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During the last two decades colloid and interface science in the field of 

supercritical fluid technology has brought enormous potentials in the utilization of 

supercritical carbon dioxide as an environmentally benign solvent.  Liquid or 

supercritical CO2 exhibits solvent properties that are tunable with pressure, and is 

essentially nontoxic and nonflammable.  Emulsions and microemulsions of 

water and CO2, whether in the form of water-in-CO2 (w/c) or CO2-in-water (c/w), 

offer new possibilities for separations on the basis of polarity, and as media for 

reactions between polar and nonpolar molecules.  For the first time, formation of 

thermodynamically stable c/w microemulsions was characterized by dynamic 

light scattering (DLS) technique.  High-pressure carbon dioxide swells 
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potassium carboxylate perfluoropolyether (PFPE-K) cylindrical micelles in water, 

elongating the micelles significantly from 20 up to 80 nm.  As the micelles swell 

to form microemulsions, the solubility of pyrene increases by a factor of ca. 10.  

It was demonstrated w/c microemulsions may be formed with nonionic 

hydrocarbon surfactant.  Methylated branched tail of the surfactant enhances 

formation of stable w/c microemulsions as it raises surfactant solubility in CO2, 

shifts the curvature towards bending about water, and weakens interdroplet 

interactions by reducing overlap between surfactant tails.  As a novel medium 

for reactions, w/c microemulsions with low water content are utilized for the 

synthesis of TiO2 nanoparticles via the controlled hydrolysis of titanium 

tetraisopropoxide.  The size of particles could be controlled by adjusting the 

water-to-surfactant ratio (wo).  Based on DLS measurements, the size of TiO2 

particles was comparable to that of the microemulsion droplets indicating steric 

stabilization was sufficient during the rapid hydrolysis.  Finally, electrostatic 

repulsion between water droplets of w/c emulsion was explored as an alternative 

to the steric stabilization mechanism.  Negative zeta-potentials as high as 70 mV 

are measured for emulsion droplets by microelectrophoresis.  Unprecedented 

crystalline structure of the droplet array with a spacing of several droplet-

diameters is identified by microscopy, and investigated in terms of a balance 

between long-range electrostatic repulsions acting through the low dielectric 

medium (εr = 1.5 for high pressure CO2) and the gravitational force which tends 

to decrease inter-droplet distances. 
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CHAPTER 1 

Introduction 

Over the last decade, a number of colloids have been discovered in carbon 

dioxide including microemulsions, miniemulsions, macroemulsions, polymer 

latexes and solid dispersions of metals and metal oxides.  The first generation of 

research involving colloids in SCFs addressed water/oil microemulsions1,2 (w/o) 

and polymer latexes in ethane and propane as reviewed elsewhere. 3-5  This work 

provided a foundation for studies in CO2 which has modestly weaker van der 

Waals forces (polarizability per volume) than ethane.  Consequently, polymers 

with low cohesive energy densities and thus low surface tensions are the most 

soluble in CO2, e.g., fluoroacrylates6, fluorocarbons, fluoroethers7, siloxanes, and 

to a lesser extent propylene oxide.  Since CO2 is nonpolar (unlike water) and has 

weak van der Waals forces (unlike lipophilic phases), either lipophilic or 

hydrophilic phases may be dispersed in CO2.  Surfactants with the above types 

of “CO2-philic” segments and a “CO2-phobic” segment have been used to form 

microemulsions8,9, emulsions10,11 and organic polymer latexes12 in CO2.  

Microemulsion droplets are typically 2 to 10 nm in diameter making them 

optically transparent and thermodynamically stable, whereas kinetically stable 

emulsion droplets and latexes in the range of 200 nm to 10 µm are opaque and 

thermodynamically unstable.   
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This thesis examines the behavior of both microemulsions and 

macroemulsions of water and carbon dioxide.  In this chapter, a brief 

introduction is presented for each of the primary chapters in this thesis.  Next, 

the objectives and abstract of each chapter are presented. 

 A key objective for water-in-CO2 microemulsions has been to achieve 

stability with hydrocarbons surfactants instead of fluorocarbon surfactants, which 

are expensive and often toxic (Chapter 3).  Although fluorocarbon stabilized 

water-in-CO2 microemulsions have received significant attention, few studies 

have examined CO2-in-water microemulsions (Chapter 2).  Whereas the 

surfactant must produce low interfacial tensions in each case, on the order of 1 

mN/m, the different curvatures for the two types of microemulsions leads to 

major differences in the hydrophilic-CO2 philic balance of the surfactant.  As an 

application of water-in-CO2 microemulsions, TiO2 particles are synthesized in 

these microemulsions in Chapter 4.  The last two primary chapters discuss 

electrophoresis and electrostatic stabilization of water droplets in a carbon dioxide 

continuous phase.  Prior to these studies, steric stabilization was always used to 

form colloids in CO2.   

1.1 WATER-IN-CARBON DIOXIDE MICROEMULSIONS 

Water-in-CO2 (W/C) microemulsions9,13 and macroemulsions10,14 may be 

utilized as environmentally benign nontoxic solvents in chemical processes. The 

solvent quality of compressed CO2 may be tuned with pressure and temperature to 
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manipulate the solvation of surfactant tails and consequently the properties of the 

microemulsion. Its readily accessible critical temperature (Tc = 31.1 °C), low 

surface tension, and low viscosity offer advantages in a wide range of applications 

including extraction15, polymer processing, 16,17 phase transfer reactions and 

catalysis 18, enzymatic catalysis, 19, polymerization, processing of microelectronic 

devices,20,21 and synthesis of nanocrystals.22,23 Many of these processes may be 

enhanced by W/C micro- and macroemulsions. However, the formation of stable 

W/C emulsions or microemulsions is challenging due to the unusually strong 

attractive interdroplet interactions resulting from the weak solvation of the 

surfactant tails by CO2.24 25,26 The weak tail solvation is due primarily to the low 

polarizability density of CO2 compared to organic solvents.27 A great deal of 

effort has been directed in designing surfactants with an effective ‘CO2-philic’ 

tail, since relatively few conventional surfactants are soluble in supercritical 

CO2.28 

To date, only surfactants with one or more fluorocarbon tails, which have 

low polarizability densities, have been shown to form W/C microemulsions (2 to 

5 nm in diameter) with a significant amount of water per surfactant molecule. A 

wider range of surfactants stabilize W/C macroemulsions with droplet sizes from 

0.1 to a few µm. Perfluoropolyether, 14 and poly(dimethylsiloxane), 10,29 segments 

have been used as surfactant tails to form concentrated macroemulsions with 

stabilities of many hours. Steric stabilization of metal and semiconductor 
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nanocrystals in liquid or supercritical CO2 has been achieved with fluorocarbon 

ligands,30 but not with hydrocarbon ligands. 

The formation of W/C microemulsions and macroemulsions with 

hydrocarbon surfactants is of significant industrial interest due to the high cost 

and potential toxicity of fluorinated surfactants. Consani and Smith tested over 

130 commercial surfactants for solubility in CO2, and found that none of them 

formed W/C microemulsions.28 McFann looked at the effects of tail branching 

and methylation for a variety of hydrocarbon surfactants, many of which were 

ionic. 31 It was found that surfactants with highly methylated and branched 

hydrocarbon tails along with nonionic EO head groups were much more soluble 

in CO2 than those based on linear alkanes. 

Dilute W/C emulsions have been formed with a triblock copolymer 

surfactant, poly(propylene oxide-b-ethylene oxide-b-propylene oxide), Pluronic 

17R4 indicating interfacial activity for this surfactant. 10 Notice that each 

propylene oxide unit contains a methyl branch. A particular poly(ether-carbonate) 

copolymer was found to be CO2-philic and capable of forming emulsions of CO2 

and water.32 The addition of methyl groups to sulfosuccinate surfactants has 

enhanced their solubility in CO2 markedly and led to the formation of reverse 

micelles in pure CO2, as demonstrated with small-angle neutron scattering for 

sodium bis(3,5,5-trimethyl-l-hexyl)sulfosuccinate (AOT-TMH).33 This 

methylated surfactant was further shown to form stable dilute emulsions and 
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miniemulsions with reduced flocculation.34 However, it did not form 

thermodynamically stable W/C microemulsions. This limitation is due in part to 

the unfavorable partition coefficient between water and CO2 and the inability of 

CO2 to fully solvate the surfactant tails, as required to screen interdroplet 

interactions. 

It is well established that phase separation of microemulsions can arise 

from either interdroplet interactions or greater curvatures than the natural 

curvature of the interface both for water-in-oil (W/O)35 and water-in-supercritical 

fluid36,37 microemulsions. The natural curvature is defined as the preferred 

curvature for a single drop and is independent of interdroplet interactions.  The 

natural curvature is influenced by the packing parameter of the surfactant or the 

ratio of the area of the tail to head group,   

p = vt/ahl 

where vt is the volume of the tail, ah is the area/head group and l is the length of 

the tail.  The natural curvature may be defined more rigorously in terms of the 

hydrophilic-CO2 -philic balance (HCB). 

WWHHHW

CCTTTC

AAA
AAAHCB

−−
−−

=/1  

where Aij is the interaction energy (treated here as a positive quantity) for the 

various interactions between CO2 (C), surfactant tail (T), water (W) and surfactant 

headgroup (H).  This ratio is analogous to the well-known Winsor R ratio for a 

surfactant between an oil and water.  For 1/HCB > 1, the surfactant prefers the 
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CO2 phase, leading to W/C microemulsions.  In this case the favorable ATC 

relative to ATT, spreads the tail side of the interface relative to the headgroup side 

to bend the interface about water.  Likewise, for 1/HCB <1, the surfactant 

prefers the aqueous phase and the interface bends about CO2 leading to a C/W 

microemulsion.  For example, a surfactant with a relatively short CO2-philic 

group prefers water and forms a C/W microemulsion, whereas one with a longer 

tail forms a W/C microemulsion.  

Interdroplet interaction and natural curvature phase boundaries are 

commonly referred to as the haze (or cloud) point curve and solubilization curve, 

respectively. When crossing the solubilization boundary, almost pure water is 

squeezed out of the droplet core to accommodate the natural curvature. Here, the 

actual droplet radius would be too small for the natural radius. On the other hand, 

phase separation due to interdroplet interactions results from tail-tail interactions 

between droplets due to insufficient solvation of the tails. Here, surfactant is 

expelled with water at the haze point. Even for surfactants with fluoroether tails 

that form stable W/C microemulsions, the interdroplet interactions are much 

stronger than in the case of W/O microemulsions as shown by SANS.26 

Consequently, it is exceptionally challenging to overcome such interactions in 

CO2 for hydrocarbon tails, that are solvated less effectively than fluorocarbon 

tails. 
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Amphiphiles of a new class with very short and bulky (stubby) CO2-philic 

head groups, the trisiloxane surfactants of the form ((CH3)3SiO)2Si(CH3)(CH2)3-

EOn, where EO refers to ethylene oxide, were shown to be very interfacially 

active at the CO2 -water interface, as indicated by their effectiveness in stabilizing 

both concentrated and dilute emulsions of water and CO2. 38 The unusual surface 

activity of methylated surfactants may be attributed to their low surface energy.39 

The stubby nature of these CO2-philic groups minimizes tail overlap leading to 

weaker intermolecular tail-tail interactions and thus minimal flocculation of 

emulsion droplets. In this thesis, we apply the concept of stubby surfactants to 

fully hydrocarbon tails. 

1.2 CARBON DIOXIDE-IN-WATER MICROEMULSIONS 

Recently, CO2-in-water (C/W) macroemulsions have been formed with 

fluorocarbon14,40 and hydrocarbon10 surfactants; however, C/W microemulsions 

have not been reported.  The solubilization of dense CO2 with both ionic41and 

nonionic42 hydrocarbon surfactants has been attempted, but did not lead to the 

formation of C/W microemulsions, as evidenced by minimal micelle growth of 

less than 2% with less than 0.35 mole % of CO2 in the micelle.  The limited 

growth was due to the relatively low affinity of CO2 for the hydrocarbon 

surfactant tails.  Perfluoropolyether-based carboxylate surfactants have been 

shown to form a variety of structures in water, including micelles and liquid-

crystalline phases. 43-45 Because CO2 is completely miscible with PFPE-based 
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surfactants in this molecular weight range, 46aqueous PFPE micelles are likely to 

swell substantially with addition of CO2.   

1.3 FORMATION OF TIO2 PARTICLES IN HYDRATED REVERSE MICELLES    

Microemulsions or micellar solutions may be used to prepare uniform 

nanoparticles for a variety of materials, including metals47 and oxides48. Hydrated 

reverse micelles in CO2 may be used to stabilize particles formed by hydrolysis 

reactions.  The formation of particles is affected by the micelle size, the reactant 

distribution between bulk and micellar pseudo-phases, and by the surfactant 

stabilization of the growing particles. The surfactant influences particle 

nucleation, growth and agglomeration.49. Recently, low-water content reverse 

micelles in cyclohexane have been utilized to prepare TiO2 nanoparticles,50 which 

have attracted much attention as photocatalysts. The challenge has been to 

suppress uncontrolled particle aggregation in order to produce stable nanosized-

TiO2 from titanium alkoxide which has very high reactivity towards water.51-53. 

1.4 ELECTROSTATIC STABILIZATION OF EMULSION DROPLETS IN LOW 

DIELECTRIC CONSTANT FLUIDS 

We demonstrate colloids may also be stabilized in CO2 by electrostatic 

forces, despite the ultra low dielectric constant of 1.5.  Zeta potentials of micron-

sized water droplets, measured in a microelectrophoresis cell, reached -70mV 

corresponding to a few elementary charges per square micrometer of droplet 
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surface.  This degree of charge was sufficient to stabilize water/CO2 emulsions 

for an hour, even with water volume fractions of 5%.  Hydrogen ions partition 

preferentially, relative to bicarbonate ions, from the emulsion droplets to the cores 

of surfactant micelles in the diffuse double layer surrounding the droplets.  The 

micelles, formed with a low molecular weight branched hydrocarbon surfactant, 

prevent ion pairing of the hydrogen counterions to the negatively charged 

emulsion droplets.  Dielectrophoresis of the water droplets at a frequency of 60 

Hz leads to chains containing a dozen droplets with lengths of 50 �m.  The 

ability to form electrostatically stabilized colloids in carbon dioxide is particularly 

useful in practical applications, since steric stabilization in CO2 is often limited by 

the poor solvation of the stabilizers. 

1.5 LONG-RANGED ELECTROSTATIC REPULSION OF WATER DROPLETS IN 

AN ULTRALOW DIELECTRIC MEDIUM: EMULSION CRYSTAL IN 

SUPERCRITICAL CARBON DIOXIDE 

Electostatic repulsion stabilizes micrometer-sized water droplets with 

spacings greater than 10 µm in an ultra-low dielectric medium, CO2 (ε = 1.5 ) at 

elevated pressures.  The morphology of the water/CO2 emulsion is characterized 

by optical microscopy and laser diffraction as a function of sediment height.   

The counterions, stabilized with a nonionic highly branched stubby hydrocarbon 

surfactant, form an extremely thick double layer with a Debye screening length of 
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8.9 µm.  As a result of the balance between electrostatic repulsion and the 

downwards force due to gravity, the droplets formed a hexagonal crystalline 

lattice at the bottom of the high-pressure cell with spacings of over 10 µm.  The 

osmotic pressure, calculated by solving the Poisson-Boltzmann equation, in the 

framework of the Wigner-Seitz cell model, is in good agreement with that 

determined from the sedimentation profile measured by laser diffraction.  Thus, 

the long range stabilization of the emulsion may be attributed to electrostatic 

stabilization.  The ability to form new types of colloids in CO2 with electrostatic 

stabilization is benefical, since steric stabilization is often unsatisfactory due to 

poor solvation of the stabilizers. 

1.6 SUMMARY OF THESIS CHAPTERS 

The objective of the study in Chapter 1 is to swell micelles in water to 

form C/W microemulsions and to employ these microemulsions to solubilize 

compounds that are fluorophobic but CO2-philic.  We use dynamic light 

scattering (DLS) to study the effect of the addition of CO2 on the size and shape 

of micelles formed by 3 wt % perfluoropolyether potassium carboxylate 

surfactant (MW = 608 g/mol) in water.  The pressure and temperature are varied 

for a given overall composition in order to cause changes in partitioning of CO2 

between the microemulsion droplets and the continuous phase.  A geometric 

model and surfactant packing argument is applied to analyze the DLS results for 
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the micelle size and shape and is further supported by TEM images of frozen 

surfactant solutions.  UV-vis spectroscopy is used to measure the increase in 

micellar solubilization of the fluorophobic probe pyrene as CO2 swells the 

micelles, similarly to recent studies on environmentally benign CO2-swollen 

fluorous solvents.54  Steady-state fluorescence measurements provide insight 

into the location of low concentrations of pyrene and (dansyl)2PFPE probes upon 

addition of CO2 to the micelles.  

As demonstrated in Chpater 1, liquid and supercritical carbon dioxide 

swell potassium carboxylate perfluoropolyether (PFPE-K) cylindrical micelles in 

water to produce novel CO2-in-water (C/W) microemulsions.  The swelling 

elongates the micelles significantly from 20 nm to 80 nm as the molar ratio of 

CO2 in the micelles to surfactant (RCO2) reaches approximately 8.  As the 

micelles swell to form microemulsions, the solubility of pyrene increases by a 

factor of ca. 10.   Fluorescence spectra suggest that pyrene resides primarily in 

the low-polarity micelle core rather than in the palisade region.  The results 

illustrate the ability of C/W microemulsions to solubilize both lipophilic and 

fluorophilic substances simultaneously. 

Whereas CO2 is the dispersed phase in Chapter 1, it is the continuous 

phase in all of the other chapters in this thesis.  In Chapter 2, the objective is to 

form thermodynamically stable W/C microemulsions with methylated branched 

hydrocarbon surfactants with an ethylene oxide head group. These 
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microemulsions are formed without a cosurfactant and are shown to solubilize 

lysozyme. Because methylated branched tails are much bulkier than those of 

linear alkanes, the tails may be expected to interpenetrate each other less 

effectively upon approach of two microemulsion droplets. Less overlap leads to 

weaker interdroplet interactions, thereby reducing the chance for phase 

separation.  Nonionic methylated branched hydrocarbon surfactants, 

poly(ethylene glycol) 2,6,8-trimethyl-4-nonyl ethers, form water-in-carbon 

dioxide (W/C) microemulsions. A concentration of 1.0 wt% of the octa(ethylene 

glycol) 2,6,8-trimethyl-4-nonyl ether (5b-C12E8) stabilized up to 1.1 wt% of water 

(corrected molar water/surfactant ratio, Wo
c ≈ 28) from 35 °C  to 65 °C and 

above 240 bar. Methylation and branching of surfactant tails enhance formation of 

stable W/C microemulsions as they (1) raise surfactant solubility in CO2 by 

weakening interactions between tails and lower surfactant solubility in water by 

inhibiting micellization, (2) shift the curvature towards bending about water, and 

(3) reduce overlap between surfactant tails and weaken interdroplet interactions. 

The hydrodynamic radii of microemulsion droplets measured by dynamic light 

scattering (1.6nm to 3.0nm) increases with a decrease in temperature, at constant 

CO2 density, due to stronger interactions between the head groups and water.  

The W/C microemulsions solubilize lysozyme in CO2 at a level of 0.28 mg/mL in 

CO2 and 36 mg/mL in the water droplet. 
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The objective of Chapter 4 is to form ultrafine TiO2 nanoparticles in a 

controlled manner based on the observation of colloidal stabilities in CO2.  The 

synthesis of TiO2 nanoparticles from the hydrolysis of titanium tetraisopropoxide 

(TTIP) was performed in CO2 containing hydrated reverse micelles. The phase 

behavior of reverse micellar solutions with low water content in CO2 is presented, 

and the formation of particles is described based on visual observations and new 

dynamic light scattering (DLS) measurements.  The effects of surfactant 

concentration, water content, wo, and water-to-alkoxide molar ratio (R) on the 

particle size and the stability of the colloidal solutions are investigated. The size 

of the TiO2 particles is shown to be larger than the size of the reverse micelles 

indicating surfactant reorganization and not a pure templating mechanism. We 

examine the ability of the surfactant to provide stabilization after depressurization 

and redispersion in CO2..  In addition, the characteristics of the TiO2 particles are 

investigated with XRD and TEM. The results indicate that a slower TTIP 

injection rate as well as a lower concentration of reactants, relative to our earlier 

study, aid the controlled formation of particles.  

In Chapter 5 electrostatic stabilization was used for the first time for a 

colloid in supercritical CO2. The objective of this study was to demonstrate that 

micron-sized water droplets in water-in-CO2 emulsions may be stabilized against 

flocculation by electrostatic forces in CO2.  A low molecular weight 

octa(ethylene glycol) 2, 6, 8-trimethyl-4-nonyl ether nonionic surfactant was used 
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to engulf H+ counterions in the diffuse layer about the charged water droplets.  

The micelles prevent ion pairing.  This nonionic hydrocarbon surfactant was 

chosen as it is known to form water/CO2 microemulsions which solubilize 

hydrophilic molecules including ions and proteins. The highly branched tail raises 

the solubility of the surfactant, and decreases its fractional free volume at the 

water-CO2 interface favoring the formation of hydrated reverse micelles as shown 

in earlier chapters of this thesis. Electrophoretic mobility (zeta potential) was 

measured in a microelectrophoresis cell to determine the droplet charge and to 

investigate the mechanism of charge transfer from the emulsion droplets to the 

micelles.  To our knowledge, electrokinetic measurements in CO2 have not been 

reported previously.  In addition, dielectrophoresis was utilized to orient the 

charged droplets for form chains.  In the next chapter of this thesis, it is shown 

by microscopy that these emulsion water droplets form crystals in CO2 in which 

the droplet spacing is three fold the droplet diameter indicating an inverse Debye 

length on the order of 10 µm.  Droplet attraction due to gravity is balanced by 

this extremely long-ranged electrostatic repulsion, as described theoretically by 

solving the Poisson-Boltzmann equation, utilizing values of surface charge 

reported in this study.   

Chapter 6 examines the interactions between the electrostatically 

stabilized droplets in high-pressure CO2. Based on the zeta potential 

measurements of the W/C droplets in Chapter 5, we quantified the electrostatic 
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repulsion in terms of osmotic pressure versus volume fraction of dispersed water 

droplets.  The osmotic pressure calculated by solving the PB equation in the 

framework of the WS model was in good agreement with that determined from 

the equilibrium sedimentation profile measured by laser diffraction  Therefore, 

these results support the recent observation that electrostatic repulsion is the cause 

of the stabilization of water droplets in ultra-low dielectric media, particularly 

CO2 with ε = 1.5. 
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CHAPTER 2 

Carbon Dioxide-in-Water Microemulsions 

2.1 INTRODUCTION 

Liquid or supercritical CO2 (Tc = 31 °C, Pc = 73.8 bar) is non-polar (unlike 

water, a highly structured fluid with strong intermolecular forces) with a low 

polarizability per volume and correspondingly weak van der Waals forces (unlike 

oils).1 Consequently, CO2 and water represent extremes of the solvent spectra.  

A unique property of supercritical fluids is the formation of solvent clusters, i.e., 

local solvent densities in excess of bulk densities near a solute, which augments 

solubilities.2  Furthermore, the relatively large quadrupole moment of CO2 

enhances solubilities of certain polar hydrocarbons, e.g., benzoic acid and 2-

naphthol,3 in CO2 relative to solvents such as ethane.  As a result of these 

properties, dispersions of CO2 in water are candidates for the solubilization of a 

wide range of fluorophilic, lipophilic, and hydrophilic materials.   

Microscopic and macroscopic dispersions consisting of water-in-CO2 

(W/C) microemulsions and emulsions, respectively, have been formed recently.4,5  

These dispersions have been used to solubilize hydrophilic substances into CO2 

(e.g., salts,6,7 water-soluble catalysts,8 metal nanoparticles,9-11 metal ions,12 

NMR13 and electroactive14 probes, proteins,4,15 and enzymes16,17); to perform 

biphasic, metal-catalyzed, and enzyme-catalyzed reactions in CO2; and to form 



 24

porous polymers.18  The formation of CO2-continuous dispersions requires 

surfactants that are CO2-soluble,19 that preferentially curve about water in the case 

of microemulsions, and that have surfactant tails that are sufficiently solvated by 

CO2 to minimize droplet interactions.5,20  Most studies have used di-chained21,22 

or flexible fluorocarbon surfactants,4,23,24 which have favorable CO2-fluorocarbon 

compared to CO2-hydrocarbon interactions.25  Recently, micelles26 and W/C 

emulsions27 have been formed with AOT analogues that have a high degree of 

methyl branching and thus have favorable CO2-surfactant interactions.28  

In contrast, the formation of water-continuous dispersions of supercritical 

fluids requires water-soluble surfactants containing surfactant tails with enough 

hydrophobicity to aggregate and form micelles in water.29  For example, 

supercritical xenon and ethylene solubilized in aqueous SDS micelles have been 

studied by steady-state fluorescence30 and by SAXS.31  Fluorocarbon surfactant 

tails are more hydrophobic than their hydrocarbon counterparts, favoring the 

formation of stable fluorocarbon micelles and fluorocarbon oil-in-water 

microemulsions.32 

Recently, CO2-in-water (C/W) macroemulsions have been formed with 

fluorocarbon5,33 and hydrocarbon34 surfactants; however, C/W microemulsions 

have not been reported.  The solubilization of dense CO2 with both ionic35 and 

nonionic36 hydrocarbon surfactants has been attempted, but did not lead to the 

formation of C/W microemulsions, as evidenced by minimal micelle growth of 
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less than 2% with less than 0.35 mole % of CO2 in the micelle.  The limited 

growth was due to the relatively low affinity of CO2 for the hydrocarbon 

surfactant tails.  Perfluoropolyether-based carboxylate surfactants have been 

shown to form a variety of structures in water, including micelles and liquid-

crystalline phases.37-39  Because CO2 is completely miscible with PFPE-based 

surfactants in this molecular weight range,40 aqueous PFPE micelles are likely to 

swell substantially with addition of CO2.      

The objective of this study is to swell micelles in water to form C/W 

microemulsions and to employ these microemulsions to solubilize compounds 

that are fluorophobic but CO2-philic.  We use dynamic light scattering (DLS) to 

study the effect of the addition of CO2 on the size and shape of micelles formed 

by 3 wt % perfluoropolyether potassium carboxylate surfactant (MW = 608 

g/mol) in water.  The pressure and temperature are varied for a given overall 

composition in order to cause changes in partitioning of CO2 between the 

microemulsion droplets and the continuous phase.  A geometric model and 

surfactant packing argument is applied to analyze the DLS results for the micelle 

size and shape and is further supported by TEM images of frozen surfactant 

solutions.  UV-vis spectroscopy is used to measure the increase in micellar 

solubilization of the fluorophobic probe pyrene as CO2 swells the micelles, 

similarly to recent studies on environmentally benign CO2-swollen fluorous 

solvents.41  Steady-state fluorescence measurements provide insight into the 
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location of low concentrations of pyrene and (dansyl)2PFPE probes upon addition 

of CO2 to the micelles.  

2.2 EXPERIMENTAL SECTION 

2.2.1 Materials 

A potassium carboxylate perfluoropolyether (PFPE-K) surfactant of the 

form 

 CF3−(O−CF2−CF(CF3))n−(O−CF2)−COO-K+ 

was synthesized from the carboxylic acid (Ausimont, Lot # 0528 RB, MWavg = 

570 g/mol) by reaction with excess potassium hydroxide and subsequent 

purification by extraction into methanol.  Full conversion was assured by noting 

the disappearance of the −COOH peak at 1780 cm-1 with FT-IR spectroscopy 

(Perkin-Elmer).  Gas chromatography revealed that the polydisperse PFPE acid 

consisted of two primary fractions.  Ca. 5% of the sample was evidently 

unfunctionalized fluorocarbon that could be reduced to ca. 0.05% (based on GC 

areas) by extraction with methanol and centrifugation of aqueous solutions to 

remove larger aggregates.  However, the appearance of these large aggregates in 

aqueous solution could never be totally eliminated (see the discussion of the light-

scattering results).  Pyrene (Aldrich, 99%, optical grade) was used as received.  

The fluorophilic probe (dansyl)2PFPE (I) 
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n
 

N
CH3 CH3

SO3CH2CF2O CF2CF2O CF2CH2O3S

N
CH3 CH3  

(I) 

was prepared by the reaction of tetrahydroperfluoropoly(ethylene glycol),  

HOCH2CF2O(CF2CF2O)nCF2CH2OH, which was produced by the direct 

fluorination of the methyl ester of poly(ethylene glycol) (Aldrich, MW ca. 600) as 

previously described,42 with an excess of dansyl chloride (Aldrich) and two 

equivalents of pyridine in tetrahydrofuran at room temperature for 72 hrs.  The 

final product was then extracted into 1,1,2-trichlorotrifluoroethane (Aldrich), 

washed with a saturated sodium chloride solution, and vacuum-stripped.  The 

final product was characterized with UV-vis and mass spectroscopy (10 ≤ n ≤ 20; 

n = 14 most abundant).  Instrument grade CO2 (Praxair) passed through a trap 

(Oxiclear, model no. RGP-R1-300) and Nanopure II water (Barnstead) were used 

throughout. 

2.2.2 Phase Behavior Measurements 

PFPE-K solutions in water were prepared with the desired amount of 

carbon dioxide in a high-pressure, variable-volume view cell equipped with a 

sapphire window that permitted visual observation of the phase behavior.40  A 
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piston inside the view cell was used to vary the pressure independently of the 

temperature, which was controlled with a water bath (± 0.1 °C).  System 

pressure was controlled with a computer-controlled syringe pump (Isco 260D) to 

within 1 bar by using CO2 as the pressurizing fluid on the backside of the piston.  

The cell contents were mixed with a magnetic stir bar. 

2.2.3 Dynamic Light Scattering 

Micellar solutions were circulated from the phase-behavior cell to a 

specially designed light-scattering cell with a reciprocating minipump (Thermal 

Separations Products) through a 0.5 µm high-pressure filter (Alltech), as shown in 

Figure 2.1.  The cylindrical light-scattering cell had 2.54 cm diameter × 0.70 cm 

thick HEMLUX sapphire windows (Crystal Systems, 0001 orientation) secured at 

both ends with threaded stainless steel caps, as previously described,27 resulting in 

a path length of 0.7 cm.  The surfaces of light-scattering cell were finished with 

black oxide (Fe3O4) to minimize the reflection of light within the cell.  The 

insulated light-scattering cell was temperature-controlled with cartridge heaters 

(Omega), while the recirculation lines were jacketed with water from the phase-

behavior cell water bath, resulting in temperature control to within 0.2 °C. 

Two strategies were employed for the DLS measurements.  In the first 

type, a fixed amount of CO2 (7 wt % based on the mass of water) was added to a 3 

wt % PFPE-K solution, and this composition was used throughout the experiment. 
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Figure 2.1.  Schematic representation of the high-pressure DLS apparatus. 
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  In the second type, controlled amounts of CO2 were added to a 3 wt % 

PFPE-K solution at 35 °C and either 211 or 348 bar using a 200 µL sample loop 

connected  

to the 6-port valve (Valco), followed by stirring and recirculation.  Each 

injection increased the CO2 concentration by 1.5 wt %.  These titration 

measurements were performed until the solution became hazy and eventually 

underwent phase separation.  The micelle size in the CO2-free solution at 35 °C 

under atmospheric pressure was measured prior to CO2 injection. 

It was verified that neither excluded volume effects nor electrostatics 

significantly influenced the DLS behavior of the micelles in pure water.  

Varying the PFPE-K concentration from 0.2 wt % to 5 wt % changed the average 

diffusion coefficient of the small particles from 8.0 × 10-11 m2/s to 7.0 × 10-11 

m2/s, which is within experimental error.  Likewise, adding KCl up to 40 mM 

decreased the diffusion coefficient by ca. 15%, as is typical for surfactant 

micelles.43,44  There was a negligible effect from a small population of large 

particles (see below) in all of these experiments (see below). 

The coherent light source was a 17 mW He-Ne laser (Melles Griot, λ = 

632.8 nm) mounted on a custom-built goniometer along with the light-scattering 

cell.  The dynamic light scattering measurements were taken with a Brookhaven 

BI-9000AT digital autocorrelator with 522 real-time channels.  The scattered 

light signal was transmitted by an optical fiber coupled to a fiber collimator 
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(SELFOC microlens, 0.25 pitch) and was detected by an avalanche photodiode.  

The true scattering angle was obtained from the external angle of the fiber optic 

by using Snell’s law to account for the refraction of the scattered light at the 

window surfaces.  The geometry of the light-scattering cell and the detection 

optics of the fiber allowed measurement of scattering angles less than 30° with an 

accuracy of ± 5 minutes in arc. 

Examination of the correlation functions revealed two relaxation processes 

with fast and slow decay rates of order 1000 s-1 and 100 s-1, respectively.  The 

former correspond to the PFPE-K micelles, while the latter could be the result of 

emulsification of unconverted fluorocarbon oil in the surfactant.  To reduce the 

effect of impurities, the aqueous surfactant solutions were centrifuged for one 

hour, passed through syringe filters (Gelman, PVDF, 0.2 µm), and circulated 

through an in-line filter.  After these steps, the slow relaxation scattering 

intensity and the slow relaxation time constant decreased by 30% and 50%, 

respectively, without affecting the fast relaxation rate.  Evidently the impurity is 

not particularly surface-active.  However, even without filtration the volume 

fraction of the relatively large scatterers (dH ≈ 200 nm) was negligibly small (less 

than 0.1 vol %), considering that the ratio of the intensity distribution to the 

volume fraction scales as radius to the third power.45  Diffusion coefficients 

were determined using Non-Negative Least Squares (NNLS) software provided 

by Brookhaven.  This analysis provides a distribution of hydrodynamic 
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diameters based on the Stokes-Einstein relationship between diffusion coefficient 

and radius of a sphere (D0 = kBT/3πηdH).  The fit can be weighted by scattering 

intensity; by number density of scatterers; or by volume fraction of scatterers, 

which is our preferred approach.  Each reported diffusion coefficient 

corresponds to the maximum of the distribution and is the average of four runs, 

with the standard deviation σ  less than 5 × 10-12 m2/s between runs.  

2.2.4 Steady-State Fluorescence 

The high-pressure fluorescence measurements were performed in a 

variable-volume view cell mounted vertically in a fluorometer and equipped with 

four 5/8 inch diameter × 3/16 inch thick sapphire windows at 90° intervals around 

the circumference, resulting in a path length of 22.3 mm.34  The inner diameter 

of the view cell was 11/16 inch, and the length was 11.7 cm.  A magnetic stir bar 

inside the cell was used to mix the cell contents.  System pressure was controlled 

with a manual syringe pump (High Pressure Equipment Co.) to within 1 bar by 

using CO2 as the pressurizing fluid on the backside of the piston, and system 

temperature was controlled to within ± 0.2 °C with heating tape.  The steady-

state fluorescence measurements were performed on a SPEX DM3000 Fluorolog-

τ2 spectrofluorometer equipped with a 450 W xenon light source, Czerny-Turner 

double monochromators for excitation and emission, and Hamamatsu R928-P 



 33

emission and reference (rhodamine-B) photomultipliers.  Pyrene (6 × 10-7 M) 

was excited at 334 nm, while (dansyl)2PFPE (4 × 10-5 M) was excited at 284 nm. 

2.2.5 UV-vis Absorption Measurements 

UV-vis spectra were measured by flowing the contents of the phase-

behavior cell through a 0.5 µm high-pressure filter (Alltech) to a high-pressure 

spectroscopic cell with a reciprocating minipump (Thermal Separations Products).  

The spectroscopic cell consisted of two optical-grade sapphire windows forming a 

path length of 0.96 cm, as previously described.46  Heating tape controlled the 

temperature of the UV-vis cell to within ± 0.2 °C.  The UV-vis spectra were 

recorded using a Cary 300 series dual-beam spectrophotometer (Varian). 

2.2.6 Transmission Electron Microscopy on Freeze-Dried Sample of PFPE-K 

Solution 

The morphology of CO2-free micelles was determined by TEM in order to 

interpret the DLS data.  Aqueous solutions of PFPE-K (3 wt %) and of uranyl 

acetate (2 % w/v) were consecutively applied on a 200 mesh copper EM grid.  

After removal of excess sample and stain by touching the grid edge to filter paper, 

the sample grid was quickly transferred into a 20 mL vial containing liquid 

nitrogen.  The vial was placed in a vacuum freeze-drier kept below 200 K before 

the liquid nitrogen was completely evaporated.  The TEM image was taken  
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Figure 2.2. TEM image of a freeze-dried 3 wt % aqueous solution of PFPE-K.  
Inset is the distribution of cylindrical micelle lengths obtained by 
direct measurement from the image.  
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using a Philips EM208 at 89 kV after 24 hr of freeze drying.  A distribution of 

cylindrical micelles was observed (Figure 2.2) with an average length of 22.4 ± 

5.8 nm.  Similar lengths were obtained from TEM images using a 0.3 wt % 

solution of PFPE-K. 

2.3 RESULTS AND DISCUSSION 

2.3.1 Dynamic Light Scattering Studies and Phase Stability 

The micelle diffusion coefficients in water as a function of temperature 

and CO2 pressure are given in Table 2.1.  Decreasing the pressure generally 

results in a decrease in micelle diffusion coefficient, indicating an increase in 

micelle size.  As will be discussed in detail later, this is because as the CO2 

pressure is decreased, the amount of CO2 dissolved in bulk water is diminished 

and more CO2 is available to partition into the PFPE micelle.  Analysis of these 

diffusion coefficients using the Stokes-Einstein equation for spherical particles 

gives micelle hydrodynamic diameters (dH) ranging between 10 nm (no added 

CO2) and 80 nm.  It is generally accepted that the maximum dimension for the 

diameter of a spherical micelle is twice the surfactant tail length plus twice the 

Stern layer of hydrated surfactant ions and counterions.  The length of the 

perfluoropolyether tail of this surfactant has been measured by SANS to be 

approximately 1.1 nm,20 and the thickness of the Stern layer is generally less than 
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__________________________________________________________________ 

  T   P  RCO2  Dapp    L     p 
 (°C) (bar)            (/1011 m2/s) (nm) 
__________________________________________________________________ 

25 350   ---  5.31  21.1  0.367 
25 315  0.13  5.21  21.8  0.383 
25 281  0.75  4.87  24.3  0.400 
25 246  1.43  5.16  22.1  0.413 
25 211  2.15  4.67  26.0  0.430 
25 176  2.94  4.85  24.5  0.443 
25 141  3.80  4.54  27.2  0.459 
25 107  5.47  4.46  28.0  0.473 
25  89  5.47  3.72  37.1  0.487 
25  72  6.12  3.48  41.0  0.496 

 35 350  2.26  6.97  20.2  0.427 
35 314  2.89  6.06  25.4  0.443 
35 281  3.52  5.61  28.8  0.455 
35 246  4.22  5.08  33.6  0.468 
35 212  4.98  5.36  30.9  0.477 
35 177  5.81  4.60  39.0  0.491 
35 142  6.77  3.99  48.2  0.505 
35 107  7.92  3.66  54.6  0.518 

 50 349  4.59  6.40  38.5  0.476 
50 315  5.27  6.50  37.6  0.484 
50 281  6.00  6.70  35.9  0.492 
50 246  6.81  5.91  43.3  0.504 
50 212  7.69  5.34  50.3  0.515 
50 205  7.88  5.18  52.5  0.517 
50 198  8.07  4.83  58.1  0.520 
50 191  8.27  4.27  69.1  0.524 

 75 350  6.12  8.43  49.4  0.498 
75 315  6.97  7.71  56.2  0.509 
75 281  7.88  5.87  82.3  0.521 

 
* Diffusion coefficients calculated from the fast relaxation process by NNLS.  RCO2 

calculated by assuming water saturated by CO2.  L determined from Eq 1 with d = 
3.2 nm. 

Table 2.1 Results of the DLS experiments performed on CO2-swollen 
fluorocarbon micelles in water in the one-phase region.* 
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0.5 nm.  These values are similar to those reported for SDS micelles in water.47  

Thus, the dH of 10 nm cannot correspond to spherical micelles. 

TEM images show that the CO2-free micelles are cylindrical (Figure 2.2).  

The change in shape of rodlike micelles upon solubilization varies with the nature 

of the solubilizate.48  For example, this behavior has been investigated for the 

surfactant hexadecyltrimethylammonium bromide (C16TAB).  For long-chain 

alkanes (> C8 – C10), where the beneficial free energy of mixing between the oil 

and the surfactant tails is low, an inner core of solubilizate will often develop.  In 

this case, the diameter of the rodlike micelles will grow to a value considerably 

larger than twice the tail length.  For shorter alkanes, however, the free energy of 

mixing between the oil and the surfactant tails is large, and generally a discrete oil 

core will not be formed.  In this case, the cylindrical micelles grow longer 

without a change in radius.  We have previously found complete miscibility of 

CO2 and the PFPE surfactant.40  Therefore it is reasonable to assume that the free 

energy of CO2 and PFPE mixing is favorable and that growth of the cylindrical 

micelles in the axial direction without an increase in diameter may be expected. 

The micelle dimensions were obtained from the expression of the infinite 

dilution diffusion coefficient D0 of a cylinder of length L and diameter d given by 

Tirado and de la Torre49,50 for 2 ≤ L/d ≤ 3 

( )[ ]
L

Tk
D B

πη
γζ

3
ln

0
+

= ,          (1) 



 38

where kB is the Boltzmann constant, T is the temperature, ζ = L/d, η is solvent 

viscosity, and γ = 0.312 + 0.565/ζ – 0.1/ζ2.  The results of this calculation, 

assuming a micelle diameter of 3.2 nm (based on the discussion above), are 

plotted in Figure 2.3 versus the molar ratio of CO2 to surfactant.  The value of L 

as RCO2 approaches zero is in good agreement with the TEM image in Figure 2.2.  

This molar ratio was determined as follows.  The micelles were formed by 

adding 3.0 wt % PFPE-K surfactant and 7.0 wt % CO2 to water.  The solubility 

of CO2 in water decreases as the temperature is increased or the pressure is 

decreased.   We assume that the CO2 present in the system first saturates the 

water, with any excess going into the micelles. Any excess from the micelles 

causes phase separation.  Thus, the amount of CO2 in excess of the aqueous 

solubility limit, i.e., the amount of CO2 dissolved in the micelles, may be 

increased by decreasing the pressure and/or by increasing temperature at a fixed 

total amount of CO2 in a one-phase system.  The amount of CO2 solubilized in 

the micelles may be determined by subtracting the CO2 solubility in pure water 

from the total amount of CO2.  For example, the solubility of CO2 in water is 

approximately 7.0 wt % at 25 °C and 345 bar and 5.4 wt % at 50 °C and 191 

bar.23,51,52  Therefore the molar ratio RCO2 may be varied from 0 at 25 °C and 345 

bar to 8.27 at 50 °C and 191 bar, assuming a one-phase system.  The x-axis in 

Figure 2.3 is then the molar ratio of CO2 to surfactant in the micelle, RCO2.  For a 

given pressure, RCO2 increases as temperature increases due to the lower solubility 
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of CO2 in bulk water.  At low temperature and high pressure, all of the CO2 

dissolves in bulk water and RCO2 goes to zero.  All points to the left of the CO2 

saturation line are ordered according to the CO2 pressure, since RCO2 is unknown. 
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Figure 2.3  Micelle length determined from DLS versus RCO2, the molar ratio 
of CO2 to surfactant, in the micelle.  The RCO2 value is determined 
by subtracting the CO2 solubility in pure water from the total amount 
of CO2 in the system (2.98 mol %) (see text).  The experimental 
points for RCO2 less than zero are ordered according to the pressure.  
The line is based on geometric modeling (Eq 4 and regressed aH). 
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Note that these RCO2 values represent the minimum possible CO2-to-

surfactant ratio in the micelles.  If the CO2 does not saturate the bulk water 

before going into the micelles, then RCO2 will be larger.  Saturation of the bulk 

water has often been verified for the partitioning of an oil between micellar and 

bulk-water domains and is reasonable for our system, certainly at larger values of 

RCO2.53 

To test the validity of assuming CO2-saturated water, a series of CO2 

titration experiments were performed in which small amounts of CO2 were added 

incrementally to the micellar solution while checking for micellar growth as the 

aqueous solubility limit was approached.  As seen in Table 2.2, the measured 

diffusion coefficients were not much smaller than those for the CO2-free micelles 

(P = 1 atm) and agree with the limiting values at the lowest RCO2, supporting our 

assumption that water is very nearly saturated with CO2 even in the presence of 

the micelles. 

For both conditions in Table 2.2, addition of a final aliquot of CO2 resulted in a 

hazy solution and eventual phase separation after several hours, producing a small 

bubble of CO2.  Note that in each case, dissolution of this final aliquot of CO2 

would require RCO2 values greater than 8, which seems to be the maximum RCO2 

obtainable (see Figure 2.3).  As seen in Figure 2.3, the micelle length increases 

from about 20 nm at low values of RCO2 to nearly 80 nm at the highest RCO2 values 

investigated.  Thus, the micelle volume increases from 146 Å3 (7.3% in the 
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__________________________________________________________________ 

T     P       wt % CO2    Dapp          RCO2        L 
 

     (°C)    (bar)      (/1011 m2/s)   (nm) 
__________________________________________________________________ 
 

35   1.01  0.0  7.17   ---  19.2 
 

 
 

35   211  1.5  6.35   ---  23.5 
 
35   211  3.0  6.53   ---  22.5 
 
35   211  4.5  6.34   ---  23.6 
 
35   211  6.0  6.67  0.14  21.7 
 
35   211  7.5  4.00  7.41  47.9 
 
 

 
35   348  1.5  7.09   ---  19.6 
 
35      348  3.0  6.84   ---  20.8 
 
35   348  4.5  6.63   ---  21.9 
 
35   348  6.0  6.64   ---  21.9 
 
35   348  7.5  5.88  4.72  26.7 

__________________________________________________________________ 
Diffusion coefficients calculated from the fast relaxation process by NNLS.  
RCO2 calculated by assuming water saturated by CO2.  L determined from Eq 
1 with d = 3.2 

 

Table 2.2.  Results of DLS experiments performed by CO2 titration.* 
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spherical caps) to 628 Å3 (1.7% in the caps).  This 330% increase in micelle size 

upon the addition of CO2 to PFPE-K micelles in water is dramatic, especially in 

contrast to the low amounts of CO2 solubilized in hexaethylene glycol 

monododecyl ether (C12E6) micelles in water, as evidenced by the small change in 

micelle size (within SANS experimental error).36  Furthermore, the RCO2 values 

obtained here are 25 times greater that those obtained by the addition of dense 

CO2 to sodium dodecyl sulfate (SDS) micelles in water.35  These results 

demonstrate the CO2–philicity of the PFPE tails. 

Micelle growth upon addition of a solute (oil) is controlled by the balance 

between the beneficial free energy of mixing of the oil with the surfactant tails 

and the free energy penalty required to change the micelle size and shape.35  The 

free energy penalty upon micelle growth and elongation results from the increase 

in the interfacial area that must be stabilized.  The free energy of mixing 

between CO2 and fluorocarbon surfactant tails is significantly more favorable than 

that between CO2 and hydrocarbon tails.35  For example, a 672 g/mol fluorinated 

poly(propylene oxide) (i.e., perfluoropolyether) ionic surfactant is completely 

miscible with CO2,40 while the solubility of 2000 g/mol poly(propylene oxide) in 

CO2 is only 0.5 wt % at 35 °C and 207 bar.54  Therefore, the favorable free 

energy of mixing of CO2 with the fluorocarbon surfactant tails in this study 

counterbalances the unfavorable free energy penalty upon micelle growth and 

elongation more effectively than in the case of hydrocarbon surfactants.  
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The amount of CO2 solubilization into the micelles that results in phase 

separation was independent of temperature from 35 to 75 °C with a maximum 

RCO2 of about 8, while the maximum RCO2 value at 25 °C was slightly greater than 

6.  In addition, the nature of the cloud points was observed to be different in 

these two temperature regions.  The cloud point for each temperature was 

approximately 10 bar below the lowest pressure listed in Table 2.1.  At 25 °C, 

the cloud point was evidenced by the formation of a very small CO2 bubble in a 

clear microemulsion phase.  For 35 to 75 °C, however, a sharp increase in 

haziness of the solutions was observed at the cloud point, with very long times 

required for phase separation (no discernable change in scattering intensity for 

more than 2 hours).  Two separate phenomena must be responsible for these 

widely different observations of phase separation.  The bubble-type cloud point 

at 25 °C and pressures below 72 bar is likely the result of the vapor-liquid 

transition in pure CO2, which has a vapor pressure of 64 bar at 25 °C.  Note that 

it was difficult to measure cloud points with high accuracy due to the pressure 

pulses produced by the minipump (± 7 bar).  The cloudiness observed in the 

phase transitions at 35 to 75 °C, however, suggest the formation of surfactant 

structures with domain sizes approaching the wavelength of light.  This system 

was observed to cycle from cloudy to clear with each minipump stroke at the 
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lowest pressures listed in Table 2.1, suggesting a rapid and reversible phase 

transition. 

A simple geometric model may provide further insight into the behavior of 

Figure 2.3 and the nature of the high-temperature phase transitions.  The 

micelles may be considered as cylinders of length l capped with hemispheres of 

diameter d.  Thus, the ratio of micelle volume to surface area is given by 

⎟
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where L is the total micelle length (l + d) reported above and d is 3.2 nm.  Based 

on an assumption of ideal mixing between surfactant tails and CO2 molecules, we 

can also calculate V/A from the volumes of the micelle constituents by 
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where nc and ns are the number density of CO2 and surfactant molecules in the 

micelle with molecular volumes of vc and vs, respectively, and aH is the area per 

surfactant molecule head group.  The second part of Eq 3 is an approximation, 

made because our surfactant concentration of 3 wt % (ca. 50 mM) was far above 

the cmc, which is less than a few mM for anionic PFPE surfactants.55  Thus, the 

amount of the free surfactant dissolved in water is negligible.  The molecular 

volume of surfactant is the sum of the volume of the headgroup and the PFPE tail 

(vs = vhead + vtail), where vhead = 402 Å3 (COO- hydrated radius from56, K+ hydrated 
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radius from57) and vtail = 490 Å3 from the density (1.8 g/mL) of PFPE oil.58  

Comparing Eqs 2 and 3 gives 

( )sCOc
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,          (4) 

where aH is the only unknown value.  Since we assume that all of the CO2 is 

mixed with the surfactant tails and does not form a pure CO2 unmixed region, we 

use a liquid-like density of 1 g/mL to calculate vc of CO2.  This value has been 

confirmed previously for CO2 dissolved in condensed phases such as polymers.59  

From the measured values of L, the approximate equation aH = 8.76(RCO2) + 118 

[Å2] (R2 = 0.999) is obtained from a regression of the micelle lengths according to 

Eq 4, as shown in Figure 2.3.  The aH value of 118 Å2 for RCO2 = 0 agrees nicely 

with those obtained for these PFPE surfactants at the planar CO2-water interface 

(aH ~ 100 Å2)34 and in W/C microemulsions (aH ~ 110 Å2).23  

The aH increase with RCO2 demonstrates the CO2 swelling of the micelle.  

The adsorption of PFPE surfactants at the water-CO2 interface has been described 

theoretically and experimentally.60  The area per surfactant molecule at the 

water-CO2 interface is much larger than that at a water-PFPE oil interface due to 

the differences in the interfacial tensions for the binary systems (without 

surfactant) and solvent penetration into the tail region.  Therefore, as RCO2 

increases, the area per surfactant molecule at the interface increases, thereby 

increasing aH.  
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From these aH values we calculate the surfactant packing parameter (p = 

v/aHlT), the ratio of the volume occupied by a surfactant molecule plus dissolved 

CO2 (v = vs + RCO2vc) to the product of the surface area per surfactant molecule 

times the surfactant tail length, as given in Table 2.1.  The packing parameter is 

a measure of the interfacial curvature and increases from spherical (p < 1/3) to 

cylindrical (1/3 < p < 1/2) to planar (1/2 < p) geometries.  For the RCO2 values 

obtained in this study, the packing parameters are generally in the cylindrical 

micelle regime, in support of our model.  At each temperature, increased 

solubilization of CO2 into the micelles results in an increase in the packing 

parameter, i.e., a less-curved interface, as expected due to the additional volume 

from CO2 on the tail side of the interface.  At 35 to 75 °C, a packing parameter 

of p = 0.521 ± 0.003 is obtained just prior to phase separation, indicating that the 

observed cloud points in this temperature range could be the result of a 

cylindrical-to-lamellar phase transition that results in precipitation.  This type of 

transition would be consistent with increased cloudiness as the cylindrical 

micelles aggregate and begin to form lamellar layers, and is likely responsible for 

the sharp increase in measured micelle length observed at RCO2 ~ 8.  Note that at 

35 to 75 °C, the maximum packing parameters correspond to an increase in the 

volume occupied by each surfactant tail (plus solvation by CO2) from 490 Å3 at 

RCO2 = 0 to 1075 Å3 at RCO2 = 8. 
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As the micelle volume fraction φ increases, the diffusion of a micelle 

becomes influenced by the other micelles in solution.  Hence, the apparent, or 

measured, diffusion coefficient is given by Dapp = D0H(q)/S(q), where H(q) 

represents the hydrodynamic interactions and S(q) the thermodynamic (e.g., 

electrostatic) interactions.  For spherical micelles, the first-order approximation 

yields61 Dapp ≈ D0(1 + 1.56φ), while the expression for cylindrical micelles is 

more complicated due to the parallel and perpendicular components of the 

translational diffusion coefficient.62,63  For the present study, the φ values can be 

estimated to be in the range of 0.017 to 0.036.  Therefore, Eq 1 can be used 

safely with Dapp ≈ D0.  

2.3.2 Spectroscopic Studies: Pyrene Uptake 

In order to evaluate the potential of CO2-swollen fluorocarbon micelles as 

solubilization agents, the solubility of pyrene was studied by UV-vis spectroscopy 

using the same surfactant and CO2 concentrations as in Figure 2.3.  Typical 

absorption spectra for the pyrene-containing CO2-swollen micelle system are 

shown in Figure 2.4 as a function of temperature at 345 bar.  The characteristic 

pyrene peaks at ca. 330, 315, and 300 nm are clearly evident, indicating a high 

degree of pyrene solubilization upon the addition of CO2.  The measured UV-vis 

spectra of pyrene in PFPE-K micelles in the absence of CO2 showed an 

absorbance of 0.07 at the 330 nm peak, roughly twice that of pyrene in pure water 
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(7 × 10-7 M, or an absorbance of ca. 0.04; ε = 5.4 × 104 cm-1 M-1),64 also at room 

temperature and with 1 cm path length.  

Similar results have been obtained with other fluorocarbon surfactants in 

water and has been attributed to the adsorption of pyrene at the micellar interface 

as opposed to inside the micelle cores, due to the relatively low affinity of pyrene 

for fluorocarbons, given the large difference in cohesive energy densities.65-67 
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Figure 2.4 Absorption spectra for the pyrene-containing CO2-swollen PFPE-K 
micelle system as a function of temperature at 345 bar. 
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As seen in Figure 2.4, increasing the temperature increases the 

absorbance, and hence the calculated solubility, of pyrene in the system.  The 

primary reason for this solubility increase is the increase in micellar CO2.  Recall 

that as the temperature is increased at constant pressure, the solubility of CO2 in 

water decreases, resulting in an increase in the amount of CO2 solubilized in the 

micelles.  As the swollen micelles grow, they scatter more light, as evidenced by 

the increase in absorbance away from the pyrene peak, e.g., at 350 nm, in Figure 

2.4.  The contribution to the overall absorbance due to scattering was 

approximated using a spline and subtracted from the peak absorbance.  Raising 

the temperature also has the effect of increasing the solubility of pyrene in bulk 

water.  This was accounted for by subtracting the expected absorbance based on 

the volume fraction of the aqueous phase and literature values for the solubility of 

pyrene in bulk water at atmospheric pressure and the experimental temperature.68  

The overall effect is shown in Figure 2.5, which plots the net absorbance (i.e., the 

overall absorbance corrected for scattering from the micelles and for pyrene 

solubility in water) and the corresponding solubility (based on total system 

volume) of pyrene in the fluorocarbon micelles versus RCO2.  The raw 

absorbances, scattering corrections, and aqueous solubility corrections are 

available as supplemental data.  For comparison, the solubility of pyrene in bulk 

CO2 is 2.1 × 10-3 M at 35 °C and 125 bar,69 while the concentration of micellar 

pyrene at 35 °C and 128 bar (RCO2 = 7.2) is 1.21 × 10-5 M from Figure 2.5.  On 
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the basis of the volume fraction of CO2 in the micellar solution (φCO2 = 0.018 at 

ρCO2 = 0.783 g/mL), the maximum predicted solubility of pyrene in the micelles is 

3.8 × 10-5 M if a pure CO2 core were formed in the micelles.  In other words, 

CO2 in the fluorocarbon micelle core can solubilize approximately 31% (± 2%) of 

the amount of pyrene dissolved in an equivalent volume of neat CO2.  This 

amount is substantial given that the volume ratio of micellar CO2 to surfactant (~ 

1) is considerably below the molar ratio (RCO2) value of 7.2.  By swelling our 

micelles with CO2 we observe an increase of the total solubility of pyrene by a 

factor of up to 10 over that in bulk water at the same temperatures.   

This example demonstrates the ability to dissolve large amounts of 

lipophilic compounds into aqueous-phase fluorocarbon micelles upon the addition 

of CO2.  The reversibility of this solubilization upon removal of CO2 pressure 

has potential advantages for recovery of solutes. Linear extrapolation to RCO2 = 0 

gives a micellar pyrene concentration of 2.6 ± 0.5 × 10-6 M, which is over 4 times 

the value in room-temperature CO2-free micelles.  We believe that this 

difference is caused by preferential partitioning of CO2 into the micelles.  This 

effect is numerically significant only when the solubility limit of pure water is 

approached, i.e., RCO2 less than 3, as evidenced by the slight change in slope 

around RCO2 = 3 in Figure 2.5.  

Steady-state fluorescence measurements were performed to characterize 

the location of the solubilized pyrene in the fluorocarbon micelles.  
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Figure 2.5 UV-vis absorbance and the corresponding solubility (based on total 
system volume) of pyrene in CO2-swollen PFPE-K micelles versus 
RCO2, the molar ratio of CO2 to surfactant in the micelles.  Only the 
contribution from micellar pyrene is included. 
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Figure 2.6 Pyrene I1/I3 versus the molar ratio of CO2 dissolved in the micelles 
(RCO2).  The values for water, hexane, and CO2-free micelles are for 
25 °C. 
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The fluorescence emission of pyrene is well documented, and the ratio of 

intensities of the first and third peaks, I1/I3, has been found to be a measure of the 

local polarity of the pyrene environment.  For example, I1/I3 equals 1.59 to 1.87 

in water, 0.6 in hexane, and 0.50 in perfluoromethylcyclohexane.70,71  Figure 2.6 

contains a plot of I1/I3 versus RCO2, along with the values obtained for pyrene in 

water, in hexane, and in the fluorocarbon micelles before the addition of CO2 

.  An I1/I3 value of 1.35 for RCO2 = 0 is consistent with values obtained in 

other fluorocarbon micelles65,66 and has been attributed to the solubilization of 

pyrene in a region of intermediate polarity between the water and fluorocarbon 

environments, i.e., the micellar interface. 

For the largest amount of CO2 dissolved in the micelles, I1/I3 values of 0.8 to 1.0 

are obtained.  For comparison, I1/I3 is 0.9 for pyrene in neat CO2 in the density 

range of this study.72  As CO2 swells and lengthens the micelles, pyrene is 

located in an increasingly nonpolar environment that is spectroscopically 

equivalent to pure CO2.  This result demonstrates that the additional pyrene 

dissolved in the fluorocarbon micelles upon the addition of CO2 resides 

effectively in the micellar tail-CO2 region.  The low cohesive energy density of 

the PFPE tails would also give a low value of I1/I3 if the pyrene were soluble in 

the fluorocarbon core of the micelle.  Therefore, incorporation of CO2 into 

fluorocarbon micelles allows for the solubilization of relatively large amounts of 

fluorophobic hydrocarbons into the micellar core.  Additionally, CO2-swollen 
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fluorocarbon micelle systems could be used to raise the solubility of fluorocarbon 

solutes in the aqueous phase. 

2.3.3 Spectroscopic Studies Dansyl Probe 

To test the effect of CO2 solubilization into fluorocarbon micelles on 

fluorophilic solutes, the fluorescence probe (dansyl)2PFPE was employed.  The 

dansyl group is another well-known polarity indicator, with a red shift in the 

wavelength of maximum absorption (λmax) as solvent polarity increases.73  The 

λmax values obtained for (dansyl)2PFPE in the C/W microemulsions were 500 ± 2 

nm, independent of the value of RCO2.  Here the temperature was varied from 25 

to 75 °C and the pressure from 69 to 345 bar.  These λmax values are intermediate 

between those obtained in water (λmax = 516 nm) and in the fluorocarbon solvent 

1,1,2-trichlorotrifluoroethane (λmax = 483 nm), and differ only slightly from the 

value obtained in CO2-free PFPE-K micelles in water (λmax = 504 nm).  Thus, 

CO2 does not appear to greatly affect the location of solubilization of this type of 

fluorophilic compound.  Similarly to pyrene, the polar phenyl groups of dansyl 

are expected to preferentially partition to the micellar interface in the absence of 

CO2.  The perfluoropolyether linkage is solubilized in the micellar core and acts 

as a tether between the dansyl groups at the micelle interface.  The inclusion of 

CO2 in the micelles is not expected to affect the affinity of perfluoropolyether 

towards the micellar core, but could result in a slight increase in the solubility of 
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the dansyl groups in the micellar core.  This solubility increase is expected to a 

much smaller extent than observed with pyrene because of the relatively polar 

groups in dansyl.  Note that although the location of the dansyl fluorophilic 

probe is unaffected by the addition of CO2 to the micelles, the micellar growth 

and the increase in dispersed phase volume fraction that results from CO2 

solubilization would likely result in an increase in solubilization of the probe.  

Solutions of CO2 and water are acidic (pH = 3) due to the formation of 

carbonic acid and thus may protonate organic bases, such as the amine of the 

dansyl group (pKa ≅ 3.5).74  The protonated dansyl species results in a second 

fluorescence peak.  The wavelength of maximum emission of this peak was 

approximately 400 nm.  Figure 2.7 shows the ratio of intensities of the neutral 

and protonated dansyl species, denoted here as In/Ip, as a function of RCO2 and 

temperature.  At each temperature except 75 °C, the fraction of neutral dansyl 

slightly increases as the amount of CO2 in the micelle increases.  This 

observation suggests that CO2 incorporation encourages the dansyl groups to 

move away from the interface, where they can come in contact with water and 

become protonated.  

The In/Ip values in Figure 2.7 appear to be affected by temperature 

independently from RCO2.  Increases in temperature result in a decrease in In/Ip, 

or an increase in dansyl protonation.  This temperature effect can not be 

explained by acid-base reaction equilibrium, because the pKa of the dansyl group 
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Figure 2.7 The ratio of intensities of the neutral and protonated dansyl species 
as a function of temperature and the amount of CO2 dissolved in the 
micelles.  Partitioning to the micellar interface results in increased 
protonation. 
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is expected to decrease with increasing temperature, resulting in less dansyl 

protonation.75  The pH of CO2-water mixtures is relatively constant over the 

experimental temperature and pressure range employed here.76   

We believe that the enhanced protonation of the dansyl group reflects its 

increased exposure to the aqueous phase.  Our argument is as follows.  

Solubilization into micelles in water can generally be described with a two-site 

model involving the partitioning of the solute between the liquid-like core and the 

micellar interface.77  For classical alkane-based micelles, nonpolar oils such as 

hexane reside exclusively in the micellar core region, while slightly polar oils, 

such as those containing aromatic rings, partition between the micelle core and 

the interface.  The solubility of aromatics in water increases strongly with 

temperature.  For example, the solubility of naphthalene in water increases 

sixfold as temperature increases from 25 to 65 °C.78   Therefore, it is reasonable 

to expect that increasing the temperature results in an increase of the partitioning 

of the dansyl groups to the micellar interface, which is manifested by the increase 

in the degree of dansyl protonation seen in Figure 2.7.   

2.4 CONCLUSIONS  

The addition of dense (liquid or supercritical) CO2 to perfluoropolyether 

micelles in water swells cylindrical, rodlike micelles to form for the first time 

CO2-in-water (C/W) microemulsions.  These microemulsions allow for the 
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simultaneous solubilization of certain fluorophilic, lipophilic, and hydrophilic 

molecules.  The cylindrical geometry for the microemulsions is consistent with 

the packing parameters in the range of 0.37 to 0.52 calculated from the area per 

surfactant molecule (aH) values determined from the DLS measurements.  By 

changing temperature and/or pressure to adjust the solubility of CO2 in water, the 

molar ratio of CO2 solubilized in the micelle to surfactant (RCO2) can be tuned 

from zero to 8, which increases the cylindrical micelle length from ca. 20 nm to 

80 nm.  The volume fraction of the micellar pseudophase increases from 0.017 

without CO2 to a maximum of 0.036.  The increase in the area per surfactant 

headgroup with RCO2 is consistent with the much smaller interfacial tension 

between CO2 and water versus fluoroethers and water, which lowers the 

surfactant adsorption.  This type of large change in interfacial tension, and thus 

aH, does not occur in solubilization of hydrocarbons into micelles with 

hydrocarbon tails.  The light-scattering data always contained a small volume 

fraction of large particles (dH ≈ 200 nm) that is probably the result of 

unfunctionalized surfactant precursor acting as a chemical impurity.  The CO2-

swollen fluorocarbon micelles can solubilize substantial amounts of fluorophobic 

molecules that are CO2-philic.  The maximum solubility of pyrene in the 

micelles is approximately 10 times higher than the solubility in bulk water and is 

about one third of the solubility of pyrene expected in neat CO2 based on the 

micelle volume fraction.  The change of the polarity-sensitive pyrene 
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fluorescence (I1/I3) versus RCO2 shows that addition of CO2 to the micelles results 

in partitioning of pyrene from the interface to the tail-CO2 region of the micelle 

core.  At the highest RCO2 values, pyrene senses a polarity comparable to that of 

pure CO2.  Similarly, as RCO2 increases, the fluorophilic probe (dansyl)2PFPE 

resides in a decreasingly polar environment, although this effect is much smaller 

than that observed for pyrene.  The ability to form C/W microemulsions offers 

new opportunities in reaction, separation, and materials formation processes with 

two environmentally benign solvents, carbon dioxide and water. 
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CHAPTER 3 

Water-in-Carbon Dioxide Microemulsions with Methylated 
Branched Hydrocarbon Surfactants 

3.1 INTRODUCTION 

We dedicate this article to Chuck Eckert who, starting in the 1970s, has 

been providing vast inspiration and motivation in the field of supercritical fluids.  

With his leadership, this field has played a prominent role in this journal and 

throughout chemical engineering, chemistry and many other branches of science 

and engineering.  We hope he will enjoy our attempt to combine molecular 

thermodynamics and spectroscopy in ways that he taught us to describe the 

fundamental behavior of microemulsions formed with hydrocarbon surfactants.   

Solvents based on liquid and supercritical fluid CO2 
1 have evolved from 

pure CO2 2-4 to CO2 with cosolvents, 5-7 complexing agents, 8 micelles, and 

water/CO2 microemulsions.  Water-in-CO2 (W/C) microemulsions 9, 10 and 

macroemulsions 11, 12 may be utilized as environmentally benign nontoxic 

solvents in chemical processes.  The solvent quality of compressed CO2 may be 

tuned with pressure and temperature to manipulate the solvation of surfactant tails 

and consequently the properties of the microemulsion.  Its readily accessible 

critical temperature (Tc = 31.1 °C), low surface tension, and low viscosity offer 

advantages in a wide range of applications including extraction, 1 polymer 
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processing, 13, 14 phase transfer reactions and catalysis, 15 enzymatic catalysis, 16 

polymerization, processing of microelectronic devices, 17, 18 and synthesis of 

nanocrystals. 19, 20  Many of these processes may be enhanced by W/C micro- 

and macroemulsions.  However, the formation of stable W/C emulsions or 

microemulsions is challenging due to the unusually strong attractive interdroplet 

interactions resulting from the weak solvation of the surfactant tails by CO2. 21-23  

The weak tail solvation is due primarily to the low polarizability density of CO2 

compared to organic solvents. 24  A great deal of effort has been directed in 

designing surfactants with an effective ‘CO2-philic’ tail, since relatively few 

conventional surfactants are soluble in supercritical CO2. 25 

To date, only surfactants with one or more fluorocarbon tails, which have 

low polarizability densities, have been shown to form W/C microemulsions (2 to 

5 nm in diameter) with a significant amount of water per surfactant molecule.  A 

wider range of surfactants stabilize W/C macroemulsions with droplet sizes from 

0.1 to a few µm.  Perfluoropolyether, 12 and poly(dimethylsiloxane), 11, 26 

segments have been used as surfactant tails to form concentrated macroemulsions 

with stabilities of many hours.  Steric stabilization of metal and semiconductor 

nanocrystals in liquid or supercritical CO2 has been achieved with fluorocarbon 

ligands, 27 but not with hydrocarbon ligands. 

The formation of W/C microemulsions and macroemulsions with 

hydrocarbon surfactants is of significant industrial interest due to the high cost 
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and potential toxicity of fluorinated surfactants.  Consani and Smith tested over 

130 commercial surfactants for solubility in CO2, and found that none of them 

formed W/C microemulsions. 25  The aggregation numbers of poly(ethylene 

glycol) n-dodecyl ethers (n-C12E3, n-C12E5, and n-C12E8) in supercritical CO2 

were in the range of  2.5∼5.0 according to FTIR spectroscopy. 28  However, 

adding water to solutions of nonionic surfactants in CO2 resulted in phase 

separation rather than the formation of a microemulsion 25 reflecting weak 

solvation of hydrocarbon tails by CO2.  The solvation of linear alkyl tails of 

pentaethylene glycol n-octyl ether (n-C8E5) was greatly improved by the addition 

of n-pentanol as a cosurfactant and a stable W/C microemulsion with up to 4 wt% 

water and a corrected molar water/surfactant ratio (Wo
c, where the superscript c 

denotes corrected) of 12 was formed. 29  This correction, which was made to 

exclude the amount of water dissolved in bulk CO2, is utilized throughout our 

study.  McFann looked at the effects of tail branching and methylation for a 

variety of hydrocarbon surfactants, many of which were ionic. 30  It was found 

that surfactants with highly methylated and branched hydrocarbon tails along with 

nonionic EO head groups were much more soluble in CO2 than those based on 

linear alkanes. 

Dilute W/C emulsions have been formed with a triblock copolymer 

surfactant, poly(propylene oxide-b-ethylene oxide-b-propylene oxide), Pluronic 

17R4 indicating interfacial activity for this surfactant. 11  Notice that each 
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propylene oxide unit contains a methyl branch.  A particular poly(ether-

carbonate) copolymer was found to be CO2-philic and capable of forming 

emulsions of CO2 and water. 31  The addition of methyl groups to sulfosuccinate 

surfactants has enhanced their solubility in CO2 markedly and led to the formation 

of reverse micelles in pure CO2, as demonstrated with small-angle neutron 

scattering for sodium bis(3,5,5-trimethyl-l-hexyl)sulfosuccinate (AOT-TMH). 32  

This methylated surfactant was further shown to form stable dilute emulsions and 

miniemulsions with reduced flocculation. 33  However, it did not form 

thermodynamically stable W/C microemulsions.  This limitation is due in part to 

the unfavorable partition coefficient between water and CO2 and the inability of 

CO2 to fully solvate the surfactant tails, as required to screen interdroplet 

interactions. 

Ethoxylated acetylenic surfactants have been shown to be highly soluble 

in CO2 and to produce low interfacial tensions between water and CO2. 24  One 

such surfactant, Dynol-604 34 and a trifunctional surfactant Hypon LS-54 

(C12H25O-EO5-PO4) 35 have been shown to form hydrated reverse micelles in CO2 

with some water uptake (up to 0.6 wt% water with 2 wt% Dynol-604 and 0.5 wt% 

with 1.5 wt% Hypon LS-54).  For the latter, Wo
c/[EO] ≤ 1.6 which is below the 2 

water molecules required to solvate the two pairs of non-bonded electrons on the 

ether group.  Sugar pentaacetates have been shown to be unusually soluble in 

CO2 due in part to favorable specific polar interactions, and are thus interesting 
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candidates for surfactant tails. 36  Given that methyl and other branches appear to 

raise the solubility of surfactants in CO2, it should be possible to utilize branching 

to form W/C microemulsions with several water molecules per head group. 

It is well established that phase separation of microemulsions can arise 

from either interdroplet interactions or greater curvatures than the natural 

curvature of the interface both for water-in-oil (W/O) 37 and water-in-supercritical 

fluid 38, 39 microemulsions.  The natural curvature is defined as the preferred 

curvature for a single drop and is independent of interdroplet interactions.  The 

natural curvature is influenced by the packing parameter of the surfactant or the 

ratio of the area of the tail to head group,   

p = vt/ahl 

where vt is the volume of the tail, ah is the area/head group and l is the length of 

the tail.  The natural curvature may be defined more rigorously in terms of the 

hydrophilic-CO2 -philic balance (HCB). 40 
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where Aij is the interaction energy (treated here as a positive quantity) for the 

various interactions between CO2 (C), surfactant tail (T), water (W) and surfactant 

headgroup (H).  This ratio is analogous to the well-known Winsor R ratio for a 

surfactant between an oil and water.  For 1/HCB > 1, the surfactant prefers the 

CO2 phase, leading to W/C microemulsions.  In this case the favorable ATC 
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relative to ATT, spreads the tail side of the interface relative to the headgroup side 

to bend the interface about water, as shown in Figure 3.1.  Likewise, for 1/HCB 

<1, the surfactant prefers the aqueous phase and the interface bends about CO2 

leading to a C/W microemulsion.  For example, the surfactant with a relatively 

short CO2-philic group prefers water and forms a C/W microemulsion,  41 

whereas with a longer tail forms a W/C microemulsion. 9  Interdroplet 

interaction and natural curvature phase boundaries are commonly referred to as 

the haze (or cloud) point curve and solubilization curve, respectively.  When 

crossing the solubilization boundary, almost pure water is squeezed out of the 

droplet core to accommodate the natural curvature.  Here, the actual droplet 

radius would be too small for the natural radius.  On the other hand, phase 

separation due to interdroplet interactions results from tail-tail interactions 

between droplets due to insufficient solvation of the tails.  Here, surfactant is 

expelled with water at the haze point.  Even for surfactants with fluoroether tails 

that form stable W/C microemulsions, the interdroplet interactions are much 

stronger than in the case of W/O microemulsions as shown by SANS. 23  

Consequently, it is exceptionally challenging to overcome such interactions in 

CO2 for hydrocarbon tails, that are solvated less effectively than fluorocarbon 

tails. 

Amphiphiles of a new class with very short and bulky (stubby) CO2-philic 

head groups, the trisiloxane surfactants of the form ((CH3)3SiO)2Si(CH3)(CH2)3-
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EOn, where EO refers to ethylene oxide, were shown to be very interfacially 

active at the CO2 -water interface, as indicated by their effectiveness in stabilizing 

both concentrated and dilute emulsions of water and CO2. 42  The unusual 

surface activity of methylated surfactants may be attributed to their low surface 

energy. 43  The stubby nature of these CO2-philic groups minimizes tail overlap 

leading to weaker intermolecular tail-tail interactions and thus minimal 

flocculation of emulsion droplets.  In the present study, we apply the concept of 

stubby surfactants to fully hydrocarbon tails. 

Our objective is to form thermodynamically stable W/C microemulsions 

with methylated branched hydrocarbon surfactants with an ethylene oxide head 

group.  These microemulsions are formed without a cosurfactant and are shown 

to solubilize lysozyme.  The combination of measurements of phase behavior 

and droplet size by dynamic light scattering sheds insight into the mechanism of 

microemulsion stability.  Branching and methylation of the hydrocarbon tail are 

utilized to achieve an optimal balance of a number of factors. Branching and 

methylation weaken the interactions between tails and, consequently, will be 

shown to raise the solubility in CO2 and to lower the solubility in water, 

improving the partition coefficient of the surfactant towards CO2 to favor a W/C 

microemulsion.  This partitioning or hydrophilic-CO2-philic balance (HCB) will 

be characterized by investigating emulsions with equal amounts of water and 

CO2.  The change in the packing factor due to branching will favor bending of 
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the surfactant monolayer about water, as needed in a W/C microemulsion.  

Because methylated branched tails are much bulkier than those of linear alkanes, 

the tails may be expected to interpenetrate each other less effectively upon 

approach of two microemulsion droplets.  Less overlap leads to weaker 

interdroplet interactions, thereby reducing the chance for phase separation.  

Finally branching and methylation may be expected to reduce the free volume for 

penetration of CO2 in the region within a few Angstroms of the water interface, 

thus lowering the interfacial tension according to new simulation results. 44  

Each of these factors, resulting from methylation and branching, contributes to the 

ability to form the W/C microemulsion. 

3.2. EXPERIMENTAL SECTION 

3.2.1 Materials 

A series of highly branched surfactants TMN-3 (99% 5b-C12E3), TMN-6 

(90% 5b-C12E8, 10 wt% water), and TMN-10 (90% 5b-C12E12, 10 wt% water) of 

poly(ethylene glycol) 2,6,8-trimethyl-4-nonyl ether were purchased from Sigma 

(see Figure 3.2).  The surfactants were dried over excess amounts of anhydrous 

MgSO4 (Fisher) for a month at 45 °C, centrifuged and the neat liquid surfactants 

were filtered through 0.2 µm syringe filters (PTFE, Whatman).  The amounts of 

residual water in surfactants were measured using Karl-Fischer titiration (CSC 

Scientific, model Photovolt Aquatest 2010A).  The water content by weight was 



 78

0.56 % for 5b-C12E3, 0.82 % for 5b-C12E8, and 0.83 % for 5b-C12E12.  The 

drying procedure not only removed most residual water but fractionated 

surfactants toward lower molecular weights due to the preferential adsorption of  

longer hydrated EO chains onto the solid drying agent.  The average numbers of 

ethylene oxide groups and the corresponding molecular weights determined by H1 

NMR were n = 2.98 (Mw = 335), n = 8.32 (Mw = 552), n = 11.55 (Mw = 694) for 
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Figure 3.2 Chemical structure of Tergitol TMN ethoxylated nonyl ether 
surfactants. navg = 2.98 (Mw = 335) for 5b-C12E3, navg = 8.33 (Mw = 
552) for 5b-C12E8, and navg = 11.55 (Mw = 694) for 5b-C12E12. 
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dried samples of TMN-3, -6, -10, respectively.  Gas chromatography revealed 

that each sample of dried surfactant consisted of 5~9 major discrete fractions 

which had different numbers of EO groups as is often observed in commercial 

ethoxylated surfactants.  According to the weight fractions from GC, the 

distribution was close to Gaussian.  The standard deviation for the ethoxylation 

number of each  dried sample was calculated as 0.51 for 5b-C12E3, 1.85 for 5b-

C12E8, and 2.56 for 5b-C12E12, respectively.  Egg white lysozyme was supplied 

by Spectrum, and used as received.  Instrument grade CO2 (≥ 99.99%, 

Matheson) passed through an oxytrap (Oxyclear, model RGP-31-300), and 

Nanopure II deionized water (Barnstead) were used throughout. 

3.2.2 Phase behavior measurement 

The cloud points of the surfactant-CO2 pseudobinary solutions were 

measured with a variable-volume view cell.  The phase behavior of surfactant-

CO2 binary and surfactant-water-CO2 ternary systems was measured by visual 

observation through the sapphire window in the variable-volume view cell or by 

using the light scattering cell, that was connected to the variable-volume view cell 

(Figure 3.3).  Liquid CO2 at 25 °C, 275 bar (CO2 density = 0.9560 g/ml) was 

introduced into the front side of the cell with a computer-controlled syringe pump 

(Isco, model 260D).  It was stirred with an 1 cm cross-shape magnetic stir bar 

coated with PTFE (Fisher).  The uncertainty in the amount of CO2 added to the 



 81

cell was within ± 0.02 ml.  The pressure of the system was controlled by CO2 on 

the back side of the piston to approximately ± 0.2 bar.  The temperature was 

controlled to within ± 0.1 °C by submerging the view cell in a water bath 

equipped with a thermostat circulator (Julabo, model D-77960).  Water was 

injected with a 35 µl or a 65 µl sample loop on a 6-port valve (Valco, model 

C6W), and the solution was recirculated with an HPLC pump.  After forming a 

clear homogeneous solution at 380 bar and 75 °C, the temperature was reduced 

isobarically at a constant rate of  -5 °C/min until the system became slightly 

turbid upon visual observation.  The cloud-point pressures were observed 

visually with a constant depressurization rate of -10 bar/min and repeated 3-5 

times.  The typical uncertainty was ±10 bar. 

The cloud points were also determined by light scattering.  The scattered 

light intensities at an angle of 30° were recorded while the pressure was decreased 

at the same rate of -10 bar/min with recirculation and stirring.  The scattered 

light intensity was essentially constant in the one phase region, then increased by 

two orders of magnitude at the phase transition over a pressure range of 20 bar.  

The cloud point was determined as an intersection of a linear fit of the increasing 

intensities near the phase boundary and the constant intensity away from the 

phase boundary.  The differences in the cloud-point pressures observed visually 

and by light scattering were less than 7 bar, but those measured by light scattering 

are reported throughout because the method had less uncertainty (±4 bar).
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Figure 3.3 Schematic representation of high-pressure apparatus for the phase 
behavior, dynamic light scattering, and UV-vis experiments 
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3.2.3 Dynamic Light Scattering (DLS) 

Figure 3.3 depicts the apparatus for dynamic light scattering and UV-vis 

spectroscopy.  The microemulsions were prepared in the same way as in the 

phase behavior studies.  For DLS studies, a stainless steel light scattering cell 

with Fe3O4 surface (black oxide, Austex) was equipped with a pair of parallel flat 

circular sapphire windows (Crystal Systems, HEMLUX, 25.4 mm diameter, 7.0 

mm in thickness) sealed with PTFE o-ring seals.  The incident beam passed 

through a sapphire window normal to the 0001-orientation, such that the 

transmitted light remained vertically polarized.  The light scattering cell was 

insulated and the temperature was maintained to within ±0.1 °C by a digital 

controller (Micromega, model CN7700) and two cartridge heaters (65 W).  All 

of the recirculation lines were water-jacketed to maintain the temperature at the 

water bath temperature.  The coherent light source was a 17 mW He-Ne laser at 

a wavelength of 632.8 nm, and the scattered light was collected by a collimator 

(NSG America, SELFOC microlens, 1.8 mm diameter, 0.25 pitch) coupled to an 

optical fiber (NSG America, single mode, specified wavelength of 630 nm), and 

detected by an avalanche photodiode (Brookhaven).  The end of the fiber 

collimator was positioned a few mm from the window such that the focal point of 

the incident beam was located at the object distance (20 mm) of the collimator.  

The data were analyzed by using a digital autocorrelator (Brookhaven, model BI-

9000AT) with 522 real time channels and the non-negative least squares (NNLS) 
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program.  The refraction of the scattered light through the window was 

calculated to correct the apparent detection angle to determine the actual 

scattering angle.  The geometry of the light scattering cell and the detection 

optics of the fiber allowed measurable scattering angles up to 30° with an 

accuracy of ±5 minute.  Viscosities and refractive indices of pure CO2 at 

corresponding conditions were used for the calculation of hydrodynamic radii of 

the micelles. 45-47  The measurements were conducted at a detection angle of 15°.  

The recirculating pump and the magnetic stirrer were stopped after stable one-

phase solutions were formed.  The solutions were then allowed to equilibrate for 

at least 5 minutes to allow any convection currents to stop.  The measurements 

were repeated at least 3 times for each condition and reproducible to within 10% 

in diffusion coefficient. 

3.2.4 UV-vis apparatus for measuring lysozyme solubilization 

A spectroscopic cell with a pathlength of 0.70 cm connected to the 

variable-volume view cell was mounted in the UV-vis spectrophotometer (Varian, 

Cary 3E) as shown in Figure 3.3.  A slight excess amount of solid lysozyme 

powder was loaded in the up-stream side of the filter to prevent powder from 

flowing into the spectroscopic cell.  The lysozyme-free UV-vis spectra of 

microemulsions were taken as baselines after recirculating the solution through 
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the filter bypass.  Next, the recirculation path was switched to pass the solution 

through the filter to dissolve the lysozyme and record the spectra.  

3.3 RESULT AND DISCUSSION 

3.3.1 Phase behavior 

The phase behavior of 5b-C12En/CO2 systems was investigated with 1.0 

wt% surfactant in the pressure-temperature domain as shown in Figure 3.4.  A 

clear one-phase solution was observed above the solid line for each surfactant. All 

of the surfactants at 1.0 wt% concentration were soluble in supercritical or liquid 

CO2 at sufficiently high pressure.  At 25 °C, 5b-C12E3 was soluble in liquid CO2 

at its vapor pressure, 64.3 bar.  As expected, the solubility decreased as the EO 

length increased based on the relatively low solubility of PEO homopolymer. 24   

For a given surfactant, the cloud-point pressure increased with increasing 

temperature along the coexistence curve due to a decrease in CO2 density (solvent 

quality).  Similarly, a decrease in density with an increase in temperature at 

constant pressure also lowered the solubility as shown for 5b-C12E8 in Figure 3.5.  

This classic lower-critical-solution-temperature (LCST) type phase behavior is 

commonly observed in supercritical solvent systems 1, 24 and is well-understood 

theoretically.  LCST-type phase separation is driven by the compressibility 

difference between supercritical CO2 and solute.  As temperature increases, CO2 

leaves the surfactant to increase the volume and entropy of the system. 
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Figure 3.4 P-T Phase diagram of binary solutions of 1.0 wt% surfactant in CO2.  
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Figure 3.5  Phase behavior of binary 5b-C12E8/CO2 solutions at different 
temperatures. 
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This entropy gain is enough to offset an unfavorable enthalpy change.  

The CO2 density at the cloud point decreases at an approximate slope of 0.02 

g/mL per °C, although the relationship is modestly nonlinear.  This decrease in 

the CO2 density at the cloud point results from an increase in the chemical 

potential of the pure surfactant with increasing temperature, for example, an 

increase in vapor pressure.  

To further evaluate the effect of tail structure of hydrocarbon surfactants 

on the solubility in CO2, the phase behavior of 5b-C12E3 and 5b-C12E8 at 40 °C 

was investigated in the concentration range from 0.5 wt% to 50 wt% as shown in 

Figure 3.6.  The phase behavior of fairly monodisperse linear surfactants (Nikko, 

>98%, open symbols in Figure 3.6) is reproduced from Yee et al. 28  At the lower 

surfactant concentrations, the cloud-point pressures of the branched and 

methylated surfactants were greatly reduced from those of corresponding 

structural isomers, i.e., poly(ethylene glycol) n-dodecyl ethers with linear 

surfactant tails (n-C12E3 and n-C12E8).  Considering the similar molecular 

weights of each pair of surfactants, this enhanced solubility of 5b-C12E3 and 5b-

C12E8 in CO2 may be ascribed to the weaker interactions between the methylated 

branched tails due to poorer packing.  The poorer packing increases the chemical 

potential of the surfactant in the surfactant-rich phase.  The higher solubility for 

the methylated branched tails cannot be attributed to the polydispersity in the EO 

head group versus the mondisperse n-C12E3 and n-C12E8.  The polydispersity 
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Figure 3.6 Comparison of cloud points between n-C12En  28 and 5b-C12En with 
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would be expected to raise the cloud point pressure since the high molecular 

weight fraction of 5b-C12E3 and 5b-C12E8 would lower the solubility. 

The formation of water-in-oil (W/O) or oil-in-water (O/W) 

microemulsions by poly(ethylene glycol) hydrocarbon surfactants(n-CiEj) has 

been studied extensively by Frieberg et al., 48 and Kahlweit et al. 49  The 

partitioning of a surfactant between phases, and likewise the curvature of the 

microemulsion, are highly dependent upon the temperature-sensitive interaction 

between water and PEG chains.  Aqueous solutions of these amphipiles exhibit 

LCST behavior. The LCST and surfactant hydrophilicity increase, that is the 

system becomes more miscible, with an increase in the number of EO groups. 

Although 5b-C12E3 was our most soluble surfactant in CO2, it was very 

insoluble in water.  At a concentration of 0.5 wt% in water, this surfactant 

formed a hazy solution even at 0 °C since the length of the hydrophilic EO chain 

was too short to compensate for the hydrophobicity of the tail.  This poor 

interaction with water may be expected to limit the ability to form W/C 

microemulsions with a significant water loading, as will be seen below.  

A large number of data on phase behavior of aqueous solutions of 

ethoxylated surfactants are available including those of surfactants with branched 

tails. 50, 51  Varadaraj et al. 52, 53 investigated the effect of hydrocarbon tail 

branching on the interfacial properties of ethoxylated surfactants.  The critical 

micelle concentration (CMC) increases with an increase in tail branching as it 
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becomes more difficult to pack the tails in the interior of a micelle.  With a lower 

tendency to form micelles, the surfactant is less soluble in water. Also, branching 

increases the packing parameter due to the larger volume occupied by the bulkier 

tails.  Both of these factors may be expected to increase the tendency of the 

water-oil interface to curve more towards bending about water.  Therefore, 

branching may be expected to increase the tendency to form W/C 

microemulsions. 

The change in the solvation of a surfactant tail by water may possibly 

change with methylation and branching.  However, the solvent accessible 

surface area (SASA) of a hydrocarbon decreases modestly, less than 10%, upon 

branching, as may be seen by comparing 2,2,5-trimethylhexane with nonane. 54  

The free energy of solvation of gas phase alkanes, at their vapor pressure, into 

water has been measured.  The value for 2,2,4-trimethylpentane (isooctane) is 

essentially the same as that of n-octane. 55  This result suggests that branching 

and methylation do not have a significant effect on the solubility based on 

solvation alone. 

As shown in Figure 3.7, the cloud-point temperatures of aqueous 5b-C12E8 

solutions were 30 ~ 40 °C lower than those of the linear analog n-C12E8, 

indicating the micelles formed by 5b-C12E8 in water were much less stable.  The 

cloud-point temperature of 5b-C12E8 solution is comparable to n-C12E5.5 with the 

same alkane carbon number or n-C22E8 with a similar number of EO groups. 56, 57 



 92

 

 
Te

m
pe

ra
tu

re
 (o C

)

Surfactant wt%

n-C
12

E
8

5b-C
12

E
8

0

20

40

60

80

100

0 10 20 30 40 50

L
α

lamellar phase

L
1

isotropic micellar solution

L
1
+W

two phase

L
1

isotropic micellar solution

L
1
+W

two phase

 

 

Figure 3.7  Phase diagram of binary solutions of n-C12E8/water 56 and 5b-
C12E8/water. 
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Therefore, 5b-C12E8 is much more hydrophobic than linear ethoxylated 

surfactants with the same number of carbons in the tail and the same number of 

EO groups.  Because it was shown above that branching and methylation have a 

limited influence on the solvation by water, the greater hydrophobicity may be 

attributed primarily to the steric inhibition to micellization resulting from the 

bulky structure of branched tails.  Surfactants with a highly branched tail 

structure will have a greater tendency to bend about water to form reverse 

micelles in apolar media than those with a linear architecture. The greater 

tendency to bend about water, the lower solubility in water, and the higher 

solubility in CO2 for branched versus linear surfactants will each contribute 

towards the formation of W/C microemulsions, based on trends observed for 

water/oil microemulsions. 49 

In Figure 3.8a , pressure vs. temperature phase diagram of W/C 

microemulsions is represented for 5b-C12E8.  An one-phase microemulsion is 

stable above each curve. A concentration of 1.0 wt% of 5b-C12E8 stabilizes water 

up to 1.1 wt% (g water/g CO2 ), or about twice as much as could be stabilized by 

PFPE ammonium carboxylate for a similar surfactant concentration at 35 oC. 9  

The ability to stabilize such large amounts of water with a low molecular weight 

hydrocarbon surfactant is unprecedented, and the corrected water-to-surfactant 

molar ratio, Wo
c ,  reached 28 at 35 °C and 250 bar.  The  uncorrected value of 

Wo was 34.  Although the same amount of water could be solubilized in CO2 
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with 1.0 wt% 5b-C12E12 (Wo
c =  28 at 60 °C, 350 bar), a higher temperature and 

pressure were required  as shown in Figure 3.8b and 3.9.  Moreover, 5b-C12E8 

was more efficient in that the corrected molar ratio of water to EO group (Wo
c/ 

[EO] = 3.4 for [EO] ~ 8) was greater than that of 5b-C12E12 (Wo
c/ [EO] = 2.4 for 

[EO] ~ 11).  Therefore for 5b-C12E8 a significant fraction of the water was in 

excess of the two water molecules that hydrate each ether oxygen.  A 

concentration of 1.0 wt% 5b-C12E3 could also uptake water in CO2, but the 

amount of loaded water was insignificant, as expected from its more hydrophobic 

character.  The maximum value of Wo
c attained at 30 °C and 150 bar was 3.3 

with 0.32 wt% of water, which means only one molecule of water was bound to 

each EO group of the surfactant. 

In order to explain why the microemulsions phase separate with changes 

in temperature and pressure, it is instructive to examine water-in-oil (W/O) 

microemulsion phase diagrams.  In a temperature-Wo phase diagram, the one-

phase region of a W/O microemulsion with a non-ionic surfactant extends to large 

Wo values over a narrow temperature interval. 37  The high temperature phase 

boundary is the solubilization curve, governed by the natural curvature, and the 

low temperature haze point results from interdroplet interactions.  These two 

different types of phase separation have been observed in microemulsions with 

both ionic and non-ionic surfactants in compressible fluids including CO2. 29, 58, 39 
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Figure 3.8a Phase diagrams of water/CO2 microemulsions formed by 1.0 wt% 
5b-C12E8 represented in the domains of P vs. T. 
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Figure 3.8b Phase diagrams of water/CO2 microemulsions formed by 1.0 wt% 
5b-C12E8 represented in the domains of CO2 density vs. T. 
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Figure 3.9 Phase diagrams of water/CO2 microemulsions formed by 1.0 wt% 
5b-C12E12 represented in the domain of CO2 density vs. T. 
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In the water/5b-C12En/CO2 system we will demonstrate that only 

interdroplet interaction-type phase separation was observed.  When pressure was 

decreased isothermally, an orange tint evolved from the originally colorless 

microemulsion 10 ~ 20 bar above cloud-point pressure.  The onset of an orange-

tint in the microemulsion before phase separation indicates aggregates large 

enough to scatter visible light.  The size of these aggregates is reported in the 

dynamic light scattering section.  Such large aggregates may be formed by 

interdroplet interactions, but would not be expected simply by squeezing out pure 

water at a solubilization phase boundary.  Upon further reducing the pressure to 

cross the phase boundary, the microemulsion turned hazy.  After the hazy 

solution settled, a liquid mixture of surfactant and water could be seen at the 

bottom of the view cell.  Since surfactant precipitated with water, we conclude 

that the phase separation was due to interdroplet interactions and not by a natural 

curvature phase boundary. 

 Density, rather than pressure, is the more physically meaningful property 

to describe solvation by CO2 1 and solvation governs phase separation by 

interdroplet interactions. 21-23   In Figures 3.8b and 3.9, the density required to 

prevent interdroplet interactions increases with a decrease in temperature. This 

result will be explained after examining the droplet sizes with DLS below.  The 

fact that the microemulsion phase separates with a decrease in temperature at 

constant density supports the conclusion stated above, that this phase separation is 
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not driven by natural curvature.  For nonionic surfactants, a decrease in 

temperature favors interaction of the surfactant with water due to a greater degree 

of hydrogen bonding with the EO groups.  Consequently, the natural curvature 

about the water core would increase, providing a greater capacity to take up 

water, and not lead to natural curvature-type phase separation. 

For systems composed of water and compressible CO2, 1/HCB increases 

(affinity towards CO2) with CO2 density due to an increase in ATC.  For nonionic 

surfactants, 1/HCB increases with increasing temperature at a fixed CO2 density 

due to a large decrease in hydrogen bonding between water and ethylene oxide 

groups.  The HCB of the surfactants was examined by forming a 50:50 (by 

weight) macroemulsion of water and carbon dioxide at a fixed CO2 density of 

0.85 g/ml to investigate the temperature effect alone.  An emulsion could not be 

formed with 5b-C12E3 due to its high hydrophobicity.  5b-C12E8 and 5b-C12E12 

formed stable C/W emulsions below 45 °C and 60 °C, respectively.  Above these 

phase inversion temperatures (PITs), each emulsion started to form middle layer 

indicating the hydrophilicity and CO2-philicity were fairly balanced (HCB ~ 1).  

The higher PIT for 5b-C12E12 versus 5b-C12E8 may be explained in terms of their 

ethoxylation numbers.  Since a surfactant with a longer EO chain is more 

hydrophilic, a higher temperature is required to reach the balanced state by 

weakening hydrophilicity as has been observed in oil-water emulsions. 51 
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Despite the preference of the surfactant for the water phase at low 

temperature in systems with equal amounts of water and CO2, dilute W/C 

microemulsions could be formed 10 ~15 °C below the measured PIT as shown in 

Figure 3.8b and 3.9.  The ability to form a dilute microemulsion with dispersed 

water when the surfactant prefers the water phase is well-known for water-oil 

systems.  In this case, the microemulsion is formed by the favorable entropy of 

mixing a small amount of water in a large amount of continuous phase. 33  The 

packing factor of the surfactant monolayer plays a larger role for microemulsions 

than macroemulsions, since the area per surfactant at the interface is much larger 

for the latter.  Thus the packing factor also contributes towards curvature about 

water in microemulsions even though the surfactant partitions towards the water 

phase in macroemulsions.   

3.3.2 Dynamic Light scattering 

To study the droplet size and microemulsion stability, dynamic light 

scattering (DLS) experiments were conducted with 1.0 wt% 5b-C12E8 as a 

function of temperature, pressure, and water loading.  For a dilute solution of 

monodisperse particles, the normalized field correlation function, g(τ) is given by 

[ ]ττ Dqg 2exp)( −=                 (1) 

where q = (4πn/λ) sin(θ/2), n is the refractive index of the continuous phase, λ is 

the wavelength of the incident light, θ is the scattering angle, q is the scattering 
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vector, and D is the diffusion coefficient of droplets in solution.  From the 

diffusion coefficient, the hydrodynamic radius can be calculated using the Stokes-

Einstein equation: 

      
hR

kTD
πη6

=                        (2) 

where η is the viscosity of the continuos phase, and Rh is the hydrodynamic radius 

of the particle.  For a solution of polydisperse particles, a multiexponential 

function is observed in equation (1).  In this study, non-negatively constrained 

least squares (NNLS) method was used to fit experimetal data to a 

multiexponetial function, and the average droplet sizes are reported. 

Figure 3.10 shows three representative plots of normalized field 

correlation functions g(τ) versus delay time τ.  Note that the absolute value of the 

slope in the semi-log plot decreases with an increasing amount of loaded water as 

a result of slower diffusion of larger microemulsion droplets.  The hydrodynamic 

radii of the droplets formed in CO2 with 1.0 wt% 5b-C12E8 are shown in Figure 

3.11 and Table 3.1 as a function of corrected molar water-to-surfactant ratio (Wo
c) 

under several different conditions.  The hydrodynamic radii of dry micelles 

before adding water varied from 1.6 to 2.5 nm depending on temperature and 

pressure.  The dry micelle size decreased with increasing temperature along a 

CO2-isochore, or with increasing pressure along an isotherm.  Higher 

temperature causes the dipolar and hydrogen bonding interactions between the 
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Figure 3.10 Representative plots of normalized field correlation functions vs. 
delay time obtained from DLS with microemulsions formed by 1.0 
wt% 5b-C12E8 in CO2. The straight line fits were determined by 
excluding intrinsic decays on hi-speed channels (τ ≤ 40 µs). 
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PEG tails in the micelle core to have a smaller effect on aggregation.  Higher 

pressure also reduces the effect of these interactions by increasing the solvation of 

the CO2-phobic ethylene oxide segment.  The ability to reduce micellization with 

an increase in pressure of a supercritical fluid has been reported for low molecular 

weight surfactants 59 and block copolymers. 60 

The water to surfactant ratio provides insight into the structure of 

microemulsions. The first two water molecules per EO group are needed to 

hydrate the two oxygen lone pairs of electrons on the ether oxygen. After the 

ethylene oxide groups are hydrated, the additional water molecules may form an 

aqueous pool in the core of the microemulsion. In Figure 3.11, excess water above 

the water of hydration is only present for the points at the highest Wo
c.  The 

decrease in drop size with temperature from DLS is now shown to be consistent 

with the expected curvature change of the surfactant monolayer.  In addition, it 

is consistent with the observed change in surfactant partitioning for the 50:50 

emulsions with equal amounts of water and CO2.  Consider a 50:50 emulsion. 

When temperature is increased, surfactant molecules partition more towards the 

CO2 phase.  This shift away from water results from the fact that the thermal 

energy overcomes EO-water hydrogen bonds, as is known from studies of lower 

critical solution temperature type phase behavior of poly(ethylene glycol) based 

surfactants in water. 61  As a result of a relative decrease in the headgroup 

interactions with water (AHW) while the van der Waals interactions of the tails 
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Figure 3.11 Hydrodynamic radii of microemulsion droplets formed with 1.0 
wt%5b-C12E8 in CO2 vs. corrected water-to-surfactant molar ratio, 
Wo

c. Experimental conditions and the values of hydrodynamic radii 
are listed in Table 1. 
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Table 3.1 Hydrodynamic radius (Rh) of W/C microemulsion droplets stabilized 
by 1.0 wt% 5b-C12E8  in CO2 . Density of pure CO2 is listed as 
ρCO2. 

 

T 
( °C) 

P 
(bar) 

ρCO2 
(g/mL) 

Water content 
(wt%) Wo

c Rh 
(nm) 

   < 0.01 - 2.47 
 248.0 0.90 0.50 9.5 2.84 

  1.00  24.6 2.97 35   < 0.01 - 2.27 
 344.7 0.95 0.50  9.1 2.66 

   1.00  24.2 2.89 
   < 0.01 - 2.07 
 240.8 0.85 0.50  7.9 2.57 

  1.00  23.0 2.84 45   < 0.01 - 1.95 
 310.6 0.90 0.50  7.5 2.45 
   1.00  22.6 2.77 
   < 0.01 - 1.80 
 238.8 0.80 0.50  5.9 2.32 

  1.00  21 2.64 55   < 0.01 - 1.58 
 299.7 0.85 0.50  5.4 2.14 
   1.00  20.5 2.56 
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with CO2 are essentially constant, the surfactant monolayer in the microemulsion 

would be expected become more curved about water forming smaller water 

droplets.  Thus the observed decrease in droplet size for the microemulsions by 

DLS with temperature at constant CO2 density is consistent with expectations 

based on the relevant molecular interactions between surfactant, water and CO2, 

as well as the partitioning data for the 50:50 emulsions. 

The effect of CO2 density on the stability of the microemulsion was 

further investigated by measuring the size of microemulsion droplets dispersed in 

CO2 at 45 °C with 1.0 wt% 5b-C12E8 as shown in Figure 3.12. At each pressure, 

the droplet size increased with increasing water content from 0.50 wt% to 1.00 

wt%. At the three highest pressures or densities, the droplet size increased slightly 

with a decrease in pressure or density.  As the pressure was lowered further 

towards the phase boundary, the droplet size increased markedly.  Eventually the 

size of the aggregates became so large that the microemulsion became hazy, and 

surfactant along with water precipitated and settled.  At these conditions, at the 

densities where the curves end, it is no longer possible to measure the drop size.  

The polydispersity increased markedly in this region.  The sharp increase in 

aggregate size adjacent to the phase boundary indicates the phase transitions were 

driven by interdroplet interactions resulting in coagulation of droplets as 

surfactant tails became poorly solvated by less dense CO2.  The same 
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phenomena were observed with water/AOT/supercritical ethane and propane, and 

ascribed to the clustering of microemulsion droplets. 62 

Now that we have examined the droplet size, we return to the effect of 

temperature on the phase boundary in Figure 3.8b and 3.9. As temperature 

decreases, a higher density is required to stabilize the microemulsion.  The DLS 

data indicate that the droplet size increases with a decrease in temperature, due to 

an expected shift in monolayer curvature resulting from more favorable 

interactions between water and the EO groups.  As the curvature decreases, a 

greater number of surfactant tails between two droplets will overlap as two 

droplets approach each other.  This increased overlap strengthens interdroplet 

interactions, as has been seen for water/AOT/oil, 63 water/AOT/propane, 64 and 

water/ PFPE ammonium carboxylate/CO2 23 microemulsions.  Therefore, a 

higher CO2 density is needed to solvate the tails and screen these tail-tail 

interactions as was observed.  The measurement of both phase boundaries as 

well as droplet size has been shown to provide synergy in understanding the 

mechanism of microemulsion stability. 

Not only does the branching and methylation of the surfactant tails 

influence phase behavior and overlap of the tails, but it reduces the free volume in 

the interfacial region relative to linear alkane tails.  The reduced free volume 

leads to less contact between CO2 and water. Consequently the water-CO2 

interfacial tension may be expected to decrease as has been demonstrated by MD  
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Figure 3.12 Hydrodynamic radii of microemulsion droplets formed with 1.0 

wt% 5b-C12E8 in CO2 as a function of CO2 density. An error bar 

indicates one standard deviation in the distribution of polydisperse 

droplets. 
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computer simulation of bulkier fluorocarbon versus less bulky hydrocarbon 

surfactants. 44  The air-water interfacial tension decreased from 30 mN/m for n-

C13E5 to 27 mN/m for the branched-tail surfactant 6b-C13E5. 52  This decrease is 

likely due to greater coverage of the interface by the bulkier branched tails.  In 

addition to air, surfactants with branched tails also interact more effectively with 

low energy surfaces such as Teflon.  They wet teflon more effectively than 

surfactants with linear tails. 

At high CO2 densities, W/C microemulsions could be formed with the 

branched surfactants indicating that the solvation of the tails was sufficient to 

overcome the interdroplet interactions.  In contrast, W/C microemulsions have 

not been reported for the linear alkanes, even when the number of carbons was the 

same.  Upon approach of two droplets, overlap between the stubby branched 

surfactant tails is lower than for two long-thin linear alkanes.  With less overlap 

and fewer interactions between tails for the branched surfactants, the tail-tail 

interactions are weakened favoring stability against interdroplet interactions. 

3.3.3 Lysozyme Solubilization in microemulsions 

The non-toxic nature of CO2 and the relatively low toxicity of nonionic 

surfactants make these microemulsions desirable for applications in the 

pharmaceutical, biological, and food sciences.  The extraction and recovery of 

cholesterol from food samples has been greatly improved by using reverse micelle 

formation by the nonionic surfactant Triton X-100 in supercritical CO2. 65  A 
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small amount of lipid-coated β-D-galactosidase was dissolved in dry supercritical 

CO2 to conduct enzymatic reactions. 66  The solubilization of a protein in a W/C 

microemulsion was first reported for BSA with ammonium carboxylate 

perfluoropolyether as the surfactant. 9  Lysozyme is a relatively small water-

soluble protein (Mw = 14600 Da, hydrodynamic radius of ca. 1.5 nm in water, 

129 amino acid residues).  Small amounts of lysozyme have been detected with 

UV-vis spectroscopy in reverse micelles in CO2 composed of hydrocarbon 

surfactants. 34, 35 

Figure 3.13 shows a representative UV-vis absorption spectra of lysozyme 

solubilized in a microemulsion containing 1.0 wt% 5b-C12E8.  Lysozyme is 

equilibrated between the excess solid crystalline phase and the microemulsion 

phase.  Thus, the peak absorbance at 278 nm increases with an increasing 

amount of water dispersed in CO2.  The left y-axis of Figure 3.14 is the 

absorbance divided by the path length.  The lysozyme concentration on the right 

axis is determined based on an extinction coefficient measured as ε = 2.48 L/g⋅츠 

in aqueous buffer solution of pH 4.0.  The lysozyme was essentially insoluble in 

pure CO2 within the detection limit of UV-vis spectrometer (A ≤ 0.001/cm).  

Unlike an earlier study, 34 the binary mixture of 1.0 wt% 5b-C12E8 in CO2 

solubilized a small amount of lysozyme without added water. The concentration 

of lysozyme solubilized in the microemulsion increased with increasing water 

content, up to 0.28 mg/ml.  It is noteworthy the lysozyme concentration achieved
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Figure 3.13 UV-vis spectra of lysozyme solubilized in water/1.0 wt% 5b-
C12E8/CO2 microemulsions at 45 °C and 310.6 bar (baseline-
corrected). 
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Figure 3.14 UV-vis peak absorbance of lysozyme solubilized in water/1.0 wt% 

5b-C12E8/CO2 microemulsions and the corresponding solubility 

vs. corrected water-to-surfactant molar ratio, Wo
c. 
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in this work is almost three times higher than that of a lipid-coated enzyme in CO2 

reported earlier, 66 and twice as high as that reported with hydrated reverse 

micelles formed with 1.5 wt% hydrocarbon surfactant. 35 

3.4 CONCLUSIONS 

W/C microemulsions are formed with commercial hydrocarbon 

surfactants, poly(ethylene glycol) 2,6,8-trimethyl-4-nonyl ethers.  A level of 1.1 

wt% of water is stable in CO2 with 1.0 wt% 5b-C12E8 under conditions ranging 

from 35 °C  to 65 °C and above 240 bar.  The corresponding corrected water-

to-surfactant molar ratio, Wo
c = 28, is unprecedented for a low molecular weight 

hydrocarbon surfactant in CO2, and is even comparable to that of fluoroether 

surfactants.  For 5b-C12E8 we find Wo
c/ [EO] to be 3.4, demonstrating that a 

significant fraction of the water was in excess of the two water molecules required 

to hydrate each ether oxygen.  Thus, our results represent the first reported 

example in scCO2 of a water-rich microemulsion core with properties approaching 

those of bulk water for a hydrocarbon surfactant. 

The hydrodynamic radii of microemulsion droplets measured by dynamic 

light scattering (1.6nm to 3.0nm) increases with a decrease in temperature (at 

constant CO2 density) or an isothermal decrease in density, as expected due to the 

relevant molecular interactions.  A decrease in temperature favors interactions of 

the head groups with water, whereas a decrease in density decreases the solvation 
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of the tails by CO2.  Both of these effects increase the droplet size with an 

increase in the degree of interdroplet attractions between surfactant tails, 

eventually leading to phase separation at a radius of approximately 3 nm.   

Methylation and branching enhance formation of stable W/C 

microemulsions as they (1) raise surfactant solubility in CO2 by weakening 

interactions between tails, and lower surfactant solubility in water by inhibiting 

micellization (The resulting increase in the partition coefficient towards CO2, i.e. 

1/HCB, favors bending about water.), (2) favor curvature about water droplets due 

to the packing parameter of the surfactant monolayer, (3) reduce overlap between 

surfactant tails and weaken interdroplet interactions, and (4) likely reduce 

penetration of CO2 in the region within a few Angstroms of the water interface.  

This reduction in penetration has been shown to lower the interfacial tension, as 

surfactant blocks the surface area between the two phases. 44  With an increase in 

the number of EO groups in the surfactant from 8 to 12, higher pressure or 

temperature are required to dissolve the surfactant and produce a large enough 

curvature of the surfactant monolayer about water.  The water droplets solubilize 

lysozyme at a level of  0.28 mg/mL of CO2 or 35 mg/mL of water in the droplet 

core. At 25 °C, the solubility of lysozyme in bulk water (pH = 4.0∼4.2, 2 % NaCl 

solution) is 50∼80 mg/mL. 67  The ability to form water pools in W/C 

microemulsions with environmentally benign and inexpensive commercial 

hydrocarbon surfactants will be highly beneficial in practical applications 
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involving separations, reactions, microelectronics processing and formation of 

nanoscale materials. 
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CHAPTER 4 

Synthesis of TiO2 Nanoparticles Utilizing Hydrated Reverse 

Micelles in CO2 

4.1 INTRODUCTION 

Microemulsions or micellar solutions may be used to prepare uniform 

nanoparticles for a variety of materials, including metals1 and oxides.2 The 

formation of particles is affected by the micelle size, the reactant distribution 

between bulk and micellar pseudo-phases, and by the surfactant stabilization of 

the growing particles. The surfactant influences particle nucleation, growth and 

agglomeration.3 Recently, low-water content reverse micelles in cyclohexane 

have been utilized to prepare TiO2 nanoparticles,4 which have attracted much 

attention as photocatalysts. The challenge has been to suppress uncontrolled 

particle aggregation in order to produce stable nanosized-TiO2 from titanium 

alkoxide which has very high reactivity towards water.5-7 In the previous 

communication, we have reported the use of hydrated reverse micelles in CO2 to 

synthesize nanosized titanium dioxide.8 

Carbon dioxide is an attractive alternative to organic solvents because it is 

nontoxic, nonflammable, highly volatile, inexpensive, and environmentally 

benign. Water-in-CO2 (w/c) microemulsions have been formed with specially 
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designed surfactants containing a ‘CO2-philic’ fluorocarbon moiety.9-12 In 

common with many water-in-oil (w/o) microemulsions, certain w/c 

microemulsions exhibit a spherical droplet structure for which the droplet radius 

is directly proportional to the water-surfactant ratio, wo
12,13 A major advantage of 

emulsions in CO2 is the ability to break the emulsion simply by reducing the 

pressure, allowing for separation of reactants, products or catalyst. The w/c 

microemulsions have served as effective reaction vessels for inorganic,14,15 

organic,16 and enzymatic reactions.17 While the formation of water pools which 

solubilize reactants or enzymes is often necessary for applications cited above, 

only a trace amount of water is sufficient for the synthesis of metal oxide 

nanoparticles from alkoxide precursors. Moreover hydrated reverse micelles, 

rather than microemulsions containing a water core, are reported to provide a 

greater control of the size, the polydispersity, and the shape of of TiO2 

nanoparticles. 4 

The objective of this study is to form ultrafine TiO2 nanoparticles in a 

controlled manner based on the observation of colloidal stabilities in CO2. In an 

extension of our earlier communication, we report here in detail the synthesis of 

TiO2 nanoparticles from the hydrolysis of titanium tetraisopropoxide (TTIP) in 

CO2 containing hydrated reverse micelles. The phase behavior of reverse micellar 

solutions with low water content in CO2 is presented, and the formation of 

particles is described based on visual observations and new dynamic light 
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scattering (DLS) measurements. The effects of surfactant concentration, water 

content, wo, and water-to-alkoxide molar ratio (R) on the particle size and the 

stability of the colloidal solutions are investigated. The size of amorphous TiO2 

particles is shown to be larger than the size of the reverse micelles indicating 

surfactant reorganization and not a pure templating mechanism. We examine the 

ability of the surfactant to provide stabilization after depressurization and 

redispersion in CO2.  In addition, the characteristics of the TiO2 particles are 

investigated with X-ray diffraction (XRD) and transmission electron microscopy 

(TEM). Our new results indicate that a slower TTIP injection rate as well as a 

lower concentration of reactants relative to our earlier study 8 aids the controlled 

formation of particles. 

4.2 EXPERIMENTAL SECTION 

4.2.1 Materials 

Tetrahydrofuran (THF) was distilled from sodium naphthalide under 

reduced pressure prior to use. 2-(dimethylamino) ethyl methacrylate (DMAEMA) 

(Aldrich) was purified by passing it through a basic alumina column to remove 

the inhibitor, stored over CaH2 at below 0 oC, and distilled prior to use. 

1H,1H,2H,2H-perfluorooctyl methacrylate (FOMA) (SynQuest) were passed 

through a neutral alumina column, stored over CaH2 and then vacuum distilled 
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before use. TTIP (Aldrich), perfluoropolyether carboxylic acid (PFPECOOH)  

(Ausimont, Mw = 570), and research grade CO2 (Daeyoung Co., 99.99 %) were 
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Figure 4.1  Structures of surfactants for reverse micelles in CO2. 
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used as received. Deionized water (IWD-2000D) (Sam Bo Scientific Co.) was 

used as indicated. The structures of surfactants used in this work are shown in 

Figure 4.1. PFPECOO-+NH4 (Mw = 587) (1 in Figure 4.1) was prepared by 

neutralizing PFPE-COOH with NH4OH. PDMAEMA-b-PFOMA (2 in Figure 4.1) 

was prepared by sequential addition of DMAEMA and FOMA via group transfer 

polymerization (GTP) as previously reported. 8  

4.2.2 Preparation of Nanosized TiO2 

A variable volume view cell was used as a reaction vessel to prepare TiO2 

particles (Figure 4.2). CO2 pressure was controlled with an ISCO syringe pump.  

A surfactant was placed in the cell, followed by the addition of water to achieve 

the desired water-to-surfactant ratio (wo). The cell was immersed in a water bath 

and the temperature of cell was controlled precisely. The cell was loaded with a 

desired amount of carbon dioxide at 25 °C and the pressure was maintained at 276 

bar. After forming a single-phase solution by continuous stirring for 30 min, an 

adequate amount of pure TTIP charged in a sample loop of a 6-port valve (Valco, 

model C6W) was slowly added into the cell by manually turning the adjustment 

screw of a reciprocating sapphire piston pump (Thermoquest minipump) at a rate 

of 5 µL/min (with the pump turned off). Before and after the addition of TTIP the 

reaction mixture was recirculated through the remote cell and analyzed by DLS. 

After stirring the reaction mixture for 24 h, the pressure was lowered to the vapor 
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Figure 4.2 Schematic of the high pressure apparatus used to form and 
characterize the TiO2 nanoparticles. 
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pressure of CO2 at 25 °C (64.3 bar). CO2 in the vapor phase was slowly vented, 

and the product was collected. The residue remaining in the in-line filter was also 

checked, and the amount was negligible. The prepared nanoparticles were washed 

with ethanol, dried at 105 °C for 1 day, and calcined at 500 °C for 3 h. 

4.2.3 Measurements 

The sizes of hydrated reverse micelles and TiO2 particles in CO2 were 

measured by dynamic light scattering (DLS) with a remote cell connected to the 

view cell reactor. The remote stainless steel light scattering cell with Fe3O4 

surface (black oxide, Austex) was equipped with a pair of parallel flat circular 

sapphire windows.  The light scattering cell was insulated and the temperature 

was maintained to within ± 0.1 °C by a digital controller (Micromega, model 

CN7700) and two cartridge heaters (65 W).  All of the recirculation lines were 

water-jacketed to maintain the temperature at the water bath temperature. The 

light source was a He-Ne laser with a wavelength of 632.8 nm, and the scattered 

light was detected utilizing an optical fiber (NSG America, single mode, specified 

wavelength of 630 nm) with an avalanche photodiode (Brookhaven). The data 

were analyzed by using a digital autocorrelator (Brookhaven, model BI-9000AT) 

with 522 real-time channels and a non-negative least squares (NNLS) program. 

Viscosities and refractive indices of pure CO2 at corresponding conditions were 

used for the calculation of hydrodynamic radii of the micelles.18-20 The 
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measurement was conducted at a detection angle of 30°. The recirculating pump 

and the magnetic stirrer were stopped after stable one-phase solutions were 

formed. The solutions were then allowed to equilibrate for at least 5 minutes to 

allow any convection currents to stop. The measurements were repeated at least 3 

times for each condition and were reproducible to within 10% in diffusion 

coefficient. 

The crystallinity of the particles was analyzed by X-ray diffraction 

(Rigaku D/MAXIIC) using Cu Kα radiation. The crystallite size of the particles 

was determined by Schrerrer’s equation.21 The particle size and morphology were 

observed with transmission electron microscopy (TEM, JEOL, JEM-2020) for a 

200 kV accelerating voltage. The particles calcined at 500 °C were dispersed in 

ethyl alcohol and then sonicated in order to separate out individual particles. 

Samples for TEM observation were prepared by dipping carbon-coated copper 

grids in the dispersion solution several times.  

4.3 RESULTS AND DISCUSSION 

4.3.1 Phase Behavior of Reverse Micelles 

While PFPECOO-+NH4 is an anionic type stabilizer for polar substances 

dispersed in CO2, PDMAEMA-b-PFOMA copolymers are primarily nonionic 

when bulk water is not present. In the case where a water pool is formed in a w/c 

microemulsion, the pH reaches about 3.12  For small values of wo, the acidity of 
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the water may be expected to be lower as a bulk water pool is not formed, but 

some protonation is still possible given a pKa of 7.5 for PDMAEMA.22 The 

hydrophilic headgroups in the core are hydrated and the CO2-philic tails interact 

with carbon dioxide. 

The phase behavior of low-water content reverse micelles of the 

surfactants, PFPECOO-+NH4 and PDMAEMA-b-PFOMA is shown in Figure 4.3. 

Generally wo stands for the molar ratio of water to surfactant ([H2O] / 

[surfactant]), but in the case of reverse micelles formed with PDMAEMA-b-

PFOMA, wo represents the molar ratio of water to each DMAEMA unit in the 

PDMAEMA block ([H2O] / [DMAEMA]) since the water only associates with the 

polar DMAEMA unit of the polymer. Because a certain amount of water can 

dissolve in bulk CO2, for example 0.14 wt % at 276 bar and 25 °C, corrected 

values (wo
c ) of the water-to-surfactant ratio excluding the bulk solubility are often 

quoted to represent the water contents in micellar cores. The wo
c value may be 

utilized as a criterion for the existence of water pools with characteristics close to 

those of bulk water. A minimum wo
c of at least 10 is required to form a 

microemulsion containing a water pool.23   A smaller amount of water was 

utilized in this study to prepare ultrafine nanoparticles. 

It is apparent that 0.4 wt % PFPECOO-+NH4 (Mw = 587) forms reverse 

micelles in CO2 given that the critical microemulsion concentration (cµc) of 

PFPECOO-+NH4 (Mw = 2500) is reported as 0.18 wt % at 230 bar, 45 °C.24  
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Figure 4.3 Phase behavior of the water/surfactants/CO2 system as a function of 
wo and surfactant concentration: (●) PDMAEMA1.4k-b-PFOMA12.3k 
1.1wt %, water 0.13wt% (wo = 10); (O) PDMAEMA1.4k-b-
PFOMA12k 0.5 wt %, water 0.06 wt% (wo = 10); (▼): PFPECOO-

+NH4 0.4 wt %, water 0.13 wt % (wo = 10); ( )∇ PDMAEMA2k-b-
PFOMA10k 0.5 wt %, water 0.045 wt % (wo = 5); (■ ) 
PDMAEMA2k-b-PFOMA10k 0.6 wt %, water 0.11 wt % (wo = 10); 
(□ ) PDMAEMA2k-b-PFOMA10k 0.5 wt %, water 0.19 wt % (wo = 
20/wo

c = 5); ( ) PDMAEMA2k-b-PFOMA10k 1.0 wt %, water 0.19 
wt % (wo = 10/wo

c = 2.4). 
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Note the surfactant with a shorter PFPE tail would exhibit a lower cµc as the ionic 

headgroup is highly CO2 phobic. For the polymeric surfactant PDMAEMA-b-

PFOMA, the formation of reverse micelles is confirmed by DLS measurements as 

will be discussed below. 

The optically transparent one-phase region is above each curve. As the 

pressure is lowered at constant temperature the solution developed a characteristic 

orange tinge when viewed in the pressure cell. This color can be attributed to an 

increase in light scattering indicating clusters of aggregated micelles. The clusters 

result from increased micelle-micelle interactions prior to the cloud point 

pressure.25, 26 At the transition point, the samples rapidly became opaque. The 

phase transition due to micelle-micelle interactions results from a decrease in the 

density and solvent power of CO2.  In Figure 4.3, it is shown that the phase 

separation resulting from micelle interactions occurred at higher densities 

(pressures) as water content (wo) was increased, which is explained by the fact 

that micelle-micelle interactions increase with a slightly increasing micelle size.27, 

28  Furthermore, phase separation occurred at higher densities as the surfactant 

concentration and, thus dispersed volume fraction was increased.  

4.3.2 Particle Formation 

Table 4.1 summarizes the results of particle formation by surfactants with 

different water contents or wo values. In most cases except samples 3, 8, and 9, 

the added water is below the solubility limit in pure CO2 without surfactant. It 
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may be expected that the hydrophilic surfactant headgroups are partly hydrated in 

the core of the reverse micelles. The particles formed in CO2 with 0.15 wt% of 

PFPECOO-+NH4 at wo = 10 were unstable and precipitated in 20 minutes without 

stirring. This instability became more pronounced as water content increased. 

While TTIP is nonpolar and exhibits high solubility in dense CO2, the ionic 

hydrolysis products, for example Ti(OH2
+)4 at pH < 6, are insoluble. The 

surfactant stabilizes the small ionic particles either by adsorption or by 

preferential distribution into the micellar cores, and should provide steric 

stabilization against colloidal aggregation. For PFPECOO-+NH4 at low 

concentration and with high water content, the instability is mainly ascribed to 

insufficient steric stabilization. Note that the light yellowish tint, indicative of 

absorption by the stabilized nanoparticles, was different from the deep orange 

color due to scattering observed near the phase boundary. As the hydrolyzed 

species are stabilized with surfactant, condensation produces amorphous TiO2 

particles which absorb UV and short-wavelength visible light. The mechanism of 

the formation of TiO2 nanoparticles in reverse micelles in isooctane has been 

monitored with UV-VIS absorption spectra.5 

When the reactant ratio, R ([H2O]/[TTIP]) and wo were fixed at 4 and 5 

respectively, the surfactant PFPECOO-+NH4 could stabilize particles for a TTIP 

concentration up to 30 mM, i.e., clear solution with 1.5 wt % surfactant and 0.23 

wt % water became orange-translucent after the precursor was injected. 
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Concentration Hydrodynamic diameter 
by DLS (nm) Sam

. No. Surfactant 
[TTIP] 
(mM) wo(wo

c) Surfactant 
wt% 

Water 
wt% 

Observation after 
TTIP injection d 

Hydrated 
micelle Particle 

2 0.90 0.055 Light yellow(tp) 3.3, 24.3 3.4, 36.2 
7.2 

5 0.36 0.055 Yellow (tp) 3.8, 36.6 3.5, 36.2 

30.0 5 (2) 1.50 0.230 Dark orange (tl) Not conducted 

1 
 

2 
 

3 
 

4 

PFPECOO-+NH4 

6.0 b 10 0.15 0.045 Fluffy (p, 20min) Not conducted 

6.0 b 5 0.50 0.045 Dark orange (tl) Not conducted 

14.6 b 10 0.60 0.110 Cloudy (p.p, 3h) Not conducted 

19.0 b,c 10 0.56 0.110 Cloudy (p.p 3h) Not conducted 

25.4 b 10 
(2.5) 1.00 0.190 Cloudy (p.p 1h) Not conducted 

5 
 

6 
 

7 
 

8 
 

9 

PDMAEMA2K-
b-PFOMA10K 

25.4 b 20 (5) 0.50 0.190 Fluffy (p, 60min) Not conducted 

2 2.37 0.055 Yellow (tp) 6.3, 21.5 7.7, 33.3 7.2 

 5 0.95 0.055 Yellow (tp) 6.9, 25.7 9.9, 44.6 

10 
 

11 
 

12 

PDMAEMA1.4K-
b-PFOMA12K 

14.4 10 0.95 0.110 Orange (tp) Not conducted 

a 276 bar, 25 °C, R ([H2O] / [TTIP]) = 4,  b rapid injection of TTIP, c R = 3,  d tp: 
transparent, tl: translucent, p: precipitated, p.p: partially precipitated 

 
 
 

Table 4.1 Nanosized TiO2 powdersa from the hydrolysis of TTIP utilizing 
hydrated reverse micelles in CO2. 
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In the previous communication, particle precipitation took place with rapid 

addition of TTIP of 55 mM at wo = 5.8 Our new results indicate that a slow TTIP 

injection rate and a lower concentration of reactants aid the controlled formation 

of particles. As water solubility in CO2 is at least an order of magnitude higher 

than in hydrocarbons (0.14 wt % in CO2 at 276 bar vs 0.01 wt % in cyclohexane 

or 0.001 wt % in isooctane at 25 °C), it is apparent that TTIP may be hydrolyzed 

by both water molecules in bulk CO2 and water hydrating micelle cores. When 

particles are prepared using reverse micelles in hydrocarbon oils, the hydrolysis in 

the bulk oil phase is much less significant. For example, surfactant reorganization 

or restructuring upon the formation of polar species in the micellar core is 

observed especially for low-water content reverse micelles (wo = 2) in 

cyclohexane based on luminescence/fluorescence quenching studies.4   In the 

case of hydrated micelles in CO2, the stabilization of polar species formed in bulk 

CO2 phase may be considered as a diffusion-limited process in competition with 

uncontrolled nucleation and growth. Rapid injection of the precursor is expected 

to cause a high localized concentration of hydrolyzed species leading to rapid 

nucleation with too little time for surfactant stabilization.  

For the polymeric surfactant PDMAEMA1.4K-b-PFOMA12K, transparent 

solutions (0.95 wt% surfactant for wo = 5 and 2.37 wt% for wo = 2) turned 

yellowish upon the injection of TTIP. With an increased amount of water (wo = 

10), the solution became orange, yet transparent, upon the injection of precursor. 
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The precursor concentration was also increased for the latter case to keep R fixed 

at 4. No precipitation was observed for more than 5 days. When TTIP was 

introduced rapidly with similar conditions (sample 6), the solution became cloudy 

but partially precipitated in 3 hrs without stirring. The greater stability and 

reduction in particle aggregation for PDMAEMA-b-PFOMA at higher wo may be 

attributed to the longer tail length, its more “stubby nature”, and stronger 

solvation of PFOMA vs. PFPE.11 The “stubby” PFOMA tails will overlap less 

than PFPE tails, leading to less flocculation as has been observed for w/c 

macroemulsions.29 Furthermore, the greater solvation of PFOMA vs. PFPE by 

CO2
 screens interparticle interactions more effectively.23 However, the 

flocculation rate of TiO2 particles formed became high and white precipitates 

were observed at a higher wo ratio  (sample 9). The larger wo (=20) produces 

stronger micelle-micelle interactions resulting in increased particle flocculation.  

The larger wo may also speed up the hydrolysis rate, leading to faster nucleation 

and growth and thus greater flocculation in a less controlled manner.  

4.3.3 Dynamic Light Scattering 

The size distribution of the particles in the reactor was measured by DLS.  

The data in Table 4.1 indicate that two populations of aggregates coexist. The 

small micelles were dominant (greater than 90 vol % in all cases) over larger 

aggregates. The fraction of larger aggregates increased slightly up to 10 vol % 

upon adding TTIP. The dominance of small micelles indicates that the micelles 
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are stabilized without appreciable aggregation even after the addition of TTIP. 

The hydrodynamic diameter of hydrated micelles with PFPECOO-+NH4 (wo = 5) 

was measured to be 3.8 nm which is comparable with the value in the previous 

report.13  The diameter of the water core of w/c microemulsions stabilized by 

PFPECOO-+NH4 ([PFPE] = 2.1 wt%, wo = 11) at 35 oC was previously reported as 

4.0 nm from small angle neutron scattering (SANS). The scattered intensities of 

the hydrated micelles with lower PFPECOO-+NH4 concentrations are relatively 

weak and leads to significant experimental uncertainty. However, the formation of 

reverse micelles is consistent with a previous report on the critical microemulsion 

concentration.24 For the polymeric surfactant PDMAEMA-b-PFOMA, the intense 

scattering provides strong evidence for the formation of reverse micelles as 

described below. The size of reverse micelles with PDMAEMA1.4K-b-PFOMA12K 

at wo = 5 was larger, 6.9 nm, due to the polymeric structure of the surfactant. It 

was also shown that the sizes of reverse micelles and particles increase slightly 

with the wo ratio.  The particle size after the injection of TTIP increased 

compared to the size of the reverse micelles, indicating that surfactants 

investigated in this study provide good steric stabilization of the particles in CO2 

and limit aggregation. The increase in particle size may be ascribed to the particle 

growth and to reorganization of surfactants about the growing particles.  

The property wo has been reported to be an important variable to control 

the particle size as was observed for the synthesis of CdS nanoparticles in w/c 
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Hydrated 

micelles 
After addition of TTIP Redispersed particles in CO2 

Surfactant 

1hr 2hr 24hr 2hr 12hr 

PDMAEMA1.4K-

b-PFOMA12K 

6.9 nm (H), 

25.7 nm (L) 

10.8 nm (H), 

58.3 nm (L) 

9.9 nm (H), 

44.6 nm (L) 

10.7 nm (H), 

63.7 nm (L) 

9.9 nm (H), 

53.3 nm (L) 

a wo = 5, R = 4, [TTIP] = 7.2 mM, 276 bar, 25°C. (H) represents sizes for micelles 
or particles with high diffusion coefficients, and (L) for aggregates the fractions 
of which are less than 10% of dispersed volume. 
 

 

 

 

Table 4.2  Hydrodynamic diameter of particles measured by DLSa 
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microemulsions.15 In such reactions, water pools solubilize dilute reactants and 

provide compartmentalized growth of nanocrystals with a certain degree of 

templating.1 In the synthesis of metal oxide nanoparticles, metal alkoxide 

precursors which are initially soluble in the bulk phase react with water present 

either in the bulk phase or in the micelle cores to give polar species. The polar 

species are stabilized by surfactant, followed by condensation. The partitioning of 

water between bulk and micellar core, the diffusion of hydrolysis products, and 

reorganization of micelles influence the particle size. Therefore, the final particle 

size is larger than the original micelle size. 

With wo up to only 5 in the TiO2 synthesis, the amount of water per 

headgroup is too low to form a bulk water pool. Upon approach of two micelles 

the exchange rate of the polar cores may be expected to be low as the water 

molecules hydrate the head groups.  The coating of the TiO2 particles by 

surfactant provides steric stabilization and hinders aggregation.  

The particles could be precipitated simply by lowering the CO2 pressure to 

its vapor pressure at 25 °C (64.3 bar) and redispersed in CO2 at 4000 psi. As seen 

in Table 4.2, the sizes of redispersed particles corresponded closely to those of the 

original particles before venting, indicating reversibility. Thus it is evident that 

the surfactant remained attached strongly to the particles and prevented 

coalescence after depressurization.  
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Sam. 
No. Surfactant wo 

a wo/R b Water wt% 
Crystallite Size (nm) 

by XRD 

Crystallite Size (nm) 

 by TEM 

5 1.25 0.055 13 11 2 

4 
PFPECOO-+NH4 

10 2.5 0.045 13 12 

5 1.25 0.045 9 10 

10 2.5 0.110 11 11 

10 3.3 0.110 16 13 

10 2.5 0.190 19 20 

5 

6 

7 

8 

9 

PDMAEMA2K-b-
PFOMA10K 

20 5 0.190 24 23 

11 PDMAEMA1.4K-
b-PFOMA12K 5 1.25 0.190 11 11 

a Molar ratio of water-to-surfactant headgroup, wo = [H2O]/[surfactant headgroup] 
b Molar ratio of precursor-to-surfactant headgroup, wo/R = [TTIP]/[surfactant 

headgroup]. 
 
 
 
 
 
 

Table 4.3  Crystallite Size of TiO2 powders after calcination. 
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Figure 4.4 TEM micrographs of TiO2 particles obtained by hydrolysis of TTIP 
in w/c microemulsion stabilized by (A); PFPECOO-+NH4, (B); 
PDMAEMA1.4K-b-PFOMA12K, (magnification: 100k): (C); 
PFPECOO-+NH4, (D); PDMAEMA1.4K-b-PFOMA12K, 
(magnification: 300k): calcined at 500 °C for 3 hrs. 
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4.3.4 Crystal Structure and Morphology 

XRD measurements showed that the particles synthesized in the reverse 

micelles were amorphous, while the particles calcined at 500 oC for 3 hrs were 

identified to be in the anatase form. The characteristic peak at 2θ = 25.3o appeared 

after calcination. The crystallite sizes were determined from the broadening of the 

anatase main peak at 2θ = 25.3o by the Scherrer equation as listed in Table 4.3. 

The average crystallite sizes based on TEM images are also listed. For particles 

prepared with PDMAEMA2K-b-PFOMA10K, the crystallite size increases (from 10 

to 23 nm) with an increase of wo from 5 to 20 and wo/R (molar ratio of precursor-

to-surfactant headgroup) from 1.25 to 5. The increases were more pronounced 

with increasing reactant concentrations. Therefore, the size of nanoparticles 

formed by low-water content reverse micelles could be controlled by the amount 

of polar species, i.e. wo in combination with precursor concentration. 

TEM was used to investigate the microstructure of the particles. Figure 4.4 

depicts TEM micrographs of TiO2 particles obtained by PFPECOO-+NH4 and 

PDMAEMA1.4K-b-PFOMA12K at wo = 5. The uniform particles of the sample 

made by PFPECOO-+NH4 are highly aggregated, (Figure 4.4A,C), while the 

particles produced by PDMAEMA1.4K-b-PFOMA12K with an average size of 11 

nm are less aggregated (Figure 4.4B,D). Several non-aggregated particles are also 

observed for PDMAEMA1.4K-b-PFOMA12K. Hence it is obvious that 
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PDMAEMA1.4K-b-PFOMA12K can suppress the aggregation of TiO2 particles 

much more effectively than PFPECOO-+NH4.  

To understand particle aggregation after calcination, the thermal 

degradation of the surfactant was examined by thermogravimetric analysis 

(TGA). TGA showed a large break at 270 ºC and 380 ºC for PFPECOO-+NH4 and 

PDMAEMA1.4K-b-PFOMA12K, respectively. Further weight loss was not found 

above 450 ºC for both of the surfactants, and the residual weight was about 3 %. 

From the above results, it is suggested that the particles stabilized by the 

surfactant flocculated in the depressurization stage and the surfactant decomposed 

completely during calcination at 500 oC. The titania particles could not be 

separated individually in ethanol even with ultrasonication. A plausible 

explanation might be that remains of decomposed surfactant bound the crystallites 

together in the flocculated form. The average diameters of TiO2 particles after 

calcination are found to be larger than the size of hydrated micelles and 

amorphous particles. The increase of size is most likely due to grain growth 

during calcination at high temperature.30 

4.4 CONCLUSIONS 

TiO2 nanoparticles were produced by the controlled hydrolysis of TTIP in 

the presence of reverse micellar solutions in CO2 formed with low molecular 

weight and polymeric surfactants. For the hydrolysis of TTIP in the hydrated 

micelles (wo = 5) with PFPECOO-+NH4 and PDMAEMA1.4K-b-PFOMA12K, the 
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TiO2 particles were stable and optically transparent for 24 h. Stable colloids were 

formed at higher values of wo with PDMAEMA-b-PTHFOMA whereas 

flocculation was observed for PFPECOO-+NH4. The high molecular weight 

PFOMA provides greater steric stabilization.  The important parameters 

controlling particle formation and aggregation were wo, the concentration of 

reactants, and precusor injection rate. Based on dynamic light scattering 

measurements, the amorphous TiO2 particles formed by injection of TTIP were 

larger than the reverse micelles indicating surfactant reorganization. The 

surfactant remained attached strongly to the particles and prevented coalescence 

after depressurization, such that the particle size did not change significantly upon 

redispersion in CO2. Furthermore the crystallite size prepared in the presence of 

reverse micelles increased as the molar ratio of water-to-surfactant headgroup as 

well as precursor-to-surfactant ratio (wo/R) increased indicating the importance of 

surfactant stabilization. 
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CHAPTER 5 

Electrostatic Stabilization of Colloids in Carbon Dioxide: 
Electrophoresis and Dielectrophoresis 

5.1 INTRODUCTION 

Although numerous studies have reported the behavior of steric 

stabilization in compressed supercritical fluids1,2 3 including carbon dioxide4,5 6   

The possibility of electrostatic stabilization has not been considered due to the 

exceptionally low values of the dielectric constant  εr, typically 1.5.  Any 

counterions in the double layer would have a strong tendency to ion pair with 

charges on the surface of the colloid due to the low εr . However, we were able to 

achieve electrostatic stabilization by engulfing these counterions in micelles to 

limit this ion pairing.  Electrostatic stabilization of colloids is extremely 

beneficial in CO2, since CO2 often does not solvate surfactant tails well enough to 

provide steric stabilization. In many cases fluorinated stabilizers have been 

required to prevent flocculation of micron-sized colloids4 7, although hydrocarbon 

stabilizers have provided limited stability in a few cases 8 9,10  Electrostatic 

stabilization in CO2 would be a useful strategy to overcome this limitation and 

could greatly expand the scope of colloids in CO2.  Furthermore, electrostatically 

stabilized colloids in nonpolar liquid solvents are of importance in many 

technological applications such as electrophotography including photocopying 
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and printing,11 electrophoretic displays,12 electrospray processes,13 and paint or 

slurry formulation.   

 Interfaces between water and hydrophobic phases often accumulate 

charge. 14  For example OH- ions adsorb more strongly to the air-water interface 

than H+ ions, even in pure water with no added salts or ions.   In contrast, 

electrostatic stabilization of charged colloids in polar solvents with high dielectric 

constants, εr, particularly water, is well established by DLVO theory, 15,16 In 

aqueous media equilibrium concentrations of charged species are described by 

reversible reactions with well-known equilibrium constants.  In nonpolar 

solvents where ion solvation is weak, the charging mechanisms are much less 

clearly defined.15 Ion pairing may be inhibited when the thermal energy (kBT ) is 

greater than the Coulombic energy, ECoulomb = e2/4πεoεrd, where e is the 

elementary charge, and d the distance between charges.  The Bjerrum length (lB), 

or the minimum separation without ion association for a 1-1 electrolyte,   

Tk
el

Bro
B επε4

2

=      (1) 

is approximately 0.7 nm for water and 28 nm for a non-polar medium with εr = 2.  

In a nonpolar solvent, electrostatic stabilization of colloids becomes possible 

when counterions are prevented from ion pairing to the charged surface by soluble 

dispersants such as polymers or surfactants.17 Reverse micelles or microemulsion 

droplets, which are only 10 nanometers in diameter or less have been shown to 

function as charge carrying agents (CCA), even though this is less than the 
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Bjerrum length, 28 nm.  Note that the Bjerrum length is not a limiting threshold 

for ion pairing, and in the charge fluctuation model, a dynamic equilibrium 

distribution of ions is formed between charged and uncharged micelles.15, 17 

 The objective of this study was to demonstrate that micron-sized water 

droplets in water-in-CO2 emulsions may be stabilized against flocculation by 

electrostatic forces in CO2.  A low molecular weight octa(ethylene glycol) 2, 6, 

8-trimethyl-4-nonyl ether nonionic surfactant was used to engulf H+ counterions 

in the diffuse layer about the charged water droplets.  The micelles prevent ion 

pairing as shown schematically in Figure 5.1.  This nonionic hydrocarbon 

surfactant was chosen as it is known to form water/CO2 microemulsions which 

solubilize hydrophilic molecules including ions and proteins. 10 The highly 

branched tail raises the solubility of the surfactant18, and decreases its fractional 

free volume at the water-CO2 interface19 favoring the formation of hydrated 

reverse micelles.20  Prevention of ion pairing of counterions with water/CO2 

microemulsions would be of interest for stabilizing other types of micron-sized 

colloids in CO2 based on related studies in liquid apolar solvents. 11-13  The fast 

diffusion of the microemulsion droplets, smaller than 10 nm in diameter, may be 

expected to lead to rapid accumulation of counterions.  Electrophoretic mobility 

(zeta potential) was measured in a microelectrophoresis cell to determine the 

droplet charge and to investigate the mechanism of charge transfer from the 

emulsion droplets to the micelles.  To our knowledge, electrokinetic  
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Figure 5.1  Schematic representation of negatively charged emulsion droplets in 

the presence of charged and uncharged micelles in the large double 

layer. 
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measurements in CO2 have not been reported previously.  In addition, 

dielectrophoresis was utilized to orient the charged droplets for form chains.  In 

a companion paper 21, it is shown by microscopy that these emulsion water 

droplets form crystals in CO2 in which the droplet spacing is three fold the droplet 

diameter indicating an inverse Debye length on the order of 10 µm.  Droplet 

attraction due to gravity is balanced by this extremely long-ranged electrostatic 

repulsion, as described theoretically by solving the Poisson-Boltzmann equation, 

utilizing values of surface charge reported in this study.   

  CO2 offers a variety of advantages as a medium for colloids.  It is 

nonflammable, essentially nontoxic, environmentally benign, recoverable by 

changes in temperature and/or pressure, and is more resistant to redox reactions 

than most organic solvents.  In this study, the acidity of CO2 will be shown to 

enhance electrostatic stabilization by facilitating proton transfer to the diffuse 

double layer.  After depressurization, CO2 fully evaporates without leaving 

residue in the product, making it a reversible acid.   Colloids in CO2 are of 

interest in practical applications including dispersion polymerization 4, dry 

cleaning, drying of photoresists22 and cleaning of low k dielectric insulators in 

microelectronics.23  Nanoparticle films coated from CO2 may be formed rapidly 

24 and with less dewetting than for conventional solvents. 25  The ability to 

achieve electrostatic stabilization in CO2 may be expected to lead to a wide 

variety of novel colloids. 



 159

5.2 EXPERIMENTAL SECTION 

5.2.1 Materials.  

The non-ionic methylated branched hydrocarbon surfactant, octa(ethylene 

glycol) 2, 6, 8-trimethyl-4-nonyl ether (5b-C12E8) (Tergitol TMN-6),  a mixture 

of polydisperse ethoxylates and 10 wt. % of water, was purchased from Fluka and 

used as received.   The average number of ethylene oxide groups for the 

commercial surfactant was determined as xw = 8. 4 (Mw = 556) by H1 NMR and xn 

= 6. 2 (Mn = 459) by gas chromatography for weight and number average, 

respectively.   Instrument grade CO2 (≥ 99. 99%, Matheson) passed through an 

oxytrap (Oxyclear, model RGP-31-300), and Nanopure II deionized water 

(Barnstead) was used throughout.  

5.2.2 Interfacial tension (IFT) measurement – pendant drop tensiometry.   

 The interfacial tension was measured with a high-pressure pendant drop 

apparatus, which is described elsewhere. 26 Water drops were formed at the end of 

a surface-modified silica capillary (Western Analytical, 180-µm OD and 50-µm 

ID) in a variable-volume view cell containing a known amount of surfactant 

dissolved in CO2.  Once a suitable drop was formed, the six-port valve was 

closed, and a CCD camera was used to record the droplet shape as a function of 

time.  The images were recorded with time until the calculated interfacial tension 

remained within ± 1% of the previous value.  The recorded images were 
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analyzed using a software package from KSV Co., Ltd.  (Finland) in order to 

solve the Laplace equation.  The densities for the two phases were calculated 

using the steam tables for water and an equation of state for CO2. 27 Due to the 

relatively low mutual solubility of water and CO2, we used the pure component 

densities for the two phases. 26 

5.2.3 High-pressure microscopy and microelectrophoresis.  

Water-in-scCO2 emulsions were prepared utilizing the high-pressure 

apparatus shown in Figure 5.2.  The apparatus is composed of a variable-volume 

view cell, high-pressure homogenizing pump (Avestin, model C-5), HPLC mini-

pump, microelectrophoresis cell, and 6-port injection valve (Valco, model C6W).  

The apparatus allowed for visual observation, recirculation, high-shear generation 

of emulsions, and controlled injection of liquids into the mother cell.  A stainless 

steel cylinder with a volume of 2 ml was inserted upstream of the 6-port valve to 

dampen the pulses of the homogenizer.  Detailed descriptions and procedures of 

preparing micro- and macro-emulsions with an apparatus equipped with a 

recirculation loop can be found elsewhere. 10 28 7   Figure 5.3 depicts a 

microelectrophoresis cell designed for pressures up to 400 bar.  Two sapphire 

windows (1/4-inch dia. , 0.09-inch thick) were used for optical access for a 

microscope (Nikon, OPTIPHOT2-POL).   The aperture of the cell was  3/16-

inch.   The high-pressure seal was made on the outside surface of each window 

with PTFE o-rings between the middle block shown in Figure 5.3 and an upper 
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Figure 5.2  High-pressure apparatus for emulsion formation, 
microelectrophoresis and dielectrophoresis. 
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Figure 5.3  Schematic of microelectrophoresis cell.  The two wires cover small 
tabs on the outside edges of the two semicircular electrodes. 
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and lower flange, that forced the two sapphire windows together against two 

spacers.  The semi-circular disk spacers kept the windows parallel to each other 

with a known distance, in this case 230 µm, and also served as electrodes.    

These disk electrodes, were made of 230 µm-thick carbon steel sheets, and 

platinized with a mixed solution (YSI 3140 solution) of lead acetate and 

chloroplatinic acid.  Each electrode was cut with a narrow tab at the midpoint of 

the semicircle arc.  The rectangular tab was terminated with a triangular-shaped 

sharp point, normal to the straight edge ,. The rectangular part of the tab was 2 

mm by 0.5 mm.   The base of each triangular point was 0.5 mm, the altitude was 

1mm, and  the angle of the point was 28 degrees.  Stainless steel 304 wires 

(CFW, 0.01-inch dia. ) inserted in PEEK tubings (0.01-inch ID, 1/16-inch OD) 

were pressed against the pointed part of each electrode by the sapphire windows 

to achieve electrical connection.  The electrical connections were confirmed by a 

resistance across the contacts of less than 0.001 Ω.  The electrical insulation 

from each electrode to the cell body was also checked after assembly.   The 

electrodes were insulated from the two stainless steel flanges by the sapphire 

windows.  In addition, there was a gap of about 1.5 mm between the electrodes 

and any part of the stainless steel cell beyond the radius of the sapphire windows.  

The distance between the two electrodes was maintained as close to 1 mm 

or 0.5 mm as possible, and then measured exactly by using the microscope and a 

microscope scale after assembly of the cell.  The temperature of the 
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electrophoresis cell was controlled with electrical heating tape (Barnstead, 

Thermolyne) or heating lamps (2 × 100 W) and measured with a thermocouple 

inserted into a hole in the cell body.   

The electrophoresis and dielectrophoresis measurements were conducted 

on both concentrated and dilute emulsions, by varying the concentration of water 

and surfactant.  A controlled amount of liquid CO2 was slowly added to the 

variable-volume view cell (mother cell) preloaded with surfactant and water.   

The CO2 filled the entire recirculation line including HPLC pump, homogenizer, 

and electrophoresis cell.  After the system pressure and temperature reached the 

desired condition (55 °C, 386 bar), the electrophoresis cell and the HPLC mini-

pump containing relatively pure CO2 were isolated from the recirculation line.   

Mechanical shear was provided for 15 minutes by recirculating the emulsion 

through the Avestin high-pressure homogenizing pump, with a pressure drop of 

only 35 bar across the homogenizing value (see Figure 5.2).   For concentrated 

emulsions, the electrophoresis cell was slowly reopened to the recirculation line to 

allow the emulsion drops to flow in without a sudden change in pressure after the 

shear was stopped.  

For quantitative measurements of electrophoretic mobility, relatively few 

droplets should be contained in the electrophoresis cell to prevent interdroplet 

interactions.  The micrometer-size drops in the mother cell settled slowly after 

the shear had been stopped.   Consequently, the amount of emulsion droplets 
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introduced to the electrophoresis cell could be controlled by varying the time 

when the electrophoresis cell was reopened.  After closing valves in the inlet and 

the outlet of the high-pressure homogennizing pump, the dilute upper portion of 

sample in the mother cell was transported under low shear to the electrophoresis 

cell by manually turning  the adjustment screw of a reciprocating sapphire piston 

on the HPLC pump.  While monitoring the cell through the microscope, only a 

few droplets were introduced to the field of view of the microscope.   

The voltage applied between electrodes was varied from 0 to 40 V (E < 40 

kV/m) with a variable DC power supply (Lambda, model LP-522-FM).  

Alternating electric field was applied by either a variable AC transformer (0-115 

V) at a fixed frequency of 60 Hz or a function generator (Hewlett Packard, model 

3314A, 0-10 V, 0-20 MHz).  The microscope was focused at a level 49 µm 

above the bottom surface of the sapphire window inside the electrophoresis cell to 

record the motion of droplets.   This location was the stationary level, where 

electro-osmotic flow was absent, according to calculations presented in the results 

section.  The measurements were repeated 5-7 times for several different 

droplets.  Video images taken through the microscope were obtained with a 

CCD camera (MTI, CCD72X) and digitally processed with StreamPix 3. 6. 0 

(NorPix) software generating movies with 640×480 pixels.  Digital time display 

(0.1-second interval) was recorded on the movies by a video timer (FORA, model 

VTG-33) to analyze the velocity of the droplets.  
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5.3 RESULTS  

5.3.1 Interfacial tension of water-CO2 interface covered with the surfactant 

monolayer.  

 Interfacial tension measurements were used to characterize the adsorption 

behavior of the non-ionic surfactant (5b-C12E8) at the water-CO2 interface.   

The effect of surfactant concentration on the interfacial tension (γ) of the water-

scCO2 interface was determined at 55 °C and 300 bar (ρCO2 = 0.85 g/mL).   The 

addition of a very small amount of the surfactant (0.11 mM in molar 

concentration or 0.0073 wt. % based on CO2 mass) reduces the interfacial tension 

substantially down to 6 mN/m as shown in Figure 5.4.  The  interfacial tension 

of the binary (surfactant-free) water-scCO2 interface has been reported as ~ 20 

mN/m. 29 30
 
31 As the surfactant concentration is raised above 3 mM (0.2 wt. %), 

the interfacial tension decreases to 2 mN/m, which may be considered to be low 

enough to form a w/c microemulsion.  Previously, the formation of a w/c 

microemulsion with the surfactant 5b-C12E8 at a concentration of 1. 0 wt. % was 

demonstrated by several experimental techniques including observation of phase 

behavior, dynamic light scattering (DLS), and solubilization of water-soluble 

proteins.10 

 For the ionic surfactant PFPECOOH-NH4
+ (perfluoropolyether ammonium 

carboxylate) surfactant, the critical microemulsion concentration (cµc) was  
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Figure 5.4  Interfacial tension for the water-scCO2 interface versus surfactant 
(5b-C12E8) concentration at 55 °C and 300 bar.  The dotted line is 
used to determine the surfactant adsorption via the Gibbs adsorption 
equation (eq. 2). 
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reported as 0.3 wt. % for an interfacial tension of ca. 2 mN/m. 31  A discontinuity 

in the slope of γ vs. log [surfactant concentration] at the cµc may be attributed to 

the saturation of the bulk water-scCO2 surface with a surfactant monolayer, which 

is required to form a w/c  microemulsion.   In contrast, a sharp discontinuity in 

the slope is not evident for our non-ionic hydrocarbon surfactant.    This result 

indicates that non-ionic surfactant assembles into micelles that grow gradually 

with an increase in surfactant concentration to eventually form a microemulsion at 

a concentration that is not distinct.    The micellar aggregates appear to be 

present before the bulk water-scCO2 surface is fully saturated with a surfactant 

monolayer, as we observed previously with dynamic light scattering. 10.  The 

transition from water swollen micelles to microemulsion droplets with a well-

defined water core is often not sharp for nonic surfactants, which have less 

affinity toward the aqueous phase than ionic surfactants.  

 The molar surface density of the surfactant monolayer (Γ) was obtained 

from the Gibbs’ adsorption equation: 

PTsurfHA CRTaN
,

ln
11

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

−=
⋅

=Γ
γ     (2) 

where NA is Avogadro’s number, aH area per surfactant molecule on the interface, 

R the gas constant, and Csurf  the molar concentration of surfactant.  aH has been 

measured for PFPECOOH-NH4
+  by interfacial measurements31 and SANS32 with 

values in the range of 100-140 Å2.   These large surfactant areas are 
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approximately twice as large as those for for conventional surfactant monolayers 

at water-oil interfaces.  The spacing of ionic surfactant molecules adsorbed on 

the interface is influenced by the electrostatic repulsions between head-group ions 

on the aqueous side of the interface.  The area per molecule of 5b-C12E8 in 

Figure 5.4 is 250 Å2, twice the value for PFPECOOH-NH4
+ surfactant.  The high 

aH for the non-ionic surfactant may be attributed to the combination of the 

relatively long chain length of the EO headgroup and the bulky structure of the 

surfactant tails.   The lower surfactant adsorption for 5b-C12E8 versus the ionic 

surfactant PFPECOOH-NH4
+  may also reflect a greater tendency of 5b-C12E8 to 

partition away from the interface into CO2 relative to the ionic surfactant.  

5.3.2 Microscopy and electrophoresis on concentrated emulsions.  

The electrophoresis was conducted on relatively concentrated emulsions 

with up to 5 wt. % water and 3 wt. % 5b-C12E8 surfactant at 55 °C, 386 bar (ρCO2 

= 0.90 g/mL).  A photograph of the emulsion, which settled a distance of half of 

the height in an hour, is shown in Figure 5.5.  The tail length of the surfactant, 

less than 1 nm, was much too small to provide steric stabilization to overcome 

flocculation due to the Hamaker interactions between the water cores of the large 

droplets.  At 55 °C and 386 bar, the Hamaker constant for water interacting 

across CO2 is 0.036 eV, and a surfactant tail length of approximately 26 nm 

would be necessary to screen the attractive van der Waals forces between 1 

micron droplets and prevent flocculation.  Flocculation of emulsion droplets and 
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metal nanoparticles stabilized by low molecular weight perfluoropolyether 

surfactants has been studied extensively in CO2.3  Because steric stabilization 

was minimal and would not prevent flocculation, it is reasonable to hypothesize 

that electrostatic repulsion was present. 

If higher molecular weight species were present in the polydisperse 

surfactant with larger numbers of EO groups, it can be shown that they would not 

be expected to provide steric stabilization.  The EO groups would favor the 

dispersed phase water droplet rather than extend into CO2. 8In addition, block 

copolymers with EO groups and short hydrophobic groups have not been 

successful in providing long term stability of water/CO2 emulsions.8,33 

The purpose of these electrophoresis experiments was to determine the 

charge on the water droplets.  This surfactant is known to form transparent 

microemulsions in CO2 with 1 wt. %  water and 1 wt. % surfactant10 At this 

surfactant concentration, higher concentrations of water ( ≥ 2 wt. %) in our study 

resulted in the formation of a milky white emulsion with stabilities of less than an 

hour.  A higher surfactant concentration (e.g. 2 wt. %) increased the stability of 

the emulsion to several hours.  When the surfactant concentration was low ( ≤ 1 

wt. %), the droplets were polydisperse in size (3 - 20 µm), and flocculation was 

often followed by coalescence as observed in the microscope.  For a DC electric 

field as low as a few kV/m, the polydisperse droplets slowly migrated toward the 

anode indicating a weak negative charge on the droplets(not shown). 



 171

 

 

 

 

 

 
 

 

 

 

Figure 5.5  Photograph of high-pressure view cell containing dilute w/c 
emulsions with 3 wt. % water and 3 wt. % 5b-C12E8 surfactant. 
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The droplets eventually coalesced in the vicinity of the electrode due to the 

increased droplet concentration in the area.  The flocculation and coalescence 

behavior adjacent to the anode was severe when the water-to-surfactant ratio was 

low.  

For an emulsion containing 4 wt. % water and 3 wt. % surfactant at 55 °C, 

386 bar, extensive space-charging (accumulation of droplets) near the anode by 

fairly monodisperse water drops (3 - 5 µm) was observed without any sign of 

flocculation or coalescence.  The still photomicrographs (Figure 5.6,) show that 

water droplets  3 to 5 µm in diameter migrate toward the anode for an electric 

field E of 1. 0 kV/m (Figure 5.6A), indicating the droplets are negatively charged.  

Within 30 s, the negatively charged droplets became highly concentrated adjacent 

to the flat surface of anode thus lowering the positive potential.  The 

concentrated layer next to anode became even more tightly packed with non-

flocculated droplets in Brownian motion when the strength of electric field was 

doubled (Figure 5.6B, E = 2. 0 kV/m). 

At a much higher field strength of 5 kV/m the concentrated layer of 

individually moving droplets under Brownian motion was highly compressed near 

the anode(Figure 5.6C).   As E was increased to 18 kV/m (Figure 5.6D), the 

compressed layer ‘burst’ back  or recoiled into the dilute region away from the 

electrode and the emulsion droplets flocculated.  The flocculation, as well as the  



 173

 

 

 

 
 

 

Figure 5.6  Photomicrographs of water droplets migrating to anode (+) located at 
the right edge.  The emulsion at 55 °C, 386 bar contained 4 wt. % 
water and 3 wt. % surfactant. a. 1.0 kV/m, b. 2.0 kV/m, c. 5.0 kV/m, 
d. 18 KV/m. 
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movement away from the anode, suggests a loss in negative charges on the 

droplet surfaces as will be explained in the discussion section.    

The demonstration that the droplets were charged and that flocculation 

could not be prevented by steric stabilization alone proves that the droplets were 

stabilized by electrostatic stabilization.  To our knowledge, this is the first 

reported example of a colloid stabilized in a supercritical fluid by electrostatic 

stabilization. 

5.3.3 Microelectrophoresis on a single droplet.  

Now that the concentrated emulsions droplets were shown in the previous 

section to be negatively charged, the next objective is to determine the magnitude 

of the surface charge quantitatively.   The surface charge of the emulsions drops 

was determined by measuring the electrophoretic mobility (µ = v/E, where v is the 

velocity of the drop in the electric field E). The surface charge on a colloid may 

be approximated from the zeta-potential by assuming that an adsorbed layer of 

counterions at the surface is not present. 

A large number of studies have reported zeta-potentials for various 

colloids including solid particles,34 35 36 37 38 39 liquid drops,40 39 and gas bubbles. 

41 42 Whereas these studies of electrokinetic phenomena have focused on aqueous 

or polar media, colloids in non-polar media have received far less attention. 43 44 45 

Morrison provided an extensive review on the differences in the characteristics of 

electrodynamics and electrokinetic measurements for colloids in nonpolar versus 
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aqueous solvents. 15 In nonpolar media, these measurements are subject to 

substantial problems including distortion of field lines toward the cell wall, 

electrohydrodynamic instabilities, Joule heating, electroosmosis, and a non-

uniform electric field due to space charging of particles near an electrode.  These 

problems can be resolved by using a microelectrophoresis apparatus. 44 46 Very 

small gaps (1mm or 0.5 mm) between electrodes make it possible to generate an 

electric field on the order of kV/m with only a few volts, which is sufficient to 

prevent  electrohydrodynamic instabilities and Joule heating.  In our apparatus, 

the low conductivity of the sapphire windows (10-15 S/cm) relative to that of the 

surfactant solution in CO2  (10-8 S/cm), minimizes the distortion of the field lines 

due to current leakage along the walls. 

The electroosmostic effect on the droplet velocity may be eliminated by 

maintaining the focal plane of the microscope at a stationary level, at which the 

electroosmotic velocity is zero. 47  For an electrophoresis cell with a rectangular 

cross-section, the parabolic electroosmotic velocity profile produces a stationary 

level at z = ± 0.5774b (where z is vertical position with the origin z = 0 at the 

channel center, and 2b is the distance between parallel cell walls).48 Several forms 

of Henry’s equation (extended version of Hückel’s equation including electrical 

double layer relaxation and particle shape effects) have been developed to express 

the electrophoretic mobility in terms of zeta-potential for concentrated 

dispersions. 49  However, we found that space charging of concentrated emulsion 
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drops makes the analysis intractable by lowering the electrical potential near the 

anode.  The electric field away from the anode is not well-defined due to this 

decrease in the electrical potential due to the space charge layer.   The problem 

of non-uniform electric field due to space charging may be overcome by 

measuring electrophoresis for extremely dilute droplets. 

The electrophoretic mobility was measured for each of the few individual 

droplets in the field of view of the microscope (140×105 µm).   In this study, we 

could control the number of droplets by varying the injection volume manually of 

the emulsion into the surfactant-CO2 solution in the microelectrophoresis cell.  

Sequences taken from video images with one-second intervals are shown in 

Figure 5.7 to illustrate the nature of the measurements.  The droplets were 

injected from a water-in-CO2 emulsion made up of 2 wt. % of water and 2 wt. % 

of 5b-C12E8 surfactant, after some settling.  It can be seen that the velocity of ca.  

3-µm droplet is doubled as the electric field is doubled, yielding a constant value 

of electrophoretic mobility (µ = v/E). 

In Figure 5.8, the velocities of the emulsion drops are plotted as a function 

of applied electric field strength for various surfactant concentrations.  We 

observed a linear relationship for a field strength of up to ca. 15 kV/m.  The 

slope in the linear region yields the electrophoretic mobility.  For drops with a 

greater number of charges, and thus higher electrophoretic mobilities, the increase 

in velocity with respect to field strength begins to deviates from linearity as the 
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Figure 5.7  Migration of a droplet over a 1-sec time interval towards the anode. 
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Figure 5.8.  Velocity of 3 µm diameter water droplets vs. electric field strength 
(E) at various surfactant concentrations at 55 °C and 386 bar 
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applied voltage between electrodes exceeds 20 V.  For each surfactant 

concentration, the velocity of the dilute emulsion drops becomes nearly constant 

beyond a field strength of 25 kV/m, which was generated by an applied voltage of 

ca.  25 V.  In these measurements, the charge on the droplets was not 

influenced by redox reactions, as the droplets were near the middle of the cell and 

far away from the electrodes.  The non-linear behavior of velocity vs. field 

strength is due to an electrohydrodynamic instability, which can be described in 

an analogy to Benard instability. 50 The onset of instability, i. e.  laminar-to-

turbulent type transition, is manifested at:51 

or
instV

ερε
η30

=       (3) 

where Vinst is the incipient voltage of the instability, η the viscosity, and ρ the 

density of the medium.  With CO2 at the experimental condition (55 °C, 386 bar, 

ρCO2 = 0.90 g/ml, ηCO2 = 0.0926 cP, εr, CO2 = 1.5), this equation gives an incipient 

voltage Vinst = 25. 4 V in excellent agreement with our experimental observation.   

 The electrophoretic mobility may be used to determine the zeta-potential 

and the electric charge on a colloidal particle.  The ionic strength of the solution 

determines the inverse Debye screening length: 
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where e is elementary electron charge, n is the number density, z is counter- or co-

ion valence, and kB the Boltzmann constant.  In this study, the ionic strength will 

be shown to be extremely small, on the order of less than 10-10 M and thus κa << 

1  Thus, the electrophoretic mobility can be expressed by Hückel’s equation (µ = 

2εrεoξ/3η).  More elaborate mobility expressions have been developed to include 

the effect of electrical double layer relaxation and the fluidity of the dispersed 

phase.52 

For a conterion-only model (often referred as salt-free medium model) 

where dilute monovalent counterions balance the surface charges, the inverse 

Debye length may be approximated as: 
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where zdrop is the valence of a water macro-ion droplet, and ndrop is the number 

density of droplets, equal to the dispersed volume fraction (φ) divided by the 

volume of a droplet (4πa3/3).  It is assumed that zdrop ndrop equals the number of 

monovalent counterions that balance the surface charges on the droplets.   We 

will show that less than 1 ppm of the total population of micelles is charged and 

thus each charged micelle may only be expected to contain a single elementary 

charge, as previously justified for systems in conventional liquid solvents.17,53 

Because the total number of negative charges on the droplets is counterbalanced 

by counterions in a fixed volume, the concentration of counterions increases with 
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an increase in the number density of droplets.  Thus, in the counterion-only 

model, κ depends on the concentration of dispersed particles.  The situation is 

somewhat more complicated than in an aqueous system with added salt where κ is 

determined solely by the salt concentration and not the droplet number density.  

When the droplet concentration is very low as for the microelectrophoresis in this 

study, the reduced inverse Debye length (κa) approaches  zero yielding a simple 

expression for the mobility: 54 

 ⎥
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Note that this equation falls in Hückel’s limiting case and corrects the zeta-

potential to account for the motion of the dispersed water phase and continuous 

CO2 phase as a function of their viscosities.  For water droplets (ηw = 0.891 cP) 

dispersed in CO2 (ηc = 0.093 cP), the electrophoretic mobility is higher by 3. 2 % 

compared to the case for solid particles in CO2 with the same zeta-potential.  

Recently, a model was proposed for the electrophoretic mobility of dilute liquid 

drops in salt-free media, where only counterions are present in the continuous 

phase. 55 In our case where the surface charge and the concentration of droplets is 

low (κa → 0),  ζ = Q/(4πεrεoa) and the electrophoretic mobility can be expressed 

as 
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where Q is the total surface charge of a drop.    

When the surfactant concentration was low ( ≤ 1. 0 wt. %), droplets were 

polydisperse ranging from 3 to12 µm in diameter  The electrophoretic mobility 

was higher for the larger droplets indicating a more negative charge.  The 

variation in droplet size for this highly polydisperse system served as a convenient 

experimental tool to measure a series of electrophoretic mobilities simultaneously. 

Equation (7) can be rewritten in terms of surface charge density σ, which 

is defined as Q = 4πa2σ: 
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A fairly linear relation between drop size (2a) and the electrophoretic mobility is 

shown in Figure 5.9 for polydisperse emulsions droplets made with 2.0 wt. % of 

water and 1.0 wt. % of surfactant.  This linearity indicates that the surface charge 

density (σ) may be considered to be constant, and that the total charge on a droplet 

increases linearly with an increase in the surface area.  From the slope, the 

surface charge density σ was 8. 5×10-20 C/µm2, which is equivalent to 0.53 

elementary charges per square micrometer of droplet surface.  With surfactant 

concentrations of 1. 5 wt. % or higher, emulsion droplets were fairly 

monodisperse in size (3. 0 ± 0.5 µm), and thus the electrophoretic mobilities were 

the same for each drop. 

 To further evaluate the effect of the non-ionic surfactant on the charging 

process, we measured the electrophoretic moblity of emulsion droplets with  



 183

 

 

 

0

10

20

30

40

50

0 2 4 6 8 10 12 14

el
ec

tro
ph

or
et

ic
 m

ob
ilit

y 
 (1

0-1
0 m

2 /V
s)

drop diameter, 2a  (µm)  
 

 

Figure 5.9  Electrophoretic mobility of water droplets vs. droplet size.  
Emulsion was formed with 2 wt. % water and 1.0 wt. % surfactant at 
55 °C and 386 bar. 
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Figure 5.10  Zeta-potential of 3 µm diameter water droplets of vs. surfactant 
concentration at 55 °C and 386 bar.  For each zeta-potential, the 
drop valence may be read from the right hand scale. 
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varying surfactant concentration.  The water concentrations were fixed at 

2 wt.% based on the mass of pure CO2.  Figure 5.10 shows the variation in zeta-

potential of ca. 3-µm water droplets dispersed in CO2 as a function of surfactant 

concentration.  The zeta-potential was calculated from the electrophoretic 

mobility measurements based on equation (6).  In addition, the corresponding 

valence of a droplet (zdrop = Q/e), calculated from equation (7), is shown on the 

vertical axis on the right hand side.  It can be seen that the small droplets are 

barely charged at for low surfactant concentrations up to 0.6 wt. %.  As the 

surfactant concentration increases, the surface charge exhibits a sudden increase 

at about 1.0 wt. % and levels off above 2.0 wt. %.  Note the valence of a 3-µm 

drop reaches a value as high as 105, which is equivalent to 3 ~ 4 electron charges 

per square micrometer, for the highest surfactant concentrations. 

5.4 DISCUSSION 

5.4.1 Origin of charges – Mechanism of droplet charging 

 Particles in a non-polar solvent may be charged by preferential adsorption 

of ions or proton transfer (acid-base interactions) between particle surfaces and 

dispersants, which act as charge carrying agents (CCA) in the medium.  For 

example, the charges on carbon black particles dispersed in dodecane are 

balanced by counterions in the diffuse double layer, stabilized by surfactants. 56 A 

sudden increase in zeta-potential with dispersant concentration was attributed to 
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the onset of dynamic equilibrium between dispersants in the bulk medium as free 

charge carriers and those adsorbed on the particles.  At a very low concentration 

of dispersing agent, nearly all of the dispersant molecules are adsorbed on the 

particle surfaces and only a negligible amount is present as charge carrying agents 

in the medium.  Without counterions in the medium, the surfaces are electrically 

neutral.  When the amount of dispersant exceeds the amount needed to cover the 

surface, the concentration of dispersant in the media increases significantly.  

Basic sites on the dispersant may be protonated. 36,57,38 The protonated-dispersant 

complex may be further stabilized by forming reverse micelles together with pre-

existing free dispersant.  The relatively large structure of the micelle helps 

prevent ion pairing of the positive counter-ion charge onto the negatively charged 

particle surfaces.  A distance of more than one micelle radius (a few to several 

nanometers) is maintained between opposite charges and the chemical potential of 

the counterion is reduced by the complexation with the dispersant.   

 Pugh et. al. proposed a mechanism for the charging of particles with acidic 

surface groups by a dispersant with basic functionalities.36 Adsorption of 

dispersant onto the particle surface followed by desorption of protonated 

dispersant results in proton transfer from the particle surface to the bulk medium, 

resulting in negatively charged particles with positively charged counterions.   

For the branched hydrocarbon surfactant (5b-C12E8) of interest in this 

study, the ether oxygens act as Lewis bases that may be expected to interact 
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favorably with cations. Based on the experimental observation of negative 

charges on the emulsion droplets, we propose that (hydrated) protons interact 

preferentially with EO groups in the micellar cores, relative to bicarbonate anions.  

A hydronium ion at the interface of the emulsion droplet may transfer a proton to 

the ether oxygens in the microemulsion 

 

Micelle (CO2)  +  H3O+
(Aq. drop)         Micelle-H3O+

(CO2)    (9) 

  

Likewise a bicarbonate ion my also be transferred to the microemulsion droplets 

from the emulsion droplet 

 

Micelle (CO2)  +  HCO3
-
(Aq. drop)        Micelle- HCO3

- 
(CO2)    (10) 

    

A larger equilibrium constant for the first reaction relative to the second will 

develop a net negative charge in the emulsion droplets as observed, which is 

counterbalanced by the positively charged hydronium ion excess in the micelles.   

 The greater tendency of cations relataive to anions to interact with EO 

chains is well-known and expected based on the Lewis basicity of the ether 

oxygens. 58 Neutron diffraction and molecular dynamics computer simulation 

have been utilized to study the interactions between Li+ and poly(ethylene oxide) 

(PEO)in the melt state. 59  The cations were highly coordinated to the ether 
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oxygens, with a coordination number of 3.5 oxygen atoms about Li+ and a Li-O 

distance of separation of 0.25 nm in both simulations and neutron diffraction 

studies.  The stronger interaction of cations than cations with PEO is well 

accepted. 58 

Another difference between the PEO chains in the emulsion droplets and 

micelles is the PEO packing density.  The packing density of EO groups in the 

micelles cores containing a relatively small water-to-surfactant ratio is much 

larger than in the large water droplets in the emulsions.  Chan et. al. 60 measured 

the surface charge of PEO-grafted Au surfaces in aqueous solutions as a function 

of varying PEO surface coverage and pH.  It was found that higher PEO 

concentrations on the surface resulted in less negative surface charge.  Similar 

behavior is observed in our study.  The charge is more positive in the micelles 

with a higher PEO packing density than in the emulsions.  

 As the surfactant concentration increases in Figure 5.10, the higher 

concentration of micelles favors proton transfer from the aqueous phase to the 

micellar core, enhancing the concentration of negative charges on the emulsion 

water droplets.  The total concentration of micelles can be determined given the 

total surfactant concentration, and aggregation number for the micelles.  A 

negligible amount of surfactant covers the small surface area of the emulsion 

droplets relative to the amount in the micelles.  The aggregation number is 

approximately 30 based on previous measurements of the micelle size by dynamic 
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light scattering10 and the area/surfactant in this study.   The water-to-surfactant 

ratios range from 20 to 30, thus the hydration of the EO groups aids the micelle 

formation and hydronium ion solvation. 10 Note that only a small fraction (less 

than 10-7 based on the total population for the dispersed volume fraction of 1 vol.  

% for water droplet) of charged micelles are enough to result in an emulsion drop 

valence as high as 100.  The population of doubly charged micelles may be 

assumed to be negligible because of the unfavorable energetics due to the 

Coulombic repulsion between like-charges confined in the narrow interior of a 

micelle. 17 The existence of doubly charged micelles are very unlikely, because 

they are strongly attracted by the negative surface charge of droplets and because 

of the small fraction of charged micelles relative to the total number of micelles. 

 In Figure 5.9, the surface charge density did not change with drop 

diameter.  All of these emulsion droplets are large such that the surface is 

essentially planar, and thus curvature effects would not influence the 

thermodynamics, for example the area/surfactant molecule.  With a constant 

surfactant adsorption, the composition of EO groups and water at the surface will 

be constant.  Thus the equilibrium constants in eqs 9 and 10 would not be 

expected to change resulting in a constant surface charge density.   

 The concentrations of hydronium and bicarbonate ions in the bulk water 

droplets are on the order of 10-3 M due to the high chemical potential of 

pressurized CO2 in the fluid phase. 61,62    The thermodynamic driving forces 
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for both ion exchange reactions in eqs 9 and 10 are much larger than would be the 

case for pure water droplets where the pH is 7, and the concentration of 

hydronium ions is only 10-7 M.  Thus the ions formed by dissociation of CO2 in 

the emulsion droplets facilitate the generation of excess charge in the micelles 

needed to stabilize the negatively charged emulsion droplets.  It may be expected 

that surface charges would not be developed in water/oil emulsions with similar 

surfactants, unless the water was acidified.  This observation may explain in part 

why pure electrostatic stabilization of water/oil emulsions is uncommon. 

5.4.2 Discharging of the Emulsion Droplets at Strongly Oxidizing Potentials 

At electric field strength of 18 kV/m, the emulsion droplets were shown in 

Figure 5.6 to recoil away from the anode and to flocculate.  The movement away 

from the anode and the flocculation suggest that the negatively charged surfaces 

of the droplets were discharged.  The aqueous phase dispersed in high pressure 

CO2 is known to be acidic (pH~3.2) 61 due to the dissociation of carbonic acid to 

form H3O+, HCO3
- , and slight traces of CO3

2-.   The large voltage (~18 V) 

applied between electrodes produced significant amounts of protons and oxygen 

gas by the reaction 

  2H2O        O2(g) + 4 H+ + 4 e-                  (11) 

The hydrogen ions produced via this oxidation reaction may be expected to 

neutralize the excess negative charges on the droplet surfaces, resulting in the 

elimination of electrostatic repulsion between droplets: 
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Consequently the droplets diffused away from the anode and flocculated.  

Oxygen bubbles were not observed as oxygen is miscible with CO2.    

5.4.3 Dielectrophoresis of emulsion droplets in an alternating field 

 The droplet motions in an alternating electric field were investigated for 

emulsions formed with a relatively large amount of surfactant (3 wt. % water and 

3 wt. % 5b-C12E8).  In an alternating electric field (E(max) = 10 kV/m) at low 

frequencies (f  < 10 Hz) the emulsion drops were observed to oscillate back and 

forth in phase with the alternating polarity along the field lines.   At higher 

frequencies (f  = 60 Hz), pearl-chain aggregates of droplets were observed at as a 

result of dielectrophoresis (Figure 5.11).  The axes of the chains were normal to 

the flat surfaces of the two electrodes.  The chains contained over a dozen 

particles with lengths of 50 µm, about 1/10 the separation of the electrodes. 

The dielectrophoretic response of water droplets in CO2 is pronounced due 

to the extreme difference in the dielectric constants of water, ε2, and CO2, ε1.  In 

a time varying field, both the polarizability and the conductivity of the dispersed  

HCO3
-
(surface)  + H3O+      H2CO3 (aq) + H2O        (12) 
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Figure 5.11  Photomicrograph of droplet chains in scCO2 formed by 
dielectrophoresis in a 60 Hz AC electric field for 3 wt. % water and 
3 wt. % 5b-C12E8 at 55 °C and 386 bar. 

 

 

30 µm 
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phase and the medium must be included.  The complex dielectric constant ε1 = 

ε1’ – iσ/ω must be utilized, where σ is the specific conductivity and ω is the 

angular frequency.  The dielectrophoretic force on a sphere is proportional to ε2 

– ε1 as follows: 

22 1
2 1

2 1

3 Re{ ( )}
2 2 oF V Eε εε

ε ε
−

= ∇⎜ ⎢
+

                (13) 

where V2 is the volume of the sphere.  The difference ε2 – ε1 is unusually large 

for CO2 as a continuous phase relative to other solvents where ε1 can be 

substantially larger.  Dielectrophoretic measurements on silica in mixtures of 

water and dioxane showed that the deflection of the particles reached zero as ε2 – 

ε1 vanished.  Since nearly all colloids will have an ε2 well above that of CO2, 

CO2 serves as a somewhat universal solvent for dielectrophoresis.  Various 

relaxation times for dielectrophoresis of colloids have been reviewed. 63  If the 

polarization were purely of the Maxwell-Wagner type, it would only be due to the 

bulk dielectric constants and specific conductivities of the two phases.  The 

relaxation time would correspond to a characteristic frequency of hundreds of 

kHz. 63  The much lower frequency in our study corresponds instead to the much 

slower motion of the ions on the surface of the water droplets and in the diffuse 

double layer.  For silica partices of 0.6  µm radius in water with sodium 



 194

counterions, characteristic frequencies for distortion of the diffuse ion atmosphere 

are hundreds of Hz. 63   

Dielectrophoretic organization of solid colloidal particles has been widely 

investigated for the fabrication of micrometer-scale patterns that have a range of 

applications including photonic crystals, electronic devices, sensors, and displays.  

64 65 However, the formation of chains of liquid drops in an AC electric field is 

difficult to achieve since the droplets often coalesce; in fact, AC fields are often 

used intentionally to coalesce water/oil emulsions. 66 Coalescence is produced by 

a variety of mechanisms including chain formation of droplets, dipole 

coalescence, dielectrophoresis, electrophoresis, and effects of electric fields on 

film drainage and rupture.  The predominant mechanisms depend upon the 

characteristics of the emulsion, electrode design and the electric field and are 

difficult to predict a priori.  For our emulsions, chains could be formed without 

coalescence at 60 Hz.  The coalsecence may have been inhibited by the 

electrostatic repulsions between droplets and the rigidity of the surfactant layer on 

the emulsion droplets. 

5.5 CONCLUSIONS 

 Micron-sized colloids may be stabilized in CO2 by electrostatic forces, 

despite the ultra low dielectric constant of 1.5.  Water/CO2 emulsion droplets 

stabilized with a low molecular weight non-ionic branched hydrocarbon 

ethoxylated surfactant were observed to migrate to the anode in an electric field of 
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1-20 kV/m indicating a negative surface charge.  This is the first report of 

electrophoresis and electrostatic stabilization of a colloid in supercritical carbon 

dioxide. The microelectrophoresis cell with electically insulating sapphire 

windows overcame a number of challenges in electrophoretic measurements in 

low dielectric constant solvents, even for the extreme case of CO2 with a dielectric 

constant of only 1.5   As the concentration of the non-ionic surfactant increased 

from 1 to 3 wt.%, the zeta potential reached 70mV, indicating a few elementary 

charges per µm2 of droplet surface.  This surface charge was sufficient to 

provide electrostatic stabilization of the emulsion droplets.  The extremely long 

inverse Debye lengths in the double layer, on the order of 10 µm, are the subject 

of a companion study. 21 The hydronium ions partition preferentially, relative to 

the bicarbonate ions, from the emulsion droplets to the ethoxylated cores of 

surfactant micelles in CO2 surrounding the droplets.  These  hydronium 

counterions, stabilized by the micelles, counterbalance the negatively charged 

emulsion droplets.  Dielectrophoresis of the water droplets at a frequency of 60 

Hz leads to chains over 10 droplet diameters in length.  The large difference in 

the dielectric constant between CO2 and water leads to a strong dielectrophoretic 

force.   

 Steric stabilization of colloids in CO2 is difficult to achieve with non-

fluorinated surfactants.  The stabilizers often collapse due to insufficient 

solvation by CO2, a very weak solvent. 6 67  For the electrostatic stabilization in 
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this study, only a low molecular weight highly soluble nonionic hydrocarbon 

surfactant is required to stabilize the counterions.  Other nonionic and ionic low 

molecular weight surfactants, as well as high molecular weight surfactants, may 

be expected to prevent ion pairing of counterions to charged surfaces required for 

electrostatic stabilization.  Therefore, electrostatic stabilization offers a means to 

broaden the field of colloids in supercritical fluids markedly, especially for weak 

solvents including carbon dioxide, which often due not solvate steric stabilizers. 
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CHAPTER 6 

Long-Ranged Electrostatic Repulsion of Water Droplets in an 
Ultralow Dielectric Medium: Emulsion Crystal in Supercritical 

Carbon Dioxide 

6.1 INTRODUCTION 

Electrostatic stabilization of colloids is often insufficient in nonpolar, low 

dielectric constant media, as counterions have a strong tendency to ion pair with 

any charges on the particles.  The neutralization of surface charges by ion 

pairing prevents the formation of a double layer. Nevertheless, charging of 

surfaces in colloids in low dielectric media is readily observed,1 in various 

technological applications such as electrophotography,2 electrophoretic displays,3 

paint or slurry formulations, and in safety aspects of crude oil processing.1  In 

order to prevent counterions from ion pairing to the colloid surface, they must be 

stabilized, for example, by interactions with a soluble polymer or surfactant 1 or 

by encapsulation within a reverse micelle.4  The size of the self-assembled 

amphiphiles provides steric hindrance to keep counterions from coupling to the 

oppositely charged colloid surface.5  Electrostatic stabilization has been reported 

for PMMA spheres in organic solvent mixtures with a dielectric constants from 5-

6 6, and PMMA in dodecane (ε = 2.0).4  In this study, we examine colloid 

interactions in an ultra-low dielectric medium, CO2, with a dielectric constant as 
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low as 1.5,We recently discovered that micrometer-sized water droplets could be 

charged in CO2, by stabilizing the counterions with reverse micelles, to form 

water/CO2 emulsions. 7 

Interactions between colloids in low dielectric media are complicated by 

factors not present for polar solvents such as water.  For colloids interacting in 

polar media, a large electrolyte reservoir of ‘external salt’ with fixed ionic 

strength is often present. Thus, the Debye screening length is constant and 

unaffected by the counter-ion concentration in the double layer. Consequently, the 

pair potential for the colloid is assumed to be independent of the colloid number 

density and may be calculated by the Derjaguin-Landau-Verwey-Overbeek 

(DLVO) theory,8  In dispersions of very low ionic strength, this assumption does 

not hold, because at sufficiently high colloid concentration, the counter-ions 

contribute significantly to the total electrolyte concentration. The interactions 

between particles become long-ranged and dependent upon particle concentration, 

due to the thick double layers.  In low dielectric media, the Debye length may 

even be in the micrometer range 4,6, in which case concentration  dependent or 

many-body interactions become significant at low colloid densities.  The 

Wigner-Seitz (WS) cell model has been developed to circumvent complications 

due to multi-body effects in the solution of the Poisson-Boltzmann equation.  

The WS cell model has been successfully applied to interpret electrostatic 
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phenomena in low dielectric media including electrophoresis9 and the interaction 

between charged colloids.10 

 In a previous study on the water-in-CO2 (W/C) emulsions dispersed with a 

nonionic methylated branched hydrocarbon surfactant, octa(ethylene glycol) 2, 6, 

8-trimethyl-4-nonyl ether (5b-C12E8) at 55 °C and 386 bar, we demonstrated 

micrometer-sized water droplets were negatively charged in CO2 despite the ultra-

low dielectric constant of 1.5.7  The zeta potential measured by high-pressure 

microelectrophoresis reached - 70 mV as the concentration of the nonionic 

surfactant increased from 1 to 3 wt. %.  It was proposed that hydrogen ions 

partition preferentially, relative to bicarbonate ions, from the emulsion droplets to 

the cores of surfactant micelles in the diffuse double layer surrounding the 

droplets.  The surface charge density of water droplets increased with an 

increase in the surfactant concentration up to ca. 2.0 wt. %, and leveled off above 

2.5 wt. % maintaining  3.4  electron charges per square micrometer.   

 In this companion report to Ryoo et al.,7 the objective was to measure 

experimentally and calculate theoretically the particle spacing and interactions for 

charged water droplets in ultra- low dielectric media, particularly high-pressure 

carbon dioxide.  A hexagonal?? crystalline lattice of liquid emulsion droplets in 

a low dielectric constant solvent with a droplet spacing is 3 to 4-fold the droplet 

diameter has been observed for the first time by optical microscopy and laser 

diffraction.  In addition, the electrostatic repulsion and its effect on the colloid 
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stability are investigated by analyzing photomicrographs of the emulsion droplets.  

We demonstrate theoretically that the surface charge reported recently 7 is 

sufficient to provide electrostatic stabilization for the emulsion droplets. The 

osmotic pressure due to electrostatic repulsion was evaluated, as described 

theoretically by solving the Poisson-Boltzmann equation, with previously 

measured values of the surface charge.7.  The sedimentation profile of the W/C 

emulsion calculated from this osmotic pressure is cmpared with the profile 

measured by a novel laser diffraction technique.   

6.2 THEORY 

6.2.1 Wigner-Seitz (WS) spherical cell model for salt-free case. 

 For colloidal systems free from flocculation and coalescence, interactions 

between particles and the resulting colligative properties are often described by 

osmotic pressure in the framework of thermodynamic equilibrium.  The osmotic 

pressure of a colloidal system can be understood as a measure of the tendency to 

disperse particles in order to minimize the free energy of the system.  

Electrostatic interactions in colloidal systems are most often described based on 

pair interactions between charged particles in a medium containing counter- and 

co-ions.  However, this classical approach often fails to give a reasonable 

description of the colligative properties of concentrated dispersions because of the 

cooperative effects resulting from multi-body interactions.  The cooperative 
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interactions may be present even on dilute dispersions in non-polar solvents due 

to the long-ranged characteristics of electrostatic forces acting through low-

dielectric medium.10  The cell model, which was originally developed for 

cylindrical geometry,12 has been proven to be useful to describe concentrated 

dispersions.  The major advantage of the cell model is its simplicity in that it 

reduces the many-body problem to the solution of the Poisson-Boltzmann (PB) 

equation with boundary conditions defined with the geometry of a single cell.  In 

WS cell model, each spherical cell of radius b (Figure 6.1) contains a particle (or 

a droplet) of radius a and total charge  –Q which is uniformly distributed on the 

surface.  The particle is often treated as a macro-ion (polyion) with valence N, 

i.e. Q = eN, where e is elementary charge.  Without loss of generality, the charge 

of particle is chosen to be negative in this study to describe W/C emulsions for 

which a negative zeta-potential (ζ = -62.8 mV) was measured for water droplets 

of radius 1.5 µm.7  The particle number density (n) is related to the cell radius: 

 
1

3

3
4 −

⎟
⎠
⎞

⎜
⎝
⎛= bn π                                   (1) 

and the dispersed volume fraction (φ) corresponds to the cube of the radii ratio: 
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Note the model has also provided reasonable descriptions of non-crystalline fluid 

phases,13 14 though it appears to be applicable only to crystalline structures.  For 

salt-free medium (counterion-only case), which is the case of our study, on 
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Figure 6.1 Wigner-Seitz (WS) spherical cell model 
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negatively charged water drops in CO2, counterions are assumed to be only the 

ionic species present outside the dispersed droplets. 

 For a system without added salt, the osmotic pressure is simply 

determined from the conterion density at the cell boundary (r = b),15: 

 )(bTkBelec
+=Π ρ                                  (3) 

where Πelec is the osmotic pressure and ρ+(r) the counterion number density at a 

distance of r from the center of the cell.  The complete profile of counterion 

density in the cell can be determined by solving the non-linear PB equation 

written in terms of electrical potential, Φ 
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where Φ is the reduced electrical potential ( Tke B/ψ=Φ , ψ = electrical 

potential),  and κ is the inverse Debye screening length.  Note that κ depends on 

the cell size b, because the fixed amount of counterions balancing the surface 

charge of a particle remain within the cell boundary in the absence of added salt.  

The boundary conditions are defined on the particle surface (r = a) and the cell 

wall (r = b): 
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The number density of counterions is related to electrical potential 
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 [ ]Φ−= ++ exp)( or ρρ                               (7) 

where ρo
+ may be considered as the number density of counterions in a shell 

spanning an infinite distance from the center of the cell.  For a particle of radius 

a with charge Q, ρo
+ varies with the cell size (b) in order to satisfy  the electrical 

neutrality condition for each cell: 

 [ ] drrQ o

b

a
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The inverse Debye length for the salt-free case is related to the number density of 

counterions at infinite distance: 
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where εr is the dielectric constant of the medium, and εo vacuum permittivity. 

The PB equation (4) can be rewritten as 
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Due to the electrical neutrality condition of equation (8), integration of the left 

hand side of equation (10) is equal to the particle charge Q: 
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Note the first term in equation (11) is  zero by the Neumann-type boundary 

condition of equation (6), at the cell boundary.  With definitions of Bjerrum 

length ( Tkel BorB επε4/2= ) and  κ (equation (9)), the expression for the electric 

field gradient at the particle surface is directly related to the particle charge: 
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The non-linear second order differential equation (4) can be solved numerically 

with an alternative set of boundary conditions, equation (5) and (12), both of 

which are defined at the particle surface r = a.  Equation (6) also must be 

satisfied for electrical neutrality and determines ρo
+, thus the inverse Debye length 

(κ) for a given value of cell size (b).   An algorithm to calculate the counterion 

density about the charged particles can be found in supplement section. 

Figure 6.2 illustrates the electric potential between two charged particles 

dispersed in a low dielectric medium.  It is shown for various cell sizes b, where 

b corresponds to the half of the inter-particle distance.  The x-axis is scaled by  

r’/a, the dimensionless distance with the reference located at the midpoint 

between particles, such that r’ = 0 when the two particles touch.  The reduced 

surface potential,  - e ζ/kBT = 2.15 and the dielectric constant, εr = 1.5 were 

chosen to represent the case of a W/C emulsion for which a negative zeta-

potential (ζ = -62.8 mV) was measured for monodisperse water droplets of 1.5 µm 

radius.7  The magnitude of the electrical potential goes through a minimum, and 

the gradient is equal to zero at the midpoint between particles as the boundary 

condition (equation (6)) indicates.  It can be seen that the minimum value at the 

cell boundary decreases as the cell size b increase, i.e. the particles become 

further apart. 
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Figure 6.2  Reduced electrical potential (-eψ/kBT ) for various inter-particle 
separations (b/a) calculated for charged particles (a = 1.5 µm, ζ = -
62.8 mV) in CO2 from the differential equation (4) with boundary 
conditions equation (5) and (12) based on WS cell model for salt-
free medium. 
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Figure 6.3  Debye screening length (κ-1) for charged particles (a = 1.5 µm, ζ = -
62.8 mV) in CO2 calculated from the Poisson-Boltzmann equation 
along with equation (9) 

 

 

 

 



 215

 

 

 

 

Figure 6.4  Counterion concentration for various inter-particle separations (b/a) 
calculated for charged particles (a = 1.5 µm, ζ = -62.8 mV) in CO2 
based on WS cell model for salt-free medium. 
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Figure 6.5  Osmotic pressure vs. dispersed volume fraction calculated for 
charged particles (a = 1.5 µm, ζ = -62.8 mV) in CO2 based on WS 
cell model for salt-free medium. 

 

 



 217

Figure 6.3 shows the variation of the Debye screening length for a W/C 

emulsion as a function of dispersed phase volume fraction.  The Debye 

screening length decreases with an increase in volume fraction because the void 

volume available for a fixed amount of counterions is reduced.  The complete 

profile of the counterion density is obtained from that of electrical potential, 

which is determined from the numerical solution of the PB equation.  The 

counterion concentration is calculated for a W/C emulsion by equation (7), and 

the profile is shown in Figure 6.4.  Note the counterion concentration at the cell 

boundary corresponds to minimum on the curve for each cell size b.  The 

osmotic pressure due to the electrostatic repulsion may be calculated from the 

counterion concentration at the WS cell boundary by equation (3) for the salt-free 

medium.  Figure 6.5 shows the osmotic pressure due to the electrostatic 

repulsion between water droplets of 1.5µm radius as a function of dispersed 

volume fraction in CO2.  The osmotic pressure due to electrostatic repulsion is as 

high as 3 mPa at a volume fraction level φ = 0.1.  This osmotic pressure is ca. 60 

times higher than that due to the entropy for hard sphere repulsion  ПHS = 

4.9x10-2 mP, at the same volume fraction with spheres of the same size. 

6.2.2 Sedimentation equilibrium for interacting particles. 

 Equilibrium sedimentation of colloid is of great interest, as the equation-

of-state approach to colloid dispersions is analogous to that of molecular fluids 

and crystals.  The diffusion-sedimentation equilibrium is a result of a balance 
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between the osmotic pressure gradient in the vertical direction, which provides a 

driving force for diffusion to disperse the particles, and the gravitational force 

(sedimentation).16  The equilibrium profile of the dispersed droplets is 

influenced by the interactions between colloidal particles, which are characterized 

by the osmotic pressure. 

For a colloidal dispersion of spherical particles of radius a having a 

buoyant mass , 3/4 3 ρπ ∆= am  where ∆ρ is the density difference between 

particle and medium, the osmotic pressure Π as a function of vertical position z 

can be written as 

 ∫∫ ∆==Π
oo z

z

z

z

dzgndzmg ϕρ                         (13) 

where g is the gravitational acceleration constant, zo vertical reference position, 

and n the local number density of the particle.  The physical meaning of equation 

(13) is that the weight of all particles above any horizontal cross-section is 

prevented from settling by the osmotic pressure of the colloidal dispersion at that 

level.  The differentiated form of equation (13) can be rewritten with respect to 

dz 
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Integration of equation (14) gives 
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With osmotic pressure given as a function of volume fraction, one can express z 

as a function of volume fraction, i.e. z = f(φ).  The volume fraction profile is the 

inverse function, i.e. φ = f -1(z), which may be measured by several experimental 

techniques including depolarized light scattering17, x-ray densitometry18, and 

visible-light diffraction19. 

6.3 EXPERIMENTAL SECTION 

6.3.1 Materials.  

The nonionic methylated branched hydrocarbon surfactant, octa(ethylene 

glycol) 2, 6, 8-trimethyl-4-nonyl ether (5b-C12E8), was purchased from Fluka and 

used as received.  The commercial surfactant (Tergitol TMN-6) is a mixture of 

polydisperse ethoxylates and 10 wt. % of water.  The chemical structure of the 

surfactant has been characterized elsewhere.20  The average numbers of ethylene 

oxide groups for the commercial surfactant were determined as xw = 8.4 (Mw = 

556) by H1 NMR and xn = 6.2 (Mn = 459) by gas chromatography for weight and 

number average, respectively.  Instrument grade CO2 (≥ 99.99%, Matheson) 

passed through an oxytrap (Oxyclear, model RGP-31-300), and Nanopure II 

deionized water (Barnstead) was used throughout. 
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6.3.2 High-pressure apparatus and video-enhanced microscopy. 

 Water-in-scCO2 emulsions were prepared with a high-pressure apparatus 

which is described elsewhere.7  Briefly, the apparatus is composed of a variable-

volume view cell, high-pressure homogenizing pump (Avestin, model C-5), 

HPLC mini-pump, high pressure cell for optical microscopy, and a 6-port 

injection valve (Valco, model C6W).  The apparatus allowed for visual 

observation of emulsion morphology, recirculation, high-shear generation for 

emulsion formation, and controlled injection of liquids into the mother cell.  

Detailed descriptions and procedures for preparing emulsions with such an 

apparatus equipped with a recirculation loop can be found elsewhere.7 21 22  The 

microscopy cell or daughter cell was a modified version of the micro-

electrophoresis cell which was used in a previous study for the measurement of 

the surface charge on water droplets.7  The two side ports of the daughter cell 

were simply plugged without the need of connecting electrode wires.  Two semi-

circular disk spacers, which had been employed as electrodes, were used merely 

as spacers.  The thickness of the disk spacers was 230 µm.  The spacers were 

inserted between the inner surfaces of sapphire windows (1/4-inch diameter, 0.09-

inch thick).  The microscopy cell was horizontally placed on the stage of the 

microscope (Nikon, OPTIPHOT2-POL), and the vertical translation of the cell on 

the stage was controlled by a micrometer to within 1µm.  The distance between 

the parallel sapphire windows was confirmed after assembly by measuring the 
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vertical distance between the inner surfaces of the windows. The microscope was 

focused on surface defects such as scratches on sapphire windows, and the 

vertical translation from one to the other surface was measured as 230 ± 5 µm.  

Observations through the microscope of droplet size and spacing between droplets 

in Brownian motion were recorded with a CCD camera (MTI, CCD72X).  Video 

images obtained through the microscope were digitally processed with StreamPix 

3. 6. 0 (NorPix) software generating movies with 640×480 pixels.  All 

experiments on emulsion formation and characterization were conducted at 55 °C 

and 386 bar. 

6.3.3 Laser diffraction on non-flocculating emulsion sediment 

 Transmitted laser diffraction patterns by emulsion droplets were obtained 

with the apparatus shown in Figure 6.6.  Here, the same microscopy cell as 

above, but with a thinner spacer (73 µm), was used as a daughter cell on the 

recirculation line.  This high pressure daughter cell was vertically installed on an 

optical rail, so the laser could be transmitted through the thin space containing the 

high pressure sample between sapphire windows (path length through the sample 

= 73 µm).  The shape of the spacers is shown in the lower part of Figure 6.6.  

As emulsion droplets settled after the high-pressure homogenizer was stopped, 

they formed a sediment in the trench (2-mm depth, 2-mm width) of the lower 

spacer in several hours.  The laser was focused on the sediment confined in the 

trench by varying the vertical and horizontal position of the cell.
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Figure 6.6   Laser diffraction apparatus 
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Diffraction patterns on the screen were photographed as digital images with a 

Nikon CoolPix 990 at each level in the sediment.  The distance from the sample 

to the screen was 1.5 m or less.  The translation of the daughter cell on the 

optical rail was controlled in 3 dimensions to within 1 µm for laser focusing or the 

spatial resolution of sample area.  A He-Ne laser at a wavelength of 632.8 nm 

(30 mW, beam diameter = 1.0 mm) was focused with a glass plano-convex lens 

(focal length = 5.6 cm) to place the focal point inside the thin high pressure cell.  

Note 

the laser was focused to reduce the beam diameter to ca. 50 µm.  The effect of 

beam focusing on the diffraction pattern was tested by analyzing the diffraction 

pattern of the laser beam transmitted through a microscope scale, composed of  

10-µm interval bars marked on slide glass.  The microscope scale was placed in 

the beam path instead of the high-pressure sample cell in order to transmit either 

focused or unfocused laser light. The diffraction pattern consisted of a row of 

bright spots with equal spacing due to the one dimensional array of scale bars.  

The interval between spots was the same either with or without focusing of the 

laser, although the spot size was larger when the beam was focused on the 

microscope scale due to the divergence of the beam beyond the focal point.  In 

both cases with or without the focusing lens, the actual interval agreed with the 

value calculated from Young’s law (d = λ/sin θ ≈ λL/l, where d is the interval of 

micrometer scale bars, λ the wavelength of light, θ the phase difference, L the 
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sample-to-screen distance, and l the interval of spots in the diffraction pattern.) to 

within less than 3% error.  Thus focusing was used throughout the study. 

6.4 RESULTS AND DISCUSSION 

6.4.1 Emulsion formation and stability 

 The formation of dilute W/C emulsions was investigated by varying the 

water content and the concentration of the nonionic hydrocarbon surfactant (5b-

C12E8) at 55 °C and 386 bar.  It was previously reported that 1 wt. %  surfactant 

and 1 wt. %  water in scCO2 formed a transparent microemulsion at this pressure 

and temperature.20  A higher concentration of the surfactant (2 wt. %) also 

dispersed 1 wt. % of water in the form of a clear microemulsion.  In this study, 

we found that the surfactant at a concentration of 3.0 wt. % can uptake up to 2.0 

wt. % water in the form of a transparent microemulsion with a light orange tint.  

When viewed through the microscope, microemulsions, which were transparent 

or slightly orange in the variable-volume view cell contained no visible water 

drops, indicating that all water droplets dispersed in scCO2 were sub-micrometer 

in size.   

Dilute emulsions were formed by adding further water to microemulsions.   The 

larger emusion droplets in the micrometer size-range formed in the presence of 

the thermodynamically stable microemulsion droplets.  The microemulsion 

droplets have a maxium water to surfactant ratio, governed by curvature and  



 225

 

 

 

 

 

 

 

 

Observation 
surfactant 

wt. % 
water 
wt. % 

half 
settling 
time* 

(min) 

coalescence 
in the bottom 

(visual) 

flocculation 
on the settling 

front 
(microscopic) 

1.0 - microemulsion (transparent) 
2.0 30 slow No 
3.0 20 slow Yes 1.0 

4.0 15 fast Yes 
1.0 - microemulsion (transparent) 
2.0 70 no No 
3.0 45 slow No 2.0 

4.0 30 slow Yes 
1.0 - microemulsion (transparent) 
2.0 - microemulsion (orange) 
3.0 80 no No 3.0 

4.0 50 slow No 

Table 6.1   Visual observation of the properties of dilute W/ C emulsions 
formed by non-ionic hydrocarbon surfactant 5b-C12E8 
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Figure 6.7  Snapshots of high-pressure view cell containing W/C emulsion with 
3 wt. % water and 3 wt. % surfactant at 55 °C, 486 bar.  
Photographs were taken immediately (a), 30 min (b), and 4hr (c) 
after 15-min shear by high-pressure homogenizing pump. (M: 
settling front, S: Magnetic stirring bar) 
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droplet interactions.  The levels of water uptake at which emulsions evolved 

from microemulsions are listed in Table 1.  The macroemulsions were milky 

white as shown in Figure 6.7a.  This snapshot of the view cell containing a W/C 

emulsion with 3 wt. % surfactant and 3 wt. % water was taken immediately after 

the high-pressure homogenizing pump was stopped.  It can be seen that the 

emulsion uniformly occupied the entire volume of the view cell with 100% 

emulsification of added water.  The emulsions were formed by shear for 15 min 

with the high-pressure homogenizing pump.  No excess water could be seen in 

all cases listed in Table 1. 

Observations were made both visually in the variable-volume view cell 

and with the microscopy cell in the recirculation loop.  The microscope was 

focused on the upper region of the emulsion contained in the microscopy cell, and 

the inter-droplet interactions (flocculation or repulsion) could be directly 

observed.  Flocculation of water droplets was seen for emulsions with low 

surfactant concentrations as listed in Table 1.  However, no coalescence of the 

flocculated drops was observed in the upper region of the cell investigated in this 

study. 

When the concentration of the surfactant was relatively high compared to 

that of water, it was observed visually that the emulsion was destabilized mainly 

by gravitational settling without any sign of coalescence.  Coalescence of water 

droplets in the bottom of the cell could be seen for emulsions with high 
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concentrations of water and/or lower concentration of surfactant.  Coalescence 

was always observed with emulsions containing 1 wt. % surfactant, and the 

coalescence rate increased with an increase in water content.  A water pool 

became apparent in the bottom of the view cell in ca. 3 min for emulsions 

containing 1 wt. % of the surfactant with 4 wt. % water, and in ca. 30 min for 

emulsions containing 1 wt. % of the surfactant with 2 wt. % water.  After the 

high-pressure homogenizing pump was stopped, the emulsion with 3 wt. % water 

and 3 wt. % surfactant settled in the high-pressure cell; a snapshot after 30 min is 

shown in Figure 6.7b, and after 4 hrs in Figure 6.7c.  A settling front between 

supernatant CO2 and the lower droplet-rich region developed and became more 

distinct as the emulsion further settled in the view cell.  The time for the settling 

front to reach the middle of the view cell (diameter = 17.5 mm) is listed as ‘half 

settling time’ in Table 1.  Note the Stokes settling velocity for 3-µm droplets in 

CO2 at 55 °C, 386 bar is ca. 5 µm/sec such that it would take 58 min to travel the 

vertical distance of the view-cell radius, in good agreement with our half time of 

roughly 30 minutes in Figure 6.7b. 

It is interesting that the water droplets in the concentrated emulsion 

sediment in the lower part of the high-pressure cell did not coalesce.  The 

emulsion sediment occupied ca. 9 % of the cell volume, which is greater than the 

total volume fraction of water and surfactant loaded in the high-pressure cell, 5.4 

vol. %.  The value of 5.4 vol. % is a conservative estimation (overestimation) for 
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the dispersed volume fraction assuming zero-solubility of water or the surfactant 

in CO2.  Note that the 9 vol. % of the view cell occupied by the emulsion 

sediment is even greater than the 7.3 (= 5.4/0.74) vol. % of the view cell which 

would be occupied by closely packed identical droplets with a dispersed volume 

fraction of 5.4 vol. %.  This difference in volume fractions (9 % occupied by 

emulsion sediment vs. 7.3% at most with closely packed spheres) indicates that 

the void fraction in the sediment is significant, at least 0.4 ( = 1 – 5.4/9), and that 

droplets in the sediment are well separated from each other by long-range 

repulsions.  Philipse et. al. reported the formation of such ‘inflated’ sediment of 

monodisperse silica particles in ethanol, and ascribed the cause to the electrostatic 

repulsion between charged particles acting at distances of micrometers.16  Based 

on the previous work where we confirmed the existence of negative charges on 

water droplets dispersed in CO2,7 we will show below that the electrostatic 

repulsion between water droplets inflates the emulsion sediment opposing the 

gravitational force which tends to decrease inter-droplet distances, particularly in 

the lower part of the high-pressure vessel.  The interaction range and the 

magnitude of electrostatic repulsions will be discussed in the sections below. 

6.4.2 Video enhanced microscopy 

The inset of Figure 6.8 shows monodisperse droplets of ca. 3 µm diameter 

at the top of the emulsion sediment, which initially was formed with 2 wt. % 

water and 2 wt. % surfactant.  Note droplets on the top layer, where the 
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microscope was focused, are seen as bright spheres, and images of out of focus 

droplets under the focal plane are dark and blurred in the photomicrograph.  The 

emulsion was sheared for 15 min, and the photomicrograph was taken 2 hrs after 

shear had been stopped.  Settling for 2 hrs was enough to make the emulsion 

sediment reach a quasi-equilibrium state, i.e. no noticeable change in the height of 

sediment layer was observed after 2 hrs.  The size of water droplets were 

measured as ca. 3 µm, and the droplet size was fairly monodisperse.  Video 

images of W/C emulsion (provided as supporting material) indicate there exists 

long-range (micrometer-scale) repulsion between fairly monodisperse water 

droplets.  It is surprising that no flocculation is seen at all even 2 hrs after the 

droplets started to settle because of the gravitational force.  Note 3-µm droplets 

dispersed in scCO2 at 55 °C, 386 bar (ρCO2 = 0.9 g/ml) are under the strong 

influence of gravity and have a Stokes settling velocity of ca. 5 µm/sec.  Instead 

of flocculating or coalescing as the local droplet volume fraction increased with 

settling in the bottom of the high-pressure cell, the dilute W/C emulsion 

developed into a crystalline structure with an inter-droplet spacing of several 

droplet diameters.  In the video image of the top surface of the emulsion 

sediment in Figure 6.8, it can be clearly seen that each water droplet in Brownian 

motion tends to maintain distances greater than 10 µm from other droplets.  To 

our knowledge, this extremely long-ranged repulsion has not been reported 

previously for water emulsion droplets in a low dielectric constant solvent.  
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Figure 6.8  2-Dimensional pair-correlation function of the droplets on the top 
layer of emulsion sediment.  The photomicrograph (inset) taken at 2 
hr after stopping shear shows the crystalline structure of droplet (ca. 
3 µm diameter) array on the top layer.  A concentration of 3 wt. % 
surfactant was used to disperse the same wt. % of water in CO2 at 55 
°C and 386 bar. 
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The 2-dimensional pair correlation function generated from video images (Figure 

6.8) clearly shows the crystalline nature of the emulsion sediment.  The crystals 

may also be identified from the hexagonal array of water droplets with an average 

spacing of 14.1 µm in the photomicrograph.  We believe the crystalline structure 

is the result of a balance between electrostatic repulsion among droplets and the 

gravitational force which tends to decrease inter-droplet distances.  The ultra 

long-range order with micrometer-size liquid droplets of over a spacing of three 

droplet diameters is unprecedented, although two dimensional arrays of charged 

solid particles at interfaces with a similar length scale of order have been 

reported.23 24 25  The long-range order is commonly ascribed to electrostatic 

repulsion acting through low dielectric media, while the counterbalancing force 

for the ordering may be the external surface compression from container walls or 

capillary interaction for the case of two dimensional arrays.  For the emulsion 

crystals formed in CO2, only electrostatics is a possible repulsive force for the 

ordering since steric or depletion repulsion cannot extend over several 

micrometers.  Note Coulombic forces in CO2 may be 50 times stronger, thus 

longer-ranged, than those in pure water due to the low dielectric constant (εr = 1.5 

for high-pressure CO2).  The micrometer-scale range of electrostatic repulsion 

through low-dielectric media will be shown to result in ‘sparse’ crystalline 

structures with inter-particle spacing of several particle diameters, as observed 

with W/C emulsion crystals in this study.   



 233

Three-dimension ordered suspensions of charged latex (diameter = 0.155 

µm ) have been formed in a nonpolar solvent and characterized by visible light 

diffraction.19  The counterions consisted of soluble quaternary ammonium ions 

in the low dielectric medium.  Yethiraj and Blaaderen 6reported the formation of 

a crystalline suspension of charged PMMA latex particles (diameter: 2.0 and 4.0 

µm) with tunable inter-particle spacing from close packing to seven-particle 

diameters.  The spacing was varied by controlling the concentration of salt 

(tetrabutylammonium chloride) in the low-dielectric media (ε = 5~6).  The 

Debye screening length was claimed to be as long as κ -1 = 12 µm from 

conductivity measurements based on extrapolation with Walden’s law.6   

In our study, we calculated the Debye screening length following the 

definition in equation (9) based on the Wigner-Seitz spherical cell model for the 

salt-free case.  Because the concentration of counterions (ρo
+) is determined from 

the total charge of a particle (Q) and the cell size (b), the Debye screening length 

depends on the dispersed volume fraction and particle charge.  For particles with 

a fixed amount of charge, the Debye screening length decreases with an increase 

in volume fraction as the void volume available for the fixed amount of 

counterions is reduced.  For the W/C emulsion crystals with an inter-particle 

spacing of 4.7 diameters (b/a = 4.7, a = 1.5 µm), the solution to the PB equation 

satisfying electrical neutrality yields a Debye screening length of  κ -1 = 8.9 µm 

(Figure 6.3). 
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Figure 6.9  The probability distribution of center-to-center distances (r=2b) 
between nearest water droplets (a = 1.5 µm) on the top layer of the 
W/C emulsion sediment. Four photomicrograph snapshots, one of 
which is shown as the inset of Figure 6.8, were analyzed to collect 
440 distance data between neighboring particles 
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Figure 6.10  Free energy of a WS cell vs. cell size (2b) calculated from Figure 
6.9 with equation (16). The free energy at the most probable cell size 
is arbitrarily set to zero for simplicity. (a. electrostatic interaction 
energy; b.gravitational potential energy) 
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In each of the previous studies mentioned above, the effect of gravity was 

negligible due to the small(submicron) size of particles or the intended density 

matching between solvent and particles.  The suspensions developed into 

crystalline structure as dispersed volume fraction increased.6  In our study, the 

gravity increased the local dispersed volume fraction in the lower part of high-

pressure cell, as gravity opposed the inter-droplet repulsions.  To investigate the 

balance between the gravitational force and the electrostatic repulsion, we 

extracted the interaction potential from the droplet geometry at the top of the W/C 

emulsion sediment.  A quantity of 440 center-to-center distances (r=2b) between 

neighboring droplets were measured in four photomicrographic snapshots, one of 

which is shown as the inset of Figure 6.8.  From the probability distribution of 

the inter-droplet distances P(r) shown in Figure 6.9,  we constructed the free 

energy curve following the Boltzmann distribution:25 
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)(exp0                            (16) 

where P0 is the normalization constant, and  F(r) is the free energy of a WS cell 

as a function of the cell size 2b.  Note the cell size is equivalent to the inter-

droplet distance (r) between nearest neighbors in WS cell model.  

Figure 6.10 shows the free energy of a cell converted from the probability 

distribution of inter-droplet distance.  The F may be understood as the sum of  
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Figure 6.11  Measurement of sediment height of W/C emulsion with 3 wt. % 
water with 3 wt. % surfactant.  The microscope was focused at the 
top level of the sediment, and the vertical translation required to 
keep the top level in focus was recorded as the emulsion settled. 
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electrostatic interaction energy (curve (a) in Figure 6.10) and the gravitational 

potential energy (curve (b) in Figure 6.10).  The interaction between negatively 

charged droplets is repulsive, thus the free energy due to electrostatic repulsion 

decreases with an increase in the cell size.  The gravitational potential of a cell 

increases with the cell size because the horizontal level of droplets rises as the cell 

size increases.  The minimum of the total free energy at a separation of 14.1 µm 

is the result of the balance between electrostatic repulsion and the gravitational 

force.  Thus, the electrostatic repulsion, on the order of several molecular 

diameters, is extremely long-ranged.  The large change in the potential on either 

side of the minimum is a result of the semi-crystalline nature of the emulsion with 

a fairly monodisperse particle spacing. 

6.4.3 Inter-droplet distances in equilibrium sediment –laser diffraction  

The settling of the emulsion drops and the formation of dilated sediment was also 

observed in the microscopy cell.  The microscope was focused on the top plane 

 

of the sediment layer which could be distinguished from the supernatant CO2 in 

the upper region of the high pressure cell (Figure 6.7b and 6.7c).  As the 

emulsion drops settled due to gravity, the sediment layer became thinner resulting 

in an increase in the local dispersed volume fraction in the lower part of the cell.  

The profile of sediment height was measured as a function of time for an 

emulsion containing 3 wt. % of water and 3 wt. % of surfactant.  As illustrated in 
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Figure 6.11, the change in the top level of the sediment was measured by 

recording the vertical translation of the cell on the stage while the microscope was 

focused on the top level.  It is evident that the sediment layer is strongly dilated 

by long-range repulsions acting between droplets.  The sediment of emulsion 

which initially contained 3 wt. % of water and 3 wt. % of surfactant occupied ca. 

one third of the cell volume.  The sedimentation profile after 2 hr, which 

approached an equilibrium state, indicated that the emulsion droplets were well 

separated by electrostatic repulsion against the gravity.  Gravity increases the 

number density of water droplets in the lower part of the high-pressure cell. 

Given that the dilute W/C emulsion led to the formation of a dilated layer 

of emulsion sediment free from coalescence and flocculation, the next objective 

was to determine the droplet separatin versus height in the emulsion sediment at 

the equilibrium state.  In our study, complete sedimentation equilibrium was 

achieved within several hrs as shown in Figure 6.11.  The equilibrium 

sedimentation profile has been measured  by light scattering.16  Visible-light 

diffraction also has been utilized to evaluate the degree of ordering and the 

crystallization kinetics in previous studies.26 27 28 19  We employed a laser 

diffraction technique to measure the local inter-droplet distance, which can be 

converted to the local dispersed volume fraction, as a function of vertical position 

in the emulsion sediment   Center-to-center distances were determined from the 

diffraction pattern using the Debye equation:29 
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Figure 6.12   Inter-droplet distance in W/C emulsion sediment determined by 
laser diffraction experiment (circles) and the profile calculated 
from the hypothesis of equilibrium between gravity and osmotic 
pressure based on WS cell model (line). 
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                               (16) 

where θ is diffraction angle, λCO2 wavelength of laser in CO2, K a number unique 

to the arrangement of particles, and d inter-particle distance.  We used a K value 

of 1.15 in equation (16) assuming hexagonal packing of emulsion droplets.29   

The center-to-center distance (2b) at various vertical locations (z) 

determined by the laser diffraction technique is shown in Figure 6.12.  The inset 

of Figure 6.12 shows the digital images of the laser diffraction patterns.   It can 

be seen that the radius of the ring pattern decreases as the vertical position of the 

sample rises. These radii indicate that the center-to-center distance increases from 

4.5 µm (A) to 9.8 µm (B).   When the vertical position changes from C to D, 

there was a smooth transition in the shape of diffraction patterns from ring type to 

discrete spots.  We ascribe the transition to the small fixed size of the laser beam 

(diameter = 50 µm) rather than to a possible structural change in the droplet array. 

As the particle spacing increases, the number of droplets included in the beam  

diameter decreases.  At higher elevation, only several droplets included in the 

beam area diffract lights resulting in the discrete spot patterns. 

 The measurement of the equilibrium profile, which is sensitive to 

interactions between colloidal particles, provides a way to measure the osmotic 

pressure as a function of dispersed volume fraction. Conversely, one can predict 

an equilibrium sedimentation profile from the osmotic pressure expressed in terms 
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of volume fraction, as described in theory section (equation (15)).  The hard 

sphere equation of state, for example, has been tested by measuring the 

equilibrium sedimentation profile of screened charged colloids by various 

techniques including depolarized light scattering17 and x-ray densitometry.18   

In this study, we tested the validity of the WS cell model and PB equation 

to calculate concentration profiles from the osmotic pressure, due to electrostatic 

repulsion, relative to those measured by laser diffraction.  By applying the 

calculated osmotic pressure in Figure 6.5 to equation (15), the sedimentation 

profile was calculated in terms of dispersed volume fraction as a function of 

height (z).  Because laser diffraction patterns are directly related to the inter-

particle distance, the volume fraction profile was further converted to the local 

inter-droplet distance as a function of vertical position by using equation (2). In 

Figure 6.12, the calculated profile from equation (15) for inter-droplet distance is 

in good agreement distances measured by the laser diffraction technique.  Thus 

the WS cell model and PB equation provide a reasonable prediction of the 

behavior of the long-ranged electrostatic repulsion of the droplets in ultra-low 

dielectric media.  

6.5 CONCLUSION 

Water droplets may be stabilized electrostatically in a medium with a 

dielectric constant of only 1.5 by an extremely large Debye screening length of 

8.9 µm.  These electrostatic forces provide extremely long–ranged repulsion 
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with unprecedented spacings of four droplets diameters for micrometer sized 

water droplets in compressed supercritical CO2.  As a result of the balance 

between electrostatic repulsion and the downwards force due to gravity, the 

droplets formed a hexagonal crystalline lattice at the bottom of the high-pressure 

cell with spacings of over 10 µm.   To our knowledge, a crystalline lattice of 

liquid emulsion droplets with such large spacings has not been reported in any 

medium.    

Based on the zeta potential measurements in the previous study of the 

W/C droplets,7 we quantified the electrostatic repulsion in terms of osmotic 

pressure versus volume fraction of dispersed water droplets.  The osmotic 

pressure calculated by solving the PB equation in the framework of the WS model 

was in good agreement with that determined from the equilibrium sedimentation 

profile measured by laser diffraction  Therefore, these results support the recent 

observation that electrostatic repulsion is the cause of the stabilization of water 

droplets in ultra-low dielectric media, particularly CO2 with ε = 1.5.  .    

Electrostatic stabilization of colloids is beneficial in CO2, since CO2 often 

does not solvate surfactant tails well enough to provide steric stabilization, 

particularly for micron-sized colloids.30,31  Very recently, metal oxide 

dispersions were stabilized electrostatically in CO2 with a low–molecular-weight 

cationic perfluoropolyether trimethylammonium acetate surfactant, futher 

demonstrating the generality of this technique.  Electrostatic stabilization in CO2 
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would be a useful strategy to overcome limitations of steric stabilizers, and could 

greatly expand the scope of colloids in CO2. 
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6.6 SUPPLEMENT 
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