*:ne system S.
NaCl, fSMDNS] [C12ŒÏ] Contrast Model Morpbology parameters
g/100

ml
b 0 DW/O Teulmer - Strey  ̂= 69 A ,d '= 2 3 6 A

44 0.045 0 DW/O Teubner-StTQf !| = 69A ,<r=206A
6.7 0.09 0 DW/O Teubner-Strey  ̂= 64 A ,d '= 1 9 8 A
10.4 0.135 0 DW/O Tenbner - Strey ^ = 5 5 A , ( P = 1 9 6 A
2.15 0 0.045 DW/O Tetibner - Strey ^ = 9 2 A , d ' ^ 3 0 0 A
1.7 0 0.09 DW/O Teubner - Strey ^ = 9 2 A ,d ^ = 2 69 A
1.3 0 0.135 DW/O Teubner - Strey 101 A , J :  347 A
3.4 0.045 0.045 DW/O Teubner - Strey !̂  = 66 A , d -  257 A
4.15 0.09 0.09 DW/O Teubner - Strey  ̂= 7 0A ,d '= 2 9 3 A
5.1 0.135 0.135 DW/O Teubner-Strey  ̂= 73 A . (î= 243 A

8.15 0.135 0.045 DW/O Teubner - Strey  ̂= 66A,cP=230A
6.45 0.135 0.09 DW/O Teulmer- Strey  ̂= 72 A ,d '= 2 5 5 A

4 0.135 0.18 DW/O Teubner - Strey g = 7ZA,d '=226A
2.3 0 0 DW/DO Strey - Winkler - Magid d = 7.0 A, a, = 91 A^/mol
2.8 0 0 DW/DO Strey - Winkler - Magid d = 6 .6A,a;= 116A^/mol
3.3 0 0 DW/DO Strey - Winkler - Magid d = 6.5A,a; = 99 A^/mol
6.7 0.09 0 DW/DO Strey - Winkler - Magid d = 5.8 A, a, = 88 A^/mol
1.5 0 0.09 DW/DO Strey - Winkler - Magid d = 7.0 A, a, = 105 A '̂/mol
4.1 0.09 0.09 DW/DO Strey - Winkler - Magid d = 6.7 A, a, = 110 A^/mol

^ correlation length of bicontinuous microemulsions, d': is the periodicity of the 
bicontinuos domain size, a,: area per molecule of the sur&ctant.

Figures 1 through 5 present the scattering curves corresponding to the selected systems

presented in Table 2
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Figure 1. Scattering curves for the system O.IM SDHS and varying concentration of 
hydrophilic linker SMDNS using oil-water contrast.
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Figure 2. Scahering curves for the system 0. IM SDHS and varying concentration of 
lipophilic linker dodecanol using oil-water contrast.
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Figure 3. Scattering curves for the system 0. IM SDHS and varying concentration of 
lipophilic and hydrophilic linkers added in equimolar ratio using oil-water contrast.
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Figure 4. ScaMering curves for the system 0. IM SDHS, 0.135M SMDNS and varying 
concentration of lipophilic linker dodecanol using oil-water contrast.
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Figure 5. Scattaring curves for the system 0. IM SDHS, and varying concentration of 
lipophilic linker dodecanol and hydrophilic linker SMDNS using film contrast.

Figures I through 4 were adjusted using the Treuhner-Strey model and plotted as 

a thin solid line, which becomes indistinguishable among the scattering data points. 

Figure 5 shows the Gt of the sponge phase model at large q.

The characteristic length values in Table 2 conGrm the hypothesis initially stated 

6)r this project that hydrophilic linkers coadsorb with the main surfactant but lacking of 

interaction with the oil, produ(% a reduüion of the characteristic length of the 

microemulsion. Lipophilic linkers segregate near the surfactant tails (without adsorbing 

at the oil/water inter6ce), serving as an extension of the sur6ctant into the oil phase, thus 

increasing the characteristic length of the microemulsions. The combination of Hokers
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produced an intermediate characteristic length very similar to that of the sur&ctant-only 

microemulsion system.

Figure 6 compares the values of characteristic length obtained using Equation 1 

and the solubilization data in Table 1 and the characteristic length values obtained after 

fitting the Treubner-Strey model to the scattenng curves in Figures 1 through 4.

0 0%  0.1 0.15 0.2
Linker concentration, M 

D SMDNS only- SANS — m—  SMDNS only - volume
— A—  dodecanol only - SANS — wk—  dodecanol only - volume

— 0— SMDNS/dodecanol=1/1 - SANS — #— SMDNS/dodecanol=1/1 - volume
O 0.135M SMDNS, dodecanol-SANS #  0.135M SMDNS, dodecanol-volume

Figure 6. Characteristic length of linker microemulsions obtained using solubilization 
data (labeled as volume series) and small angle neutron scattering (SANS).

Figure 6 help to corroborate the close correspondence between the characteristic

length calculated based on solubilization data and Equation C aiid the characteristic

length values obtained h^om SANS profiles. While the values obtained using

solubilization data seem to be consistently lower than SANS values, this could be due to
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the area per molecule of SDHS used in Equation 1 (lOOÂVmolecule, see reference 3), 

which according to the area molecules in Table 2 could be as low as 90 A^/molecule.

In terms of the thickness of the surfactant membrane obtained using the 61m 

contrast experiments, the values &r SDHS-toluene system offer an average thickness of 

6.7 Â with a standard deviation of 0.26 Â. The system containing 0.09M of SMDNS 

shows a signiEcantly shorter membrane thickness (5 .8 A), which is consistent with the 

initial hypothesis of hydrophilic linker coadsorption The system containing 0.09M of 

dodecanol had a oKmbrane thickness of 7.0 A, which is almost within one standard 

deviation of the original membrane thickness and thus can't be claimed as signiRcantly 

larger membrane thickness althou^ the trend can be noted. While the claim of increased 

membrane thickness can't be made, it is important to highlight that this was a somewhat 

predicted outcmne. The membrane thickness calculated on the basis of dodecanol 

segregation suggested an increase in thickness that at best would be slightly larger than 1 

A An increase of 0.3 A is within the expected value, but with t k  disadvantage that is 

also of the same magnitude of one standard deviation of the original membrane thickness.

Additional studies on dynamic light scattering and NMR self difiission studies 

will be performed to gain a better understanding of the nature of the interaction between 

linkers and surfactant. These SANS studies have helped clarif)' some of the aspects 

relating the segregf^on or adsorption of linker molecules but still the nature of the 

interactirms taking place remain mostly unknown.
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