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 Over the past decade, compressed carbon dioxide (CO2) has emerged as a 

possible alternative to traditional organic solvents in various industrial processes.  

Compared to other compressible fluids, CO2 is particularly appealing since it is 

inexpensive, relatively non-toxic, non-flammable, and possesses a mild critical point.  

Unfortunately, the solvent strength of CO2 is limited due to its lack of a permanent dipole 

moment and weak van der Waals interactions.  To accommodate CO2’s limited solvation 

capacity, emulsions and colloidal dispersions are often stabilized with fluorinated 

surfactants and polymers.  However, even for the most CO2-philic fluoropolymers, 

pressures above 100 bar are typically required to achieve good solvent conditions.  In an 

attempt to increase the industrial applicability of CO2, a majority of this research is 

focused on the development of novel approaches to stabilize emulsions and colloids in 

liquid CO2 at low pressures.  The use of solid particles in lieu of classical surfactants is 

demonstrated to allow for the stabilization of emulsions consisting of water and CO2 at 

low CO2 densities since stability is not dependent on tail solvation.  The stability of these 



 vii

emulsions is shown to be highly dependent on the particle hydrophilicity and its 

subsequent contact angle at the water-CO2 interface.  Concentrated dispersions of 

inorganic silica particles are stabilized at pressures as low as the vapor pressure through 

the formation of a cross-linked polymeric shell around the solid core.  The presence of 

the polymeric shell allows for dispersibility by weakening the Hamaker interactions 

between the core-shell particles.  The density-dependent interparticle interactions 

between these dispersed core-shell nanoparticles are quantified in terms of a diffusional 

second virial coefficient using dynamic light scattering.  Finally, the water-CO2 and the 

solid-CO2 interfaces are investigated.  Using high-pressure pendant-drop tensiometry, the 

water-CO2 interfacial tension is measured for a family of surfactants in order to 

investigate the relationship between surfactant molecular architecture and interfacial 

activity.  Measurements of the CO2/water/solid contact angle on well defined 

homogeneous substrates as a function of CO2 pressure provide fundamental insight into 

the specific interactions between CO2 and the solid interface. 
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Chapter 1 

 

Introduction 

 

 

In the past decade, supercritical fluids (SCFs) have emerged as viable alternatives 

to organic solvents in industrial processes.  A SCF is a substance which has been heated 

and pressurized above its critical temperature and pressure (Figure 1.1).  In the 

supercritical region, a single-phase fluid exists which possesses properties that are 

intermediate to those of gases and liquids.  The key advantage of a SCF over traditional 

solvents is its tunable properties1.  Through modest changes in the system temperature 

and/or pressure, the solvent’s density, viscosity, and diffusivity can be tuned from gas-

like to liquid-like.  The ability to explicitly control these properties allows for the 

interfacial properties and particle interactions to be controlled, as has been described with 

lattice fluid self-consistent field theory2. 

Compared to other supercritical fluids, carbon dioxide (CO2) offers a variety of 

attractive features, such as being inexpensive, relatively non-toxic, non-flammable, and 

possessing a mild critical point (Tc  = 31 ºC, Pc = 73.8 bar).  However, the stabilization of 

colloidal dispersions in CO2 remains a challenging task.  The cohesive energy density of 

CO2 is limited due to its lack of a permanent dipole moment and weak van der Waals 

forces, as reflected in its low polarizability per unit volume.  Despite these challenges, 

colloidal dispersions3, including microemulsions4-11, miniemulsions12,13, 

macroemulsions14-17, metal nanocrystals18-24, polymer latexes25, and inorganic silica26-30 

dispersions have been reported in CO2.  These CO2-based systems have been used in 

various applications, including photoresist drying31,32, metal extraction33, nanoparticle 

synthesis18,19,22,24,34, enzymatic catalysis35, and dry cleaning36. 
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Figure 1.1 

Schematic of a pressure-temperature diagram showing the supercritical region and the 

CO2 density as a function of pressure at 35 ºC. 

P
re

ss
ur

e 

Gas

Liquid

SCF

Solid 

Tc

Pc 

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200 250 300 350

C
O

2 D
en

si
ty

 (
g/

m
L

)

Pressure (bar)

Temperature 



 3

1.1 Emulsions consisting of Water and CO2 

Mixtures of water and CO2, the two most abundant solvents on earth, in the form 

of microemulsions4-11, miniemulsions12,13, and macroemulsions14-17 have successfully 

been stabilized over the past decade.  These systems are classified primarily by the sizes 

of the dispersed droplets, as summarized in Table 1.1.  Microemulsions, which consist of 

droplets less than 50 nm in diameter, are thermodynamically stable and optically 

transparent.  Macroemulsions consist of droplets larger than 500 nm and have a turbid 

appearance.  Unlike microemulsions, these systems are not thermodynamically stable and 

must be kinetically stabilized against flocculation, coalescence, and gravitational settling. 

Miniemulsions are composed of droplets in the 50-500 nm range and bridge the 

gap between micro- and macroemulsions.  The interfacial area per volume, proportional 

to 1/r, is 20x less for a 100 nm miniemulsion droplet than for a 5 nm microemulsion 

droplet.  Thus, for a given amount of surfactant, a much larger volume of water may be 

emulsified in miniemulsions.  Whereas the molar water/surfactant ratio (Wo) is typically 

less than 60 for microemulsions, the Wo for miniemulsions can be greater than 1000.  

Furthermore, the smaller interfacial area allows for a greater interfacial tension.  Because 

of this less stringent requirement for the surfactant in lowering the interfacial tension, a 

much wider range of surfactants may be utilized.  Relative to macroemulsion droplets, 

the smaller miniemulsion droplets are more stable to gravitational settling and experience 

weaker Hamaker interactions between the smaller water cores. 

 

1.1.1 Surfactants in CO2 

Surfactants, short for surface-active agents, are amphiphilic molecules which are 

capable of lowering the surface tension of solutions, forming aggregates in solution, and 

concentrating at interfaces37.  The surface activity of these molecules arises from the 

presence of both a hydrophilic group and a hydrophobic, or “CO2-philic”, group.  

Surfactants are an extremely versatile class of molecules and have been used utilized in 

such diverse applications as shampoo, detergency, environmental remediation, surface 

modification, and pharmaceuticals.  Surfactants are classified by the apparent charge on 
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Table 1.1 Characteristics for Micro-, Mini-, and Macroemulsions 
 

 Size 
(nm) Appearance 

Settling 
velocity 

(cm/hr)** 

Area/vol 
(cm-1) 

γ 
mN/m 

Wo 
(mole/mole) 

Micro- < 50 (5)* transparent none 106 < 1 5-60 
Mini- 50-500 (100)* turbid 0.5 × 10-3 105 < 2 > 1000 

Macro- > 500 (1000)* turbid 0.5 104 < 10 > 1000 
 
* - the numbers in parenthesis represent a typical size 
** - at 35 ºC and 300 bar for the size given in the parenthesis 
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the surface active portion of the molecule, with the four classifications being cationic, 

anionic, nonionic, and zwitterionic37. 

Due to the unusually weak solvent strength of CO2, many classes of surfactants 

are insoluble in CO2.  To accommodate the weak van der Waals forces of CO2, emulsions 

in CO2 are typically stabilized using either siloxane or fluoropolymer based 

surfactants38,39.  The low cohesive energy density of these surfactants results in increased 

compatibility with CO2.  Unfortunately, the high cost and toxicity of many fluorinated 

surfactants make their use less than ideal.  Consequently, significant efforts have been 

focused on developing environmentally benign hydrocarbon surfactants which are 

soluble in CO2 and capable of lowering the water-CO2 interfacial tension and forming 

micro- and macroemulsions in CO2.  Novel classes of hydrocarbon molecules such as 

poly(ether carbonate) copolymers40 and peracetylated sugars41 have been shown to be 

highly soluble in CO2.  In addition, commercially available hydrocarbon surfactants, such 

as Dynol 6049 and poly-(ethylene glycol) 2,6,8-trimethyl-4-nonyl ether11, have been 

utilized to form water-in-CO2 (W/C) microemulsions.  To date, W/C microemulsions 

have not been formed with ionic hydrocarbon surfactants for reasons that are not well 

understood at the fundamental level.  One of the goals of this dissertation is to investigate 

the relationship between surfactant molecular architecture and interfacial activity.  To 

achieve this goal, the interfacial tension (γ) and the surface excess (Γ∞) for a family of 

ionic surfactants with identical phosphate headgroups and varying tails structures was 

measured using a high-pressure pendant-drop tensiometer, and these results are presented 

in Chapter 6. 

 

1.1.2 Role of Surfactants in Emulsion Formation, Morphology, and Curvature 

The emulsification of two immiscible phases is achieved by mechanical 

deformation of the liquid-liquid interface in the presence of a surfactant to disperse 

droplets of one phase into a second continuous or external phase37.  Surfactants aid in 

emulsion formation by (1) lowering the interfacial tension (γ) and thus the Laplace 

pressure (PL) which opposes droplet formation and (2) imparting stability to films 
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between emulsion droplets.  The deformation of droplets is governed by the ratio of the 

external stress to the Laplace pressure, commonly referred to as the Weber number (We) 

 
γ
η RG

We c=  (1.1) 

where ηc is the shear viscosity of the continuous phase, G is the shear rate (du/dz), and R 

is the droplet radius42.  The amount of deformation increases as the Weber number 

increases, and the rupturing of larger droplets into smaller droplets occurs when the We 

number reaches a critical value.  The critical Weber number depends primarily on two 

factors, the type of flow and the viscosity ratio of the dispersed and continuous phases43.  

The viscosity of CO2, even in the liquid regime, is considerably lower than for 

conventional organic solvents44, and this low viscosity weakens the shear stress that 

facilitates droplet deformation for a given shear rate12.  Consequently, higher shear rates 

are required to deform droplets in a CO2 continuous phase. 

Along with helping form the emulsion, surfactants also influence the emulsion 

morphology.  According to Bancroft’s rule, the phase that the surfactant is more soluble 

in will become the continuous phase45.  Thus, if the surfactant is more soluble in CO2 

than in water, the interface will bend around water to form water droplets dispersed in a 

CO2 continuous phase.  The surfactant’s curvature is generally described by the 

hydrophilic-CO2-philic balance (HCB) which is analogous to the hydrophilic-lipophilic 

balance (HLB) for traditional oil/water systems.  Figure 1.2 shows a schematic for the 

effect of the HCB on the morphology, interfacial tension, and droplet size.  At low HCB 

values, the surfactant is more soluble in CO2 than in water, resulting in the formation of 

W/C emulsions.  However, as the HCB is increased, the surfactant partitions more to the 

water phase, and the system approaches the balanced state.  At the balanced state, the 

surfactant prefers the two phases equally, and γ is at a minimum.  As the HCB is 

increased further, the surfactant eventually prefers water over CO2, and C/W systems are 

produced. 

The HCB describes the various interaction energies (Aij) between CO2 (C), 

surfactant tails (T), surfactant heads (H), and water (W), and may be expressed as11,46 
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Figure 1.2 

Schematic for the effect of the HCB on the interfacial tension for a non-ionic surfactant at 

the water-CO2 interface. 
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=1  (1.2) 

where each interaction energy is treated as a positive quantity.  In order to curve the 

interface about water to form water droplets in a CO2-continuous medium (W/C 

emulsions), 1/HCB must be greater than 111.  This condition is favored by increasing the 

tail-CO2 interactions (high ATC) while weakening the tail-tail interactions (low ATT).  As 

recently reported by Stone and co-workers47, the energetic interactions between a 

fluorinated tail and CO2 are comparable to those between a hydrocarbon tail and CO2, 

indicating that hydrocarbon tails are not at a disadvantage in this respect.  However, ATT 

is much stronger for hydrocarbon surfactants than for fluorocarbon surfactants.  The ATT 

may be weakened by changing from straight chains to branched, “stubby” surfactants, 

thus raising 1/HCB17,48.  These branched tails reduce tail-tail interactions by limiting tail 

overlap17. 

In addition to weakening ATT, tail-branching also reduces the fractional free 

volume (FFV) of the surfactant48.  The FFV is a measure of the interfacial volume left 

unoccupied by the surfactant and thereby available for water and CO2 to contact.  The 

FFV may be expressed as follows: 

 1 t

h

VFFV
tA

= −  (1.3) 

where Vt is the van der Waals volume of the surfactant tail, t is the interfacial thickness, 

and Ah is the interfacial area per surfactant molecule.  Surfactants having lower FFV 

values (which implies greater separation of CO2 and water and a lower γ) tend to promote 

the formation and stabilization of W/C microemulsions48.  Stubby nonionic surfactants 

which have a low FFV have already successfully stabilized both W/C microemulsions11 

and macroemulsions17. 

 

1.1.3 Solid-Stabilized Emulsions 

Along with traditional low molecular weight and polymeric surfactants, solid 

colloidal particles may also be used as emulsifying agents37,49,50.  Solid-stabilized 
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emulsions are an important class of emulsions and are commonly encountered in the 

cosmetics, food, agricultural and paint industries51 and have also been employed in the 

preparation of synthetic oils52.  Solid particles impart emulsion stability by adsorbing at 

the liquid-liquid interface and forming a rigid protective barrier around the dispersed 

droplets that impedes coalescence50.  Zhai and Efrima53 demonstrated that this protective 

barrier can be strong enough to stabilize millimeter sized droplets from coalescence.  The 

ability of these solid particles to stabilize an emulsion depends on various factors, 

including the particle size, particle shape, particle concentration, particle wettability and 

the particle-particle interactions at the liquid-liquid interface50,52.  This approach of using 

solid particles to stabilize emulsions is particularly advantageous for CO2 due to its 

limited ability to solvate surfactant tails.  Chapter 4 reports on the use of hydrophilic 

silica particles to stabilize emulsions consisting of water and CO2. 

In the formation of traditional water-in-oil (W/O) and oil-in-water (O/W) 

emulsions, the surfactant hydrophilic-lipophilic balance (HLB) has been shown to be of 

paramount importance in predicting the emulsion morphology and stability.  When 

working with solid stabilized emulsions, the contact angle (θ) which the particle makes 

with the interface is assumed to be the relevant parameter in determining emulsion 

morphology and stability.  In the early 1900s, Pickering reported that solid particles 

wetted more by water than by oil resulted in the formation of O/W emulsions54.  In a later 

work, Finkle et al.55 postulated that in emulsions stabilized by solid particles, the more 

poorly wetting liquid will serve as the dispersed phase.  As illustrated in Figure 1.3, 

hydrophilic particles have a contact angle less than 90º measured through the aqueous 

phase and the majority of the particle resides in the water phase.  Consequently, the 

emulsion bends around the oil phase resulting in an O/W emulsion.  Conversely, 

hydrophobic particles have a contact angle greater than 90º measured through the 

aqueous phase and the majority of the particle resides in the oil phase, resulting in the 

formation of a W/O emulsion. 

The energy of attachment (E) for a spherical particle at the liquid-liquid interface 

is dependent upon the particle radius (r), the interfacial tension of the liquid-liquid binary 
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Figure 1.3 

(Top) Schematic demonstrating the relationship between contact angle (measured 

through aqueous phase) and the position of a spherical particle at the planar oil/water 

interface; θ < 90º (left), θ = 90º (center), and θ > 90º (right).  (Bottom) Expected 

emulsion morphology based on contact angle.  For θ < 90º, O/W emulsions are favored 

(left), and for θ > 90º, W/O emulsions are expected. 
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system (γαβ), and the contact angle measured through the aqueous phase (θ): 

 ( )22 cos1 θγπ αβ ±= rE  (1.4) 

In equation 1.4, the sign inside the bracket is negative when the particle is removed from 

the interface into the water phase and positive when the particle is removed from the 

interface into the non-aqueous phase. 

Figure 1.4 illustrates the calculated energy of attachment for a spherical particle 

with a radius of 10 nm at both the planar toluene-water interface (γαβ = 36 mN/m) and 

planar CO2-water interface (γαβ = 20 mN/m)56 as a function of the contact angle.  

According to equation 1.4 and Figure 1.4, a particle is most strongly held to the liquid-

liquid interface when θ = 90º.  Particles of an intermediate hydrophilicity will have a 

contact angle close to 90º and should consequently, aid in the formation of fairly stable 

emulsions.  However, if the particles are too hydrophilic (θ << 90º) or too hydrophobic (θ 

>> 90º), the energy required to remove a particle from the liquid-liquid interface is 

extremely small compared to thermal energy (< 10 kBT), and the emulsion is expected to 

exhibit low stability. 

 

1.2 Emulsion and Colloidal Stabilization in CO2 

Emulsions and colloidal dispersions are not thermodynamically stable systems 

and must be kinetically stabilized against flocculation, aggregation, and gravitational 

settling.  In order to prevent flocculation, the repulsive interactions must exceed the 

attractive van der Waals forces at all separation distances.  For the past decade, the key 

stabilization mechanism in CO2 was assumed to be steric repulsion.  The low dielectric 

constant of CO2, typically ~1.5, was believed to be insufficient to allow for electrostatic 

stabilization.  However, recent studies have demonstrated the ability to stabilize colloids 

in CO2 using electrostatic stabilization57.  Each of these stabilization mechanisms are 

discussed in greater detail below. 
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Figure 1.4 

Attachment energy (E) of a spherical particle (r = 10 nm) at the planar toluene-water (γαβ 

= 36 mN m-1) interface and planar CO2-water (γαβ = 20 mN m-1) interface as a function of 

the contact angle (measured through the aqueous phase) at 25 ºC.  The attachment energy 

was calculated using equation 1.4. 
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1.2.1 van der Waals Attraction 

The van der Waals attraction between two equally sized spherical particles is 

dependent on the Hamaker constant, A, the droplet radius, R, and the center-to-center 

separation distance of two approaching spherical droplets, x, as follows58: 
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The Hamaker constant, A121, for one particle (subscript 1) interacting with another 

particle across CO2 (subscript 2) may be approximated using the following relationship58: 

 ( )2

2211121 AAA −=  (1.6) 

where A11 and A22 are the Hamaker constants for the colloidal particle and CO2, 

respectively, interacting across vacuum, which can be estimated using a simplification of 

Lifshitz theory58. 
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where νe is the maximum electronic ultraviolent adsorption frequency, typically assumed 

to be 3 × 1015 s-1 59. 

 

1.2.2 Steric Repulsion 

Steric repulsion is provided by the presence of ligands absorbed at the colloid-

CO2 interface and consists of both osmotic and elastic contributions.  The osmotic term, 

Φosm, addresses the balance between the tail-tail and tail-solvent interactions60.  

Consequently, the important parameters in the osmotic term are the solvent quality (χ) 

and the length of the stabilizing surfactant tail (l) as follows59,60: 
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where x is the center-to-center separation distance between two spherical droplets, R is 

the droplet radius, vsolv is the molecular volume of the solvent, φ is the stabilizer tail 

volume fraction profile, and χ is the Flory-Huggins interaction parameter (χ = ½ 

represents the theta condition). 

The elastic term, Φelas, arises from the entropy loss that occurs upon compression 

of the stabilizing tails, and may be expressed as: 
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l

Rdx 2−
=  (1.11) 

where ρ and MW2 are the ligand density and molecular weight, respectively.  This term is 

small compared to Φosm and is only important at interparticle separations in the range, 

lRx <− 2 59,60. 

To date, emulsions and colloidal dispersions have been stabilized in CO2 using 

both low molecular weight and polymeric stabilizers.  Polymeric ligands, such as 

perfluorooctyl acrylate (PFOA)25 and perfluorooctly methacrylate (PFOMA)13,28,61, allow 

for the stabilization of larger particles by extending into the bulk and providing the 

separation distance necessary to screen the attractive core-core interactions and prevent 

flocculation.  However, the conformation of polymeric stabilizers is highly dependent on 

the solvent density, and pressures well above 100 bar are needed to achieve “good 

solvent” conditions62,63.  Figure 1.5 illustrates the effect of CO2 density on steric 

stabilization.  At high CO2 densities, the polymeric ligands are well solvated and thus 

provide a high degree of steric stabilization27.  However, as the CO2 density is lowered at 

constant temperature, the solvent molecules expand away from the tails resulting in chain 

collapse and subsequently flocculation27. 

In a previous study dealing with stabilizers with symmetric energy parameters 

relative to the solvent64, the critical flocculation density (CFD), that is the CO2 density 

below which flocculation occurs, was determined to coincide with the upper critical 

solution density (UCSD) for the polymer on the binary polymer/CO2 phase diagram.  At  
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Figure 1.5 

Schematic illustrating the effect of CO2 density on steric stabilization.  Adapted from 

reference #27. 
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densities above the UCSD, the polymer is well solvated and possesses a random-coil 

configuration.  As the CO2 density is lowered below the UCSD, the polymers collapse 

and phase separate as a result of increased monomer-monomer interactions64-67.  This 

entropically driven phase separation occurs as a result of differences in compressibility 

between the solute and solvent and is analogous to the lower critical solution temperature 

(LCST) in conventional solvents64,68.  Recent studies suggest that the CFD corresponds 

not to the UCSD of the polymeric stabilizer but to the theta density (UCSD at infinite 

molecular weight) for the polymer28,61.  At the theta density, the polymer undergoes a 

coil-globule transformation as the solvent quality transitions from the “good solvent” to 

“poor solvent” regime.  The relationship between the CFD, UCSD, and theta density is 

discussed in greater detail in Chapter 3. 

Compared to polymeric ligands, low molecular weight stabilizers offer the 

advantages of increased solubility in CO2 and decreased tail overlap.  Since the UCSD 

scales with molecular weight64, low molecular weight stabilizers are soluble in CO2 at 

lower solvent densities than polymeric stabilizers.  Therefore, these stabilizers allow for 

dispersibility at weaker solvent conditions and have been utilized to stabilize both metal 

nanocrystal dispersions20,23 and W/C microemulsions8 in liquid CO2 at pressures as low 

as the vapor pressure.  The use of polymeric ligands has not led to any stable colloids at 

this low pressure.  Despite the increased tail solvation of these low MW stabilizers, the 

shorter tail lengths, compared to polymeric ligands, only allow for the stabilization of 

colloids less than about 10 nm in diameter. 

 

1.2.3 Electrostatic Repulsion 

Electrostatic stabilization arises from an unequal distribution of electrical charges 

at an interface.  This unequal distribution results in the development of a potential, 

commonly referred to as the electrical double layer, across the interface37.  Electrostatic 

stabilization in CO2 offers multiple advantages over steric stabilization.  Most 

importantly, electrostatic stabilization does not depend on tail solvation, which can be 

quite low in CO2.  Consequently, colloidal dispersions may be electrostatically stabilized 



 17

in CO2 at relatively weak solvent conditions.  In addition, electrostatic repulsion can 

extend over several microns thus allowing for the stabilization of larger particles.  In fact, 

the electrostatic repulsion is especially strong in CO2 since the strength of the electric 

field is inversely proportional to the dielectric constant of the continuous phase69. 

In order to provide electrostatic stabilization, the counterions in the double layer 

must be prevented from ion pairing.  In nonpolar solvents, such as CO2, ion solvation is 

weak, and it is therefore extremely difficult to prevent ion pairing.  For a 1-1 electrolyte, 

the Bjerrum length (lB), or the minimum separation distance without ion association, may 

be expressed as57: 

 
Tk

el
Br

B επε 0

2

4
=  (1.12) 

where e is the elementary charge, ε0 is vacuum permittivity, and εr is the dielectric 

constant for the continuous phase.  Whereas lB is approximately 0.7 nm in water, it is 28 

nm in a nonpolar medium with εr = 2.  This increased ion separation distance in nonpolar 

solvents is typically achieved using surfactants.  Ryoo and co-workers57 recently 

demonstrated the electrostatic stabilization of water droplets in CO2 using a non-ionic 

surfactant which forms reverse micelles in solution.  In this situation, the positive cations 

preferentially partitioned into the cores of the reverse micelles thus leaving a negative 

charge on the surfaces of the water drops (Figure 1.6).  By engulfing the counterions 

inside the cores of the reverse micelles, ion pairing between the oppositely charged 

surfaces was prevented. 

 

1.3 Objectives 

The primary objective of this dissertation is to examine the stabilization of 

colloidal dispersions, including emulsions and silica nanoparticles, in liquid and 

supercritical carbon dioxide.  A majority of the research in this dissertation is focused on 

the stabilization of dispersions in liquid CO2 at low pressures, which is beneficial for 

increasing the industrial applicability of carbon dioxide.  The initial work focuses on the 

formation and stabilization of W/C emulsions using fluorinated block co-polymers.   
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Figure 1.6 

Schematic illustrating the concept of electrostatic stabilization in CO2.  Adapted from 

reference #57. 
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These block co-polymers are extremely interfacially active and provide excellent 

emulsion stability at high CO2 densities.  However, the polymeric stabilizers are not 

solvated well enough at low CO2 densities to prevent flocculation.  After this early work 

with polymeric stabilizers, the focus of the dissertation shifts away from traditional 

stabilization mechanisms and more towards developing novel approaches to stabilize 

emulsions and colloids in CO2.  First, the applicability of solid particles for the 

stabilization of emulsions in CO2 is investigated.  The use of solid particles in lieu of 

classical surfactants is demonstrated to allow for the stabilization of emulsions at low 

CO2 densities since the stability is not dependent on tail solvation.  In the case of 

inorganic colloidal particles, the formation of a cross-linked polymeric shell around the 

solid core is shown to allow for dispersibility at pressures as low as the vapor pressure.  

The presence of the polymeric shell stabilizes the particles by both weakening the 

Hamaker interactions and providing the necessary separation distance between 

approaching particles.  The final area of research focuses on the water-CO2 interface and 

the solid-CO2 interface.  Using high-pressure pendant-drop tensiometry, the water-CO2 

interfacial tension is measured for a family of surfactants in order to investigate the 

relationship between surfactant molecular architecture and interfacial activity.  The solid-

CO2 interface is examined by measuring the CO2/water/solid contact angle for multiple 

substrates as a function of CO2 pressure.  This research provides fundamental insight into 

the specific interactions between CO2 and the solid interface. 

 

1.4 Dissertation Outline 

Chapter 2 represents the first example of a non-flocculated dilute water-in-CO2 

miniemulsion which is stable for greater than 24 hours.  Using a fluorinated block co-

polymer with the proper HCB, it is possible to lower the water-CO2 interfacial tension 

below 2 mN/m and form water droplets on the order of 100 nm.  The highly CO2-philic 

tail is capable of screening the attractive interactions between the water droplets and 

preventing flocculation.  By suppressing flocculation, it allows for both the droplet 

formation and growth process for W/C emulsions to be investigated semi-quantitatively.  
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The dominant growth mechanism for these dilute W/C miniemulsions is shown to be 

Ostwald ripening. 

In Chapter 3 the steric stabilization of dilute W/C emulsions stabilized with 

fluorinated block co-polymers is examined.  The critical flocculation density (CFD), the 

CO2 density below which flocculation occurs, is measured using turbidimetry as a 

function of surfactant molecular weight, average droplet size, surfactant loading, and 

temperature.  The experimental results clearly show the relative importance of core-core 

attraction and tail-tail repulsion on emulsion stability.  A simple model, consisting of 

both an attractive and repulsive potential, is in good qualitative agreement with the 

experimental results and predicts a decrease in emulsion stability as the CO2 density is 

lowered toward the theta density for the stabilizer in bulk CO2. 

Chapter 4 demonstrates, for the first time, the use of solid nanoparticles to 

stabilize emulsions consisting of water and CO2.  Using hydrophilic silica nanoparticles, 

C/W emulsions are stabilized in liquid CO2 at pressures as low as 68 bar at 25 ºC (ρCO2 = 

0.74 g/mL).  The emulsion stability is observed to be influenced significantly by the 

particle hydrophilicity.  Decreasing the silica particle hydrophilicity from 100% SiOH to 

76% SiOH raises the emulsion stability by lowering the contact angle and thus increasing 

the attachment energy of the particles at the water-CO2 interface.  The dominant 

destabilization mechanism for these solid-stabilized C/W emulsions is determined to be 

creaming as opposed to flocculation or coalescence. 

In Chapter 5, a novel approach to stabilize concentrated dispersions of relatively 

large nanoparticles (> 100 nm) in liquid CO2 at pressures as low as the vapor pressure is 

presented.  By modifying hydrophilic silica with a tri-functional silylating agent, a cross-

linked polymeric shell is formed around the silica core.  The presence of the polymeric 

shell results in weaker Hamaker interactions between dispersed particles and allows for 

dispersibility at weaker solvent conditions.  The core-shell silica nanoparticles 

dispersions are stable in liquid CO2 at pressures as low as the vapor pressure for greater 

than thirty minutes. 
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Chapter 6 addresses the relationship between surfactant molecular architecture 

and interfacial activity.  Using high-pressure pendant-drop tensiometry, the interfacial 

tension (γ) and surface excess (Γ∞) for a family of ionic surfactants with identical 

phosphate headgroups and varying fluorocarbon and hydrocarbon tails structures are 

measured at the water-CO2 interface.  The results indicate that branching of the 

hydrocarbon surfactant tails leads to more favorable adsorption at the water-CO2 

interface.  Through tail branching, the interfacial tension is lowered from the binary 

water-CO2 value of about 20 mN/m at 25 ºC and 340 bar to 3.7 mN/m.  Using these 

interfacially active ionic hydrocarbon surfactants, concentrated C/W emulsions are 

formed which are stable for greater than one hour. 

In Chapter 7, the density-dependent interparticle interactions, as quantified by a 

diffusional second virial coefficient, between core-shell silica particles dispersed in liquid 

CO2 is examined.  To avoid the limitations for polydisperse fumed silica, as discussed in 

Chapter 5, this chapter focuses on the surface modification of monodisperse colloidal 

silica particles.  The sizes and degree of aggregation of the core-shell particles in the 

synthesis solvent, ethanol, and in CO2 are investigated as a function of both the 

silane:silica (wt:wt) ratio and the addition rate of the silylating agent.  Using dynamic 

light scattering, the interparticle interactions are measured as a function of CO2 density, 

and the results show an increase in the attractive interactions as the CO2 density is 

lowered. 

Although multiple experimental56,70-74 and theoretical47,48,75,76 studies have 

focused on the water-CO2 interface, relatively little fundamental work has addressed the 

CO2-solid interface.  In Chapter 8, the solid/CO2 interactions are examined through in-

situ measurements of CO2/water/solid contact angle on well-defined homogeneous 

substrates.  The contact angles are measured as a function of both CO2 pressure and 

substrate hydrophilicity.  The substrates used in this study are hydrophobically modified 

glass slides.  The contact angle increases dramatically as the CO2 pressure is increased, 

indicating an increase in the hydrophobicity of the substrate.  This phenomenon is 

discussed in terms of the effect of CO2 pressure on the water-CO2, solid-CO2, and solid-
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water interfacial tensions.  Hysteresis effects are also examined by measuring θ upon 

both increasing and decreasing the system pressure. 

The dissertation conclusions and recommendations for future work are given in 

Chapter 9.  Supporting information for Chapter 6 can be found in Appendix A, while 

Appendix B contains supplementary information for Chapter 7.  Appendix C contains the 

supplementary information for Chapter 8. 
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Chapter 2 

 

Formation and Growth of Water-in-CO2 Miniemulsions* 

 
 

We report non-flocculated dilute water-in-CO2 (W/C) miniemulsions stable for 24 

hours in contrast with flocculated unstable macroemulsions reported previously.  The 

surfactants, poly(1,1-dihydroperfluorooctyl methacrylate)-b-poly(ethylene oxide) 

(PFOMA-b-PEO), were synthesized by atom transfer radical polymerization to achieve 

the proper hydrophilic-CO2-philic balance (HCB) and a low interfacial tension (~0.2 to 2 

mN/m) between water and CO2. The average particle diameter, ranging from 70 to 140 

nm, was measured with multiwavelength turbidimetry utilizing Mie theory, and the 

interfacial tension was measured with high pressure pendant drop tensiometry.  Because 

flocculation and coalescence were suppressed nearly completely, it became feasible to 

investigate emulsion droplet formation and droplet growth by Ostwald ripening.  Droplet 

formation was characterized as a function of the mechanical energy at various CO2 

densities and temperatures and was correlated quantitatively to the interfacial tensions.  

The molar water/surfactant ratios reached 1170, in contrast with values of only about 5-

60 for W/C microemulsions.  The ability to stabilize nanometer-sized miniemulsion 

droplets with large water/surfactant ratios is of great practical interest in reaction, 

separations and materials formation processes in CO2. 

 

 

 

 

 
*Reprinted with permission from Dickson, J.L., Psathas, P.A., Salinas, B., Ortiz-Estrada, 

C., Luna-Barcenas, G., Hwang, H.S., Lim, K.T., and Johnston, K.P., Langmuir, 2003, 19, 

4895-4904.  Copyright © 2003 by American Chemical Society. 
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2.1 Introduction 

 Emulsions consisting of the environmentally benign solvents carbon dioxide and 

water, which are nontoxic, nonflammable and inexpensive, may be substituted for toxic 

organic solvents in chemical processing.  Over the past decade, the formation of 

micelles1-4, microemulsions5-12, miniemulsions13,14, macroemulsions15-20, and polymer 

latexes21-23 in liquid and supercritical (sc) carbon dioxide has received increased 

attention.  Applications include dry cleaning24, photoresist drying25, nanoparticle 

synthesis26, enzymatic catalysis27, and organometallic catalysis28.  However, the 

formation of micro- and macroemulsions in CO2 has been challenging due to its weak 

van der Waals forces as reflected in its low polarizability per unit volume.  To date, a 

majority of the work investigating the formation of these dispersions in CO2 has focused 

on the use of siloxane and fluoropolymer based surfactants4,29.  Perfluorooctyl acrylate 

(PFOA) tails, with extremely weak van der Waals forces, have been shown to stabilize 

polymer latexes in CO2
21, and with neutron scattering, have been shown to have a 

positive second virial coefficient in dense CO2
30. 

Water-in-CO2 (W/C) microemulsion droplets, which are less than 50 nm in 

diameter, are thermodynamically stable and optically transparent.  The large surface area 

requires large amounts of surfactant per mole of water.  Thus, the molar water/surfactant 

ratio is typically less than 60.  Macroemulsions, which consist of droplets larger than 500 

nm, must be stabilized kinetically to prevent flocculation, coalescence and gravitational 

settling.  Steric stabilization by surfactants adsorbed at the interface reduces the rate of 

flocculation and coalescence by retarding the approach of the droplets.  The extension of 

the solvated surfactant tails into the continuous phase prevents flocculation by 

counteracting the attractive van der Waals forces between the droplet cores.  Coalescence 

results from the rupturing of the thin layer of CO2 between droplets31. 

It is particularly challenging to prevent coalescence and settling in W/C 

emulsions, since the viscosity of CO2 is typically 0.1 cP.  Consequently, stabilities have 

been low for macroemulsions formed with less than 10 wt% water as summarized in 

Table 2.1.  In Table 2.1, maximum stability is defined as the time required for a settling  
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Table 2.1 

Properties of water-in-CO2 (W/C) flocculated macroemulsions and the unflocculated 

miniemulsions in this work. 

 

Surfactant Surf. 
wt% 

Water 
wt% 

Droplet 
Size (µm) 

Max Stability 
(hrs.) 

Flocculation Ref # 

PFPECOO-
NH4 

0.36 50 3-10 278 Yes 16 

PFPECOO-
NH4 

0.36 5 3-10 0.028 Yes 16 

PDMS-b-
PMA 

1 50 2-5 ≥24 Yes 17 

PDMS-g-
EO 

0.1 9.5 3.5 0.014 Yes 32 

AOT-TMH 1 1 0.05-4 ≤1 Yes 13 

Trisiloxane
-g-EO 

1 2 2 0.033 No 20 

Trisiloxane
-g-EO 

1 3 NA ≤0.0003 Yes 20 

PFOMA-b-
PEO 

1 2 0.071 ≥24 No This 
work 

PFOMA-b-
PEO 

1 3 0.072 ≥24 No This 
work 
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front to be observed and the subsequent appearance, typically 20% by volume, of a clear, 

CO2 excess phase.  Even for surfactants with two of the most CO2-philic tails, 

perfluoropolyether (PFPE) and polydimethylsiloxane (PDMS), flocculation of dilute W/C 

emulsions led to settling in less than a minute16,32.  The surfactant tails could not 

counteract the attractive van der Waals (Hamaker) forces between the micron-sized water 

droplets and prevent flocculation.  Furthermore, CO2, with its low polarizability per unit 

volume, does not solvate the surfactant tails well enough to prevent attraction between 

the tails.  The extension of tails into CO2 has been shown by neutron reflectivity to be 

limited33.  In the study utilizing PDMS as the stabilizing ligand17, the CO2 density was 

always below the theta density for PDMS34, further hindering tail solvation and tail 

extension into the bulk. 

Miniemulsions, also referred to as nanoemulsions35, are composed of droplets in 

the 50-500 nm range and bridge the gap between microemulsions and macroemulsions.  

The interfacial area per volume, proportional to 1/r, is 20 times less for a 100 nm 

miniemulsion droplet than for a 5 nm microemulsion droplet.  Thus, for a given amount 

of surfactant, a much larger volume of water may be emulsified in miniemulsions.  

Furthermore, the smaller interfacial area allows for a greater interfacial tension.  Because 

of the less stringent requirement for the surfactant in lowering the interfacial tension, a 

much wider range of surfactants may be utilized.  Relative to macroemulsions droplets, 

smaller miniemulsion droplets are more stable due to slower gravitational settling and 

weaker Hamaker interactions between the smaller water cores. 

The phase inversion temperature method35 (PIT) and the high shear method36,37 

have both produced uniform miniemulsion droplets in the nanometer size range for 

conventional oil/water systems.  Low polydispersity aids in the stability of the 

miniemulsion by reducing growth through Ostwald ripening38.  In Ostwald ripening, 

larger droplets grow at the expense of smaller droplets to reduce the free energy.  A 

recent study36 indicated that the polydispersity can be decreased to values as lows as 5% 

by increasing the homogenization time when utilizing the high shear method. 
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The first reported W/C miniemulsion droplets were stabilized with a hydrocarbon 

surfactant, sodium bis(3,5,5-trimethyl-1-hexyl)sulfosuccinate (AOT-TMH)13.  However, 

the polydispersity in the trimodal distribution was extremely large with diameters ranging 

from 50 nm to 4 µm (see Table 2.1).  The miniemulsion flocculated rapidly after stopping 

shear, as indicated with turbidity and dynamic light scattering (DLS) measurements.  In 

contrast, a stable, relatively monodisperse 50:50 (by mass) C/W miniemulsion consisting 

of droplets on the order of 200 nm was formed with a triblock copolymer, polyethylene 

oxide-polydimethylsiloxane-polyethylene oxide (PEO-PDMS-PEO)14.   Here a W/C 

emulsion was formed initially and rapidly cooled to change the curvature to form a fine, 

milky-white C/W miniemulsion.  The miniemulsion remained stable for approximately 

30 minutes, after which time, an excess water phase became visible at the bottom of the 

cell.  These droplets were over three times smaller than those formed by shear at 

isothermal conditions.  The inverse procedure was attempted by heating a C/W emulsion, 

but the resulting W/C miniemulsion was highly flocculated and unstable due to 

incomplete solvation of the PDMS segments. 

da Rocha et al.20 formed an unflocculated, dilute W/C emulsion with a trisiloxane-

g-EO surfactant, ((CH3)3SiO)2Si(CH3)(CH2)3-(CH2CH2O)7-H.  A fine white emulsion 

with 2 wt% water exhibited minimal flocculation only for the first few minutes after 

stopping shear (see Table 2.1).  Despite the low stability, these dilute emulsions were 

considerably more stable than those formed with triblock copolymers of propylene oxide 

and ethylene oxide32.  The relatively weak interactions between the stubby trisiloxane 

groups, resulting from the small degree of overlap between groups on approaching 

droplets, aid in the emulsion stability. 

The objectives of this study are to form a stable dilute unflocculated W/C 

miniemulsion for the first time and to analyze quantitatively the mechanisms of emulsion 

droplet formation and growth due to Ostwald ripening.  The miniemulsion was formed by 

shear through a fine orifice with a pressure drop up to 700 bar in a high-pressure 

homogenizer.  The average particle size was determined by using multiwavelength 

turbidimetry and Mie theory. Interfacial tensions between water and CO2 with a known 
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amount of surfactant were measured with a pendant drop tensiometer19.  An extremely 

CO2-philic tail, poly(1,1-dihydroperfluorooctyl methacrylate) (PFOMA), was utilized to 

minimize flocculation to: (1) form a dilute W/C miniemulsion which is stable for hours, 

and (2) provide a clearer understanding of the effect of formulation variables on the 

emulsion droplet formation process and on Ostwald ripening, without complications 

resulting from flocculation and coalescence.  Nonionic block co-polymer PFOMA-b-PEO 

(xk:2k) surfactants were synthesized by atom transfer radical polymerization with 

varying lengths of the PFOMA tail to adjust the hydrophilic-CO2-philic balance (HCB).  

The HCB was manipulated to adjust the interfacial tension for the surfactant at the planar 

water-CO2 interface to control the particle diameter of the emulsion and droplet growth 

rates.  Droplet formation is characterized as a function of the mechanical energy for 

various values of interfacial tension, CO2 density, and temperature.  The rates of Ostwald 

ripening are analyzed in terms of the solubility and diffusion coefficient of water in 

carbon dioxide and the interfacial tension.  The fundamental understanding of emulsion 

formation and stability that emerges from these non-flocculated systems provides great 

insight into the design of surfactants for forming W/C miniemulsions.   

 

2.2 Experimental Section 

2.2.1 Materials 

2-bromopropionyl chloride (BPC) and 2-chloropropionyl chloride (CPC) 

(Aldrich) were distilled under vacuum. 1H,1H-perfluorooctyl methacrylate (FOMA) 

(SynQuest) was passed through a neutral alumina column to remove the inhibitor and 

then vacuum distilled before use. Methoxy polyethylene glycol 2000 (MPEO-OH, 

Sigma) was dried by azeotropic distillation with toluene. Trifluorotoluene (TFT), and 

benzene were stored over CaH2 and then distilled before use. Copper (I) Chloride 

(99.999%, Aldrich), 2,2’-bipyridine (bipy) (Aldrich), 1,1,2-trichlorotrifluoroethane (F-

113) (Aldrich), ether, and chloroform were used as received.  PEG macroinitiator 

(MPEG-Br or MPEG-Cl) was prepared by condensation reaction between MPEO-OH 

and CPC (or BPC)39.  Deionized water (Nanopure II, 16µS/cm, Barnstead) was used as 
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indicated, and research grade CO2 (Matheson) was filtered through an oxygen trap prior 

to use. 

2.2.2 PEG-b-PFOMA Synthesis 

PEG-b-PFOMA was synthesized in the mixed solvent of TFT and benzene by 

atom transfer radical polymerization using MPEG-Br (or MPEG-Cl) as macroinitiator40. 

In a typical polymerization, 1g (0.50 mmol) of MPEG-Br, 0.05g (0.50 mmol) of CuCl 

and 0.23g (1.5 mmol) of bipy were charged to a 50mL round-bottom flask equipped with 

a reflux condenser. The flask was sealed with a rubber septa and the contents of the flask 

were placed under vacuum for two hours, and the flask was then back-filled with nitrogen 

(3 ×). 3mL of the mixture of benzene and TFT (50:50 by weight) and 2g (4.3 mmol) of 

FOMA were degassed and added to the flask via a syringe and the system was purged 

with nitrogen. The reaction proceeded at 100 °C for 3.5 h under nitrogen atmosphere. 

After cooling the reaction mixture to room temperature, the product was precipitated into 

ether, collected, and dried. The polymer was then diluted in chloroform / F-113 mixed 

solvent, filtered, and passed through a short column filled with activated Al2O3 to remove 

the catalyst. The crude product was extracted with fluorinated solvent (FC-5080) at room 

temperature for possible removal of PFOMA. The residue was extracted three times with 

distilled water in order to remove any unreacted PEG macroinitiator. The purified 

product was dried in vacuum, and the molecular weight of PFOMA block of the product 

was determined by 1H NMR. 

2.2.3 Characterization of Block Copolymers 
1H NMR spectra were recorded using a JNM-ECP 400 (JEOL). 1H NMR spectra 

of the PEO-PFOMA block copolymers were obtained in a mixed solvent of F-113 and 

CDCl3. The block length of PFOMA was determined by taking the ratio of 1,1-dihydro 

protons (at 4.5 ppm) in the fluoroalkyl group to the methylene protons (3.7 ppm) in the 

PEO group.  

2.2.4 Miniemulsion Formation 

The emulsions were formed by combining the appropriate amounts of water, 

surfactant, and carbon dioxide into a high pressure, variable-volume view cell17 as shown 
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in Figure 2.1.  Here the surfactant concentration was maintained at 1 wt% and the water 

loading was varied between 2 and 3 wt%.  Since the surfactant loading was held constant 

at 1 wt% for all experiments, the molar water/surfactant ratio varied depending on both 

the water loading and the molecular weight of the surfactant.  The contents were mixed 

with a magnetic stir bar for several hours to ensure the formation of a milky-white, fine 

emulsion.  The size of this fine emulsion was determined from the rate of settling of a 

sharp settling front based on the assumption of no flocculation.   

The emulsion was sheared further with a high-pressure homogenizing pump 

(Avestin, model C-5).  The emulsion was typically sheared for 15 minutes to achieve a 

uniform distribution of droplets in the nanometer size range.  The amount of shear 

introduced into the system was controlled by manually adjusting the differential pressure 

drop across the homogenizing valve.  The temperature was controlled to ±0.1ºC by 

immersing both the view cell and the homogenizer into water baths equipped with 

temperature controllers (Julabo, Inc.).  The morphology of the emulsion was determined 

by measuring the electrical conductivity. The conductivity cell included two electrodes 

inserted along the diameter of the variable-volume view cell.  A 0.01” stainless steel wire 

was inserted inside (0.01” I.D., 1/16” O.D.) PEEK tubing, and a 2 mm loop was formed 

at the end.  A 1/8” O.D. by 1/16” I.D. stainless steel liner was sealed to the variable-

volume view cell with an internal reducer (Valco, P/N IZR21). The PEEK tubing passed 

through the liner and reducer into the cell.   The internal high-pressure seal between the 

PEEK tubing and the liner was achieved with a single 1/16” Valco ferrule.  In previous 

conductivity studies, the high-pressure seals were achieved using an epoxy17.  The epoxy 

seals were often observed to leak due to softening and degradation by CO2.  The stainless 

steel wire was platinized using YSI 3140 platinizing solution, and the conductivity was 

measured with the YSI Model 3100 conductivity meter.  The cell constant was calibrated 

with various NaCl solutions, and the cell constant varied from 2.0 to 3.0 cm-1. 

2.2.5 Turbidity Measurements 

The turbidity, τ, of a dispersion is a measurement of the reduction in the intensity 

of transmitted light due to scattering, and may be expressed as follows: 
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Figure 2.1 

Schematic of high pressure apparatus used to form and characterize the miniemulsion. 
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where l is the path length and I0 and I are the intensities of the incident and transmitted 

radiation, respectively.  To experimentally measure the turbidity, a high-pressure optical 

cell with a path length of 0.762 mm was mounted into a UV-vis spectrophotometer 

(Beckman DU® 50 Series).  The UV-vis spectrophotometer was operated in the 

wavelength scan mode. The optical cell was regulated at the desired temperature with 

heating tape and a temperature controller to within ±0.1ºC.  The miniemulsion sample 

was re-circulated through the optical cell for 15 minutes with the aid of the homogenizer 

(Figure 2.1).  Full wavelength scans from 800 nm to 300 nm were recorded at various 

times over a two hour time period to investigate the evolution of the average droplet size 

over this time interval.  The scans were duplicated to ensure reproducibility.  The 

reproducibility in droplet size was typically within 5%. 

2.2.6 Droplet Size Assessment 

From the recorded multiwavelength turbidity measurements, the average droplet 

size was estimated41-43.  The size was determined from turbidity measurements with the 

0.762 mm path length cell as the solutions were too turbid for the typical path lengths 

utilized in other techniques such as dynamic light scattering.  For a monodisperse system 

of non-adsorbing, isotropic spheres in the absence of multiple scattering, the turbidity is 

represented as41,  

 ),,()( 2 mrQNr λπλτ =  (2.2) 

where N is the particle concentration, r is the particle radius, Q is the scattering 

coefficient, λ is the incident wavelength, and m is the refractive index ratio of the 

dispersed phase to the continuous phase.  Multiple scattering was avoided with our ultra-

low path length cell.  The absorbance was typically less than 1.5 to avoid multiple 

scattering.  By assuming that the dispersed droplets are small compared to the wavelength 

of light, the scattering coefficient may be expressed as42, 
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where Ng is the refractive index of the continuous phase. 

Using equations 2.2 and 2.3, a mathematical model was developed using 

MathCad to determine the average particle size by non-linear regression.  The regression 

was performed using the built-in “genfit” function, which employs the Levenberg-

Marquardt algorithm44 to minimize the sum of the squared error between the 

experimentally measured turbidity and theoretical turbidity over all wavelengths.  The 

input parameters included the known dispersed phase volume fraction, and the 

wavelength dependency of the refractive index for CO2
45 and water46.  The Lorentz-

Lorenz mixing rules were used to account for the effects of the mutual solubility of the 

water and carbon dioxide on the refractive indices of the dispersed and continuous 

phases47.  The validity of the model was tested by estimating the particle size of 110 nm 

polystyrene standards in water (Polysciences).  From the multiwavelength turbidity data, 

the average particle size regressed from the model was within 3% of the actual size.   

For the polystyrene standards and the initial emulsion systems studied, the 

average particle size was regressed using both the simplified version of the scattering 

coefficient, as shown in equation 2.3, and a more complete version of Q42.  The results 

indicated that the regressed droplet size was the same for both versions, indicating that 

the droplets were small enough for equation 3 to be valid.  (The regression time was 

about 100 times faster using equation 3 relative to the full version of the scattering 

coefficient). 

Figure 2.2 illustrates the experimentally measured turbidity and the model fit for 

an emulsion stabilized with PFOMA-b-PEO (5.5k:2k) at 25ºC and 340 bar with 2 wt% 

dispersed water.  Figure 2.2 indicates very good agreement between the experimentally 

measured turbidity and the theoretically predicted turbidity, implying that the degree of 

polydispersity is low.  It is important to note that the plots shown in Figure 2.2 are 

representative of all of the emulsion systems studied. 

2.2.7 Interfacial Tension Measurements 

The interfacial tension was measured with a high-pressure pendant drop apparatus 

which is described elsewhere19.  Briefly, water drops were formed at the end of a surface- 
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Figure 2.2 

Comparison between experimentally measured absorbance and the model prediction.  

The open circles correspond to the experimental data, and the solid line represents the 

model fit according to Mie theory.  The dilute emulsion consists of 1 wt% PFOMA-b-

PEO (5.5k:2k) at 25ºC and 340 bar, and the emulsion was formed with a 700 bar pressure 

drop across the homogenizing valve. 
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modified silica capillary19 (Western Analytical products) (180 µm O.D. and a 50 µm 

I.D.) in a variable-volume view cell containing a known amount of surfactant dissolved 

in CO2.  Water was introduced to the variable volume view cell with a constaMetric 3200 

HPLC pump (ThermoQuest, Inc.), which was typically pressurized 7-14 bar above the 

pressure of the view cell.  A six-port valve (Valco) was opened slowly to allow water to 

flow through the silica capillary.  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 analyzed using a software 

package from KSV Ltd. (Finland) in order to solve the Laplace equation:  

 ( )gz
RHH
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+=∆

010

2112  (2.4) 

where ∆P is the pressure drop across the interface, R0 is the radius of curvature at the 

apex of the droplet, ∆ρ is the density difference between the two phases, z is the vertical 

distance from the apex, and H0 and H1 are the principal radii of curvature.  The densities 

for the two phases were calculated using the steam tables for water and an equation of 

state for CO2
48.  Due to the relatively low mutual solubility of water and CO2, we used 

the pure component densities for the two phases19. 

 

2.3 Results and Discussion 

2.3.1 Miniemulsion Formation and Stability 

Utilizing a high-pressure homogenizer, a stable W/C minimemulsion was formed.  

All of the emulsions formed had a fine, white appearance and occupied the entire volume 

of the high-pressure cell.  Figure 2.3 represents a photograph of an emulsion formed with 

1 wt% PFOMA-b-PEO (5.5k:2k) and 2 wt% water at 25ºC and 340 bar immediately after 

stopping the homogenizer.  The lack of any settling front in the cell over a period of 24 

hours indicates excellent stability to flocculation relative to the trisiloxane-g-EO 

surfactants20.  The emulsion droplets were too small to be observed with optical 

microscopy.  Therefore, the emulsion stability and the average particle size were 
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Figure 2.3  

Photograph of high-pressure cell containing a dilute W/C emulsion at 25ºC and 340 bar.  

The emulsion consists of 1 wt% PFOMA-b-PEO (5.5k:2k) and 2 wt% water and was 

formed with a 700 bar pressure drop across the homogenizing valve. 
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determined from the measured turbidity. 

 Figure 2.4 shows the turbidity as a function of time at a fixed wavelength of 500 

nm for 1 wt% PFOMA-b-PEO (5.5k:2k) and 2 wt% water at 25ºC and three different 

pressures.  The turbidity of emulsions increased only slightly over a two hour period 

indicating extremely stable emulsions.  As illustrated in Table 2.1, concentrated 

emulsions, e.g >10 wt% dispersed phase, are often more stable than dilute emulsions.  

For these concentrated emulsions, flocculation leads to gelation.  This gelation hinders 

sedimentation as has been seen in oil-water systems49. 

The formation of a dilute W/C emulsion with this degree of stability is 

unprecedented50.  As stated earlier, the dilute W/C emulsion stabilized by AOT-TMH13 

exhibited relatively poor stability as illustrated by the measured turbidity.  In the first 

hour after stopping shear, the turbidity increased rapidly, indicating extensive particle 

growth.  After about 60 minutes, the turbidity decreased as the larger droplets began to 

settle.  In the report by da Rocha et al.20 with the ethoxylated trisiloxane surfactant, a 

sharp decay in the turbidity was observed in the first minutes after stopping shear.  This 

decay was attributed to the flocculation and settling of larger droplets, indicating the 

inability of the trisiloxane surfactant to completely screen the attractive inter-droplet 

interactions.  The plots shown in Figure 2.4 illustrate that flocculation and settling are not 

observed over this time period for the PFOMA tail.  The absence of flocculation indicates 

the ability of CO2 to adequately solvate the PFOMA tail and allow for sufficient steric 

stabilization due to tail extension into the bulk.  The excellent solvation of PFOMA may 

be expected based on similar behavior for 1,1-dihydroperfluorooctyl acrylate (PFOA) 

segments that have been used to stabilize organic-in-CO2 emulsions51. 

Fulton et al.3 demonstrated the uptake of water into polymer micelles formed with 

a PFOA-g-PEO (28.3k:5k) copolymer with very low shear using small angle X-ray 

scattering (SAXS).  The dry micelles in CO2 had a diameter of approximately 17 nm due 

to the high molecular weights of the blocks.  With the addition of water, the micelles 

swelled to ca. 30 nm with a water-to-surfactant ratio of 0.32 (w/w) or a corrected molar 

ratio of water/EO group of approximately 2.  It is well known that about two water  
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Figure 2.4 

Time evolution of the turbidity at 500 nm for a dilute W/C emulsion at 25ºC.  The 

emulsion was formed at the conditions in Figure 2.3. 
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molecules hydrate each EO group even if micelles are not formed.  The ability to form a 

miniemulsion or macroemulsion at a larger water-to-surfactant ratio was not in the scope 

of this study.   In our study, the water-to-surfactant ratio was ≥ 2 (w/w), and the molar 

ratio of water/EO group reached 32.  The dispersed droplets are on the order of 70-140 

nm.  These miniemulsions have large water pools with properties of bulk water.  In 

contrast, the swollen reverse micelles of Fulton et al. with long EO tails have cores with a 

polarity similar to that of alcohols.  These different types of dispersions may be used in 

complementary ways to transport hydrophilic molecules into a CO2-continuous phase.   

 Table 2.2 summarizes the effects of the temperature, CO2 density, water loading, 

surfactant architecture, and shear rate on the initial droplet size.  Additionally, the percent 

particle growth is included for several of the systems to indicate the emulsion stability.   

In order to assess the particle growth of the W/C miniemulsions quantitatively, turbidity 

vs. wavelength scans were taken over the two hour time period.  Figure 2.5 illustrates the 

time evolution of particle diameters formed with 1 wt% surfactant.  The droplets sizes 

listed in Table 2.2 and shown in Figure 2.5 are substantially larger than those typically 

associated with microemulsions.  The measured sizes fall into the 50 to 500 nm 

miniemulsion regime.  These miniemulsion droplets are considerably smaller than the 

micron sized droplets formed with the trisiloxane-g-EO surfactant20. 

As shown in Figure 2.5, the average particle size increases steadily, but the 

change is relatively small.  The low growth in the average particle size indicates the 

production of a stable emulsion, over a wide range of conditions.  As the amount of 

dispersed water is increased from 2 wt% to 3 wt%, only a small increase in the particle 

size was observed, as shown in Figure 2.5.  In addition, this increase in water content did 

not significantly affect the miniemulsion stability.  In contrast, for emulsions stabilized 

by trisiloxane-g-EO surfactants 20, increasing the water content from 2 wt% to 3 wt% 

resulted in immediate flocculation and settling after stopping shear in the system.  This 

result suggests that PFOMA tails screen the attractive forces between droplets more 

effectively than the much lower molecular weight trisiloxanes.  The better solvation of 

PFOMA versus siloxanes is consistent with its smaller cohesive energy density29.  The  
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Table 2.2 

Effect of the formulation variables on the interfacial tension, initial droplet size (Do), and 

percent growth in the droplet size.  Interfacial tension reported at 0.1 wt% surfactant and 

the dilute emulsions were formed with 1.0 wt% surfactant, 2.0 wt% water, and a 700 bar 

pressure drop across the homogenizing valve, unless otherwise noted. 

 

Exp. Surfactant Temp 
(ºC) 

Press 
(bar) 

CO2 
density 
(g/mL)

γ 
(mN/m)

Do 
(nm) 

% 
growth 

A 5.5k:2k 25 340 0.9855 0.19 71.2 5.5 
B 5.5k:2k 25 272 0.9568 0.27 71.6 5.3 
C 5.5k:2k 25 204 0.9201 0.35 75.6 1.6 
D 5.5k:2k 35 276 0.9201 0.42 86.0 3.6 
E 5.5k:2k 45 347 0.9201 0.48 96.3 4.6 
F 7k:2k 25 340 0.9855 0.46 105 10.2 
G 7k:2k 25 272 0.9568 0.52 109 4.1 
H 7k:2k 25 204 0.9201 0.60 111 - 
I 7k:2k 35 354 0.9568 0.75 124 - 
J 7k:2k 35 276 0.9201 0.85 126 - 
K 7k:2k 35 255 0.9080 0.90 128 - 
L 7k:2k 35 238 0.8973 0.97 129 - 
M 7k:2k 45 347 0.9201 1.04 131 - 
N 7k:2k 45 325 0.9080 1.11 134 - 
O 7k:2k 45 305 0.8973 1.20 135 - 
P 7k:2k 50 361 0.9080 1.19 137 - 
Q 7k:2k 50 338 0.8973 1.28 139 - 
R† 5.5k:2k 25 340 0.9855 0.19 109 2.7 
S† 5.5k:2k 25 272 0.9568 0.27 115 4.3 
T† 5.5k:2k 25 204 0.9201 0.35 117 0.6 
U‡ 5.5k:2k 25 340 0.9855 0.19 72.5 12.3 
V‡ 5.5k:2k 25 272 0.9568 0.27 74.2 5.9 

 
† - emulsions formed with a pressure drop of 34 bar across the homogenizing valve 
‡ - emulsions consist of 3 wt% water 
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Figure 2.5  

Time evolution of average droplet sizes formed at the conditions in Figure 2.3.  The sizes 

are estimated from multiwavelength turbidity and Mie theory. 
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low cohesive energy density PFOMA tails exhibit increased interactions with CO2 and a 

subsequent reduction in tail-tail interactions.  In addition to reducing tail-tail interactions, 

the higher molecular weight PFOMA tails can screen the attractive interactions between 

the water cores more effectively than the lower molecular weight trisiloxane surfactants.  

The change in average droplet size with the molecular weight of the PFOMA tail is due 

to a change in the interfacial tension, and this effect will be explained in more detail 

below.  

2.3.2 The Effect of Shear Rate on Average Droplet Size 

The droplet sizes produced for the miniemulsions may be analyzed in terms of the 

shear rate.  Mechanical energy is required to produce miniemulsion droplets in the 

nanometer size range36,37,52.  The deformation of drops is governed by the ratio of the 

external stress to the Laplace pressure, commonly referred to as the Weber number (We) 

 
γ
η RG

We c=  (2.5) 

where ηc is the shear viscosity of the continuous phase, G is the shear rate (du/dz), R is 

the droplet radius, and γ is the interfacial tension53.  The amount of deformation increases 

as the Weber number increases and the rupturing of larger droplets into smaller droplets 

occurs when the We number reaches a critical value.  The critical Weber number depends 

primarily on two factors, the type of flow and the viscosity ratio of the dispersed and 

continuous phases54.  The viscosity of CO2, even in the liquid regime, is considerably 

lower than conventional organic solvents55, and this low viscosity weakens the shear 

stress that facilitates droplet deformation for a given shear rate14.  Consequently, higher 

shear rates are required to deform droplets in a CO2 continuous phase. 

Figure 2.6 illustrates the effect of the shear rate on the average particle size for a 

system consisting of 1 wt% PFOMA-b-PEO (5.5k:2k) and 2 wt% water at 25ºC.  The 

shear stress was controlled by manually adjusting the orifice size and thus the pressure 

drop across the homogenizing valve.  For high shear, the homogenizing valve was 

partially closed, and the upstream pressures reached 1020 bar on each stroke, resulting in 

a pressure drop of 700 bar across the homogenizing valve.  To achieve lower shear, the  
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Figure 2.6  

Effect of shear rate and pressure on the average droplet size for emulsions formed at the 

conditions in Figure 2.3. 
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valve was left completely open, and the pressure drop across the homogenizing valve was 

only 34 bar.  As shown in Figure 2.6, the average particle size increased as the shear rate 

was decreased for all three pressures examined.  For a high-pressure homogenizer, the 

average particle size is a function of the interfacial tension (γ), the pressure drop across 

the homogenizing valve (∆p), and the effective distance in the homogenizing valve over 

which the turbulence is dissipated (z)53 as follows: 

 5
3

5
2

5
3

~ γzpd
−

∆  (2.6)  

According to equation 2.6, for a given γ and z: 
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where dH is the diameter formed using a pressure drop of 700 bar, dL is the diameter 

formed using a pressure drop of 34 bar, ∆pH is 700 bar, and ∆pL is 34 bar.  The ratio 

predicted in equation 2.7 is greater than the value measured experimentally as shown in 

Table 2.3.  Part of this difference may be due to a change in z as the orifice size is 

changed.  In addition, equation 6 was derived for a non-compressible fluid.  Since CO2 is 

a highly compressible fluid, some of the mechanical energy supplied to the system will 

go purely to compressing the fluid, reducing the energy available for shear.  

Consequently, as the pressure drop across the homogenizing valve was increased to 700 

bar, not all of the mechanical energy supplied by the homogenizer was available for the 

production of even smaller droplets.  Another difference is that CO2 has an extremely low 

viscosity, so that a given shear rate produces less shear stress for droplet disruption than 

for the conditions over which this correlation has been tested previously.  Yet another 

factor is the much higher temperature increase produced when compressing CO2 versus 

an incompressible liquid. 

 The results shown in Figure 2.6 indicate that even with a pressure drop across the 

homogenizer valve of 34 bar, fine miniemulsion droplets were formed.  In order to 

produce even lower shear without the homogenizer, the miniemulsion with the same 

composition (1wt% PFOMA-b-PEO (5.5k:2k), 2wt% water, 25ºC) was formed after two  
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Table 2.3 

Comparison between theory (equation 2.6) and experiment for the effect of shear on the 

average droplet size.  All emulsions consisted of 1 wt% PFOMA-b-PEO (5.5k:2k) and 2 

wt% water at 25ºC.  dH represents the droplet size formed with pressure drop of 700 bar 

across the homogenizing valve, and dL represents the droplet size formed with a pressure 

drop of 34 bar across the homogenizing valve. 

 

Press 
(bar) 

dH 
(nm) 

dL 
(nm) 

(dH/dL)theory (dH/dL)expt 

340 71.2 110 0.16 0.65 
272 71.6 115 0.16 0.62 
204 75.6 117 0.16 0.65 
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hours of mixing with a magnetic stir bar.  Upon stopping the stir bar, the emulsion 

remained stable for more than 90 minutes.  After this time, a white settling front became 

apparent.  After 2 hours, the white emulsion settled 20% from the top of the cell.  

In a non-flocculated, dilute emulsion (excluding hindered sedimentation effects), 

the settling velocity (us) of a spherical emulsion droplet may be calculated from Stoke’s 

law: 

 
c

s
gru

µ
ρ

9
2 2∆

=  (2.8) 

where r is the droplet radius, ∆ρ is the density difference between the dispersed phase and 

the continuous phase, and µc is the viscosity of the continuous phase.  For dispersions 

with finite volume fractions (φ), hindered sedimentation effects will slow the settling 

velocity (u)56, such that 

 ( ) 55.61 φ−= suu  (2.9) 

 Assuming no flocculation and a monodisperse emulsion, the calculated drop size 

was 1.3 µm according to equations 2.8 and 2.9.  The assumption of lack of flocculation is 

based on previous studies of organic/CO2 emulsions with a similar polymer tail, PFOA 51.  

In these emulsions, flocculation was absent at pressures above 11.6 MPa. 

 The ability to form such a fine macroemulsion with only a stir bar is impressive 

compared with previous studies in Table 2.1, in which the required shear was much 

greater despite similar interfacial tensions.  The greater stability of the fine droplets for 

the PFOMA-based surfactant may be attributed to the reduced flocculation relative to the 

PFPE and PDMS-based surfactants, since the interfacial tensions were comparable.  As 

stated above, the low viscosity of CO2 weakens the shear stress that facilitates droplet 

deformation.  Walstra et al.53 reported that stir bars produce deformation primarily 

through elongation in laminar flow.  In high-pressure homogenizers, emulsification is a 

result of extensional forces and cavitation which occurs due to the pressure drop across 

the homogenizing valve52.  The amount of shear introduced by the stir bar is sufficient to 

form a fine macroemulsion, but not quite a miniemulsion in our system. 

2.3.3 The Effect of Temperature on the Average Droplet Size 
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For nonionic ethoxylated surfactants, temperature can have a pronounced effect 

on hydration of EO groups and consequently interfacial activity and thus, emulsion 

stability.  Figure 2.7 illustrates the effect of temperature on both the droplet size and the 

interfacial tension for the PFOMA-b-PEO (5.5k:2k) and PFOMA-b-PEO (7k:2k) systems 

consisting of 1 wt% surfactant and 2 wt% water at a constant CO2 density of 0.9201 

g/mL.  As the temperature is increased, the sizes of each of the stabilized droplets 

increased.  Also, Figure 2.7 illustrates that the drops formed with the 5.5k:2k surfactant 

are smaller than those formed with the 7k:2k surfactant at all three temperatures. 

 At constant density, the effects of the temperature and surfactant architecture on 

the emulsion droplet size may be explained in terms of the interfacial tension according 

to equation 6.  As illustrated in Figure 2.7, γ for both surfactants increases as the 

temperature increases.  Thus, the increases in droplets sizes with temperature and length 

of the PFOMA group for a given EO length are consistent with the increase in γ.  

For a nonionic surfactant, the effects of both the surfactant structure and the 

temperature on the interfacial tension can be described with Figure 2.8.  Here the 

surfactant phase behavior and γ are plotted versus various formulation variables.  From 

the conductivity measurements, the morphology of the emulsions formed with both the 

PFOMA-based surfactants were determined to be W/C at all temperatures.  The electrical 

conductivity for each  ternary mixture was approximately 0.01 µS/cm, indicating a CO2 

continuous phase17.  Consequently, all of the systems presented here are W/C emulsions 

on the right side of the “V-shaped” trough for the interfacial tension in Figure 2.8. 

 The effect of temperature on the interfacial tension for non-ionic ethoxylate 

surfactants, at a water/oil or water/CO2 interface at constant non-aqueous phase density, 

is governed primarily by the interactions between the surfactant head-group and water.  

As temperature increases, surfactants with EO head-groups partition more strongly away 

from the aqueous phase as a result of weaker hydrogen bonding between the ether 

oxygens and water57-59.  Since both systems lie on the W/C side of the trough, this shift 

away from the aqueous phase, and consequently, the balanced state, results in a larger γ.  

This increase in γ with temperature explains the measured increase in the average particle 
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Figure 2.7 

Effect of the HCB and temperature on the average droplet size and interfacial tension at a 

constant CO2 density of 0.9201 g/mL.  The emulsions were formed at the conditions in 

Figure 2.3. 
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Figure 2.8 

Schematic for the effect of various formulation variables on the interfacial tension for a 

non-ionic surfactant at the water-CO2 interface.  The curvature of the emulsion shifts 

from W/C to C/W with an increase in the HCB of the surfactant or a decrease in 

temperature. 
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size according to equation 2.6. 

The interfacial tension may also be adjusted by varying the molecular architecture 

of a surfactant to change the HCB.  At higher HCB values, the surfactant partitions more 

towards the aqueous phase.  As the CO2-philic PFOMA tail was shortened from 7k to 

5.5k, the HCB value of the surfactant increased.  This change resulted in a shift toward 

the balanced state, resulting in a decrease in γ.  Consequently, the average particle size of 

the emulsion droplets was smaller for the 5.5k:2k system. 

2.3.4 The Effect of CO2 Density on the Average Droplet Size 

In addition to examining the effect of temperature on the average particle size at a 

constant CO2 density, the effect of the CO2 density on the average particle size at various 

temperatures was also measured.  The interfacial tension and average particle size are 

shown in Figures 2.9 and 2.10, respectively, for the PFOMA-b-PEO (7k:2k) surfactant 

system.  Both plots decrease slightly as the CO2 density is increased at a given 

temperature.  However, these changes were smaller than those achieved by increasing the 

temperature at constant CO2 density.  Based on this observation, it can be concluded that 

temperature is a more powerful formulation variable in manipulating the average particle 

size than the CO2 density over the ranges studied.  At a given temperature, as the density 

was lowered below the values shown in Figure 2.10, the measured turbidity increased 

dramatically indicating the onset of flocculation.  Therefore, to ensure emulsion stability, 

all studies were performed at the relatively high CO2 densities shown in Figure 2.10. 

2.3.5 The Effect of the Interfacial Tension on the Average Particle Size 

As illustrated in equation 2.6 and Figures 2.5, 2.7, 2.9, and 2.10, the interfacial 

tension plays an integral role in the formation of small droplets.  In order to isolate the 

effect of the interfacial tension on the average particle size, the same homogenization 

conditions, with a constant pressure drop (700 bar) and z, were used for a series of 

experiments.  Under these conditions, equation 6 simplifies to, 

 5
3

~ γCd  (2.10) 

where C is a constant. 

The measured average particle sizes for both the 5.5k:2k and 7k:2k systems at all 



 56

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 

Effect of CO2 density on the interfacial tension for 0.1wt% surfactant PFOMA-b-PEO 

(7k:2k) in CO2 at the planar CO2-water interface at various temperatures.   
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Figure 2.10  

Effect of CO2 density on the average droplet size for PFOMA-b-PEO (7k:2k) at various 

temperatures.  The emulsions consist of 1 wt% surfactant and 2 wt% water and were 

formed with a pressure drop of 700 bar across the homogenizing valve. 
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temperatures and CO2 densities in Table 2.2 (Experiments A-Q) were plotted versus the 

measured γ, as shown in Figure 2.11.  The universal behavior is highly satisfying given 

the broad range of conditions in surfactant HCB, temperature, and density.  The average 

droplet size is proportional to γ2/5, with an exponent fairly close to the value of 3/5 for the 

simple model in equation 2.6.  Deviations between the experiment and model may result 

from a variety of factors including complexities in the fluid mechanics due to the large 

compressibility of these solutions, changes in the viscosity of the CO2 phase, and 

differences in the surfactant concentrations in the emulsion experiments and the 

interfacial tension measurements.  Given all of these complications and the wide range of 

conditions studied, the ability to achieve a correlation for the droplet size in Figure 2.11 

is remarkable. 

2.3.6 Examination of the Average Particle Growth 

As stated previously, one of the primary growth mechanisms for miniemulsions is 

Ostwald ripening.  The Lifshitz/Slezov/Wagner (LSW) theory60,61 may be used to 

determine these growth rates.  This theory is based on the assumptions that the dispersed 

phase consists of spherical particles, and that the separation distance between droplets is 

much larger than the droplet diameters.  The mass transport limiting step is assumed to be 

the molecular diffusion of the dispersed phase through the continuous phase.  The rate of 

Ostwald ripening (ω) may be expressed as54, 

 
RT

DVc
dt

dr mmc

9
8

3
γ

ω ∞==  (2.11) 

where rc is the critical radius of the system, c ∞  is the solubility of the dispersed phase in 

the system for a planar interface, γ is the interfacial tension, Vm is the molar volume of the 

dispersed phase, and Dm is the diffusion coefficient of the solute dissolved in the 

continuous phase.  The critical radius denotes the droplet size that neither grows nor 

diminishes with time and may be approximated as the number average radius.  Droplets 

larger than the critical radius will grow at the expense of droplets smaller than the critical 

radius. 

 Using the LSW theory, the ageing rate of an emulsion through Ostwald ripening 



 59

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 

Relationship between the interfacial tension and the average droplet size.  The droplets 

were formed at the same conditions as in Figure 2.10.  The squares represent PFOMA-b-

PEO (5.5k:2k), and the circles represent PFOMA-b-PEO (7k:2k). 
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can be estimated by plotting the cube of the average radius as a function of time.  A linear 

fit implies that the growth of the droplet is a result of Ostwald ripening62-64.  In Figure 

2.12, such a plot is shown over a two hour period for a dilute emulsion consisting of 1 

wt% surfactant PFOMA-b-PEO (5.5k:2k), 2 wt% water at a CO2 density of 0.9201 g/mL.  

Within experimental error, the three plots appear linear, indicating that the Ostwald 

ripening phenomena is responsible for the particle growth.  These experimentally 

measured growth rates are listed in Table 2.4.  Table 2.4 also lists the theoretical increase 

in the rate of growth with temperature.  The diffusion coefficients for water in carbon 

dioxide were taken from a study conducted by Xu et al.65, and the solubility of water in 

CO2 was taken from the work of Wiebe66.  Equation 2.11 is not applicable for 

determining our absolute growth rates, as it considers only the rate from a droplet of size 

rc to a planar interface with no curvature (infinite radius).  Our growth rates are several 

orders of magnitude slower since polydispersity is small and thus, the driving force for 

growth is small.  However, it is instructive to calculate relative rates of growth with 

equation 2.11 for a change in density, temperature or interfacial tension. 

 The effects of the CO2 density and surfactant architecture on relative values of 

growth rates, ω, are shown in Tables 2.5 and 2.6, respectively.  For a majority of the 

cases investigated, the relative trends in the rates of growth through Ostwald ripening are 

predicted semi-quantitatively relative to experiment.  The transport of water between 

droplets is likely also facilitated by micellar aggregates, as observed for a similar 

surfactant3 and even microemulsion droplets.  The complications due to this additional 

transport mechanism and in potential variation in polydispersity make it difficult to 

develop a fully quantitative theory.  However the agreement is satisfactory compared 

with an analogous study35.  The greatest deviation between theory and experiment was 

observed at the lowest density in Table 2.6.  Perhaps the microemulsion droplets are less 

prevalent at the lowest density leading to unusually low growth rates.  However, further 

work would be needed to demonstrate this hypothesis. 
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Figure 2.12 

r3 as a function of time for PFOMA-b-PEO (5.5k:2k) for three temperatures at a constant 

CO2 density of 0.9201 g/mL.  The emulsions were formed with a pressure drop of 700 

bar across the homogenizing valve, and the emulsions consist of 1 wt% surfactant and 2 

wt% water.  The slope of the best fit line equals the rate of growth through Ostwald 

ripening (ω). 
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Table 2.4 

Effect of temperature on the rate of growth through Ostwald ripening (ω) for a dilute 

emulsion consisting of 1 wt% PFOMA-b-PEO (5.5k:2k) and 2 wt% water at a CO2 

density of 0.9201 g/mL.  The dilute emulsions were formed with a 700 bar pressure drop 

across the homogenizing valve. 

 
Temp 
(ºC) 

C∞* 103  
(v/v) 

γ  
(mN/m) 

Dm*108 
(m2/s) 

ω *1027 
(m3s-1) 

(ωx/ω1)exp (ωx/ω1)theory 

25 1.25 0.35 1.58 0.36 1 1 
35 1.74 0.42 1.85 1.24 3.4 1.9 
45 2.35 0.48 2.1 2.24 6.2 3.4 
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Table 2.5 

Effect of CO2 density on the rate of growth through Ostwald ripening (ω) for a dilute 

emulsion.  Unless indicated, conditions are the same as in Table 2.4.  

 
ρCO2 

(g/mL) 
C∞* 103  

(v/v) 
γ  

(mN/m) 
Dm*108 
(m2/s) 

ω *1027 
(m3s-1) 

(ωx/ω1)exp (ωx/ω1)theory 

0.9855 1.46 0.19 1.18 1.09 1 1 
0.9568 1.37 0.27 1.41 1.07 0.98 1.5 
0.9201 1.25 0.35 1.58 0.36 0.33 4.0 
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Table 2.6 

Effect of surfactant architecture on the rate of growth through Ostwald ripening (ω) for a 

dilute emulsion. Unless indicated, conditions are the same as in Table 2.4. 

 
Surf ρCO2 

(g/mL) 
C∞* 103  

(v/v) 
γ  

(mN/
m) 

Dm*108 
(m2/s) 

ω *1027 
(m3s-1) 

(ωx/ω1)exp (ωx/ω1)theory 

5.5k:2k 0.9855 1.46 0.19 1.18 1.09 1 1 
7k:2k 0.9855 1.46 0.46 1.18 6.58 6.0 2.4 

5.5k:2k 0.9568 1.37 0.27 1.41 1.07 1 1 
7k:2k 0.9568 1.37 0.52 1.41 2.87 2.7 1.93 
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2.4 Conclusions 

This study reports the formation of the first non-flocculated, dilute W/C 

miniemulsion which is stable for 24 hours.  Nonionic block copolymers of PFOMA-b-

PEO (xk:2k) were synthesized by atom transfer polymerization to control the HCB to 

achieve low values of γ and the proper curvature for the CO2/water interface.  The 

measured droplets ranged from 70-140 nm, falling in the classical miniemulsion regime.  

The highly CO2-philic tail (PFOMA) screened the attractive forces between the water 

droplets and prevented flocculation.  The formation of a miniemulsion and this 

exceptional degree of stability, for any type of dilute macroemulsion, has been 

unobtainable for both perfluoropolyether and polydimethylsiloxane tails in previous 

studies.  By suppressing flocculation, we were able to investigate semi-quantitatively 

both the droplet formation and growth processes for W/C emulsions for the first time.  

The droplet size was correlated to γ2/5, in contrast with an exponent of 3/5 for an 

incompressible fluid.  Relative growth rates were described semi-quantitively as a 

function of the key properties that influence Ostwald ripening 

The ability to stabilize much larger amounts of water in nanometer sized droplets 

with small amounts of surfactants is of great practical interest in reaction, separations and 

materials formation processes in CO2.  W/C miniemulsions, composed of droplets in the 

50-500 nm range, bridge the gap between microemulsions and macroemulsions.  For a 

given amount of surfactant, a much larger volume of water may be emulsified than in 

microemulsions.  Because of the less stringent requirement for the surfactant in lowering 

the interfacial tension, a much wider range of surfactants may be utilized.  Relative to 

macroemulsions droplets, smaller miniemulsion droplets are more stable due to slower 

gravitational settling and weaker Hamaker interactions between the smaller water cores.  
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Chapter 3 

 

Critical Flocculation Density of Dilute Water-in-CO2 Emulsions 

Stabilized with Block Copolymers* 

 

 
 The critical flocculation density (CFD), that is the CO2 density below which 

flocculation occurs, was studied for dilute water-in-CO2 (W/C) miniemulsions stabilized 

with poly(1,1-dihydroperfluorooctyl methacrylate)-b-poly(ethylene oxide) (PFOMA-b-

PEO) surfactants.  The CFD, which was measured by turbidimetry, decreased as the 

PFOMA molecular weight was increased, the average droplet sized was decreased, the 

surfactant loading was increased, and the temperature was increased.  A simple model, 

which addressed both the van der Waals attraction between droplets and osmotic solvent-

tail interactions, was in good qualitative agreement with the experimentally observed 

trends for the CFD and predicted a decrease in emulsion stability as the CO2 density was 

lowered toward the theta density for PFOMA in bulk CO2.   

 

 

 

 

 

 

 

 

 
*Reprinted with permission from Dickson, J.L., Ortiz-Estrada, C., Alvardo, J.F.J., 

Hwang, H.S., Sanchez, I.C., Luna-Barcenas, G., Lim, K.T., and Johnston, K.P., Journal 

of Colloid and Interface Science, 2004, 272, 444-456.  Copyright © 2003 by Elsevier, 

Inc. 
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3.1 Introduction 

The environmentally benign solvent CO2 is inexpensive, relatively non-toxic, 

non-flammable, and has an easily accessible critical point (Tc = 31ºC, Pc = 73.8 bar).  

Furthermore, the tunable solvation of compressible supercritical fluids may be used to 

control interfacial properties, as has been described with lattice fluid self-consistent field 

theory1.  As a result of these beneficial properties, carbon dioxide has emerged as an 

alternative to traditional organic solvents in the preparation of colloidal dispersions2-6, 

including microemulsions3,7-9, miniemulsions10-12, macroemulsions13-18, and polymer 

latexes19,20.  Water-in-CO2 (W/C)  miniemulsions10,12, with droplets ranging from 50 to 

500 nm in diameter, and macroemulsions14,15,18,21, consisting of droplets greater than 500 

nm, are formed by shear and are stabilized kinetically, whereas microemulsions are 

thermodynamically stable.  Examples of applications for these liquid or solid dispersions 

include dry cleaning22, photoresist drying23, metal extraction24, nanoparticle synthesis25,26, 

and enzymatic catalysis27. 

It is particularly challenging to solvate polymeric steric stabilizers in CO2 due to 

its weak van der Waals forces and lack of a permanent dipole moment.  As a result of this 

poor solvation, the forces between CO2-philic tails are often attractive or only weakly 

repulsive and thus insufficient to counteract the attractive core-core forces between 

approaching droplets and prevent flocculation.  To accommodate CO2’s relatively weak 

van der Waals forces,  emulsions are often stabilized by polymers with low cohesive 

energy densities, including polydimethysiloxanes, polyfluoroethers and 

polyfluoroacrylates12,18,20,28,29.  Small angle neutron scattering (SANS) measurements 

indicate that both poly(1,1-dihydroperfluorooctyl acrylate) (PFOA) and poly(dimethyl 

siloxane) posses a positive second virial coefficient (repulsive interactions) in dense CO2, 

indicating that CO2 is a good solvent for these polymers30,31. 

The conformation of a polymer in bulk CO2 depends primarily upon the balance 

between the monomer-monomer and monomer-solvent interactions32-35.  As illustrated in 

Figure 3.1, at high CO2 densities, polymers can be well solvated and adopt an expanded 

random coil conformation.  However, as the CO2 density is lowered at constant  
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Figure 3.1 

 a) Schematic representing the analogy between the bulk polymer phase behavior and 

colloid stability (picture taken from ref #33) and b) pressure versus polymer 

concentration phase diagram (at constant temperature) illustrating the upper critical 

solution pressure or density (UCSD) phase boundary. 
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temperature, the solvent molecules expand away from the monomer segments, resulting 

in increased monomer-monomer interactions and subsequently, chain collapse at an 

upper critical solution density (UCSD)31-33.  At the UCSD, phase separation between the 

polymer chains and solvent is observed, and this entropically driven phenomenon is 

analogous to the lower critical solution temperature33,36. 

In a previous study33, the critical flocculation density (CFD), that is the CO2 

density below which flocculation occurs, was determined to coincide with the upper 

critical solution density (UCSD) on the bulk phase diagram for a binary system 

composed of a stabilizer block and solvent as shown in Figure 3.1.  Additionally, the 

UCSD coincided with the coil-globule transition density where a single stabilizer block 

collapses in the solvent33.  The predicted analogy between bulk phase separation and 

colloid flocculation is useful for designing surfactants for steric stabilization, given the 

large data base for polymer phase behavior.  However, this relationship has been studied 

primarily for symmetric systems where the properties of each segment on the polymer 

match those of the solvent.  For colloids stabilized with PDMS, flocculation was still 

present for pressures 156 bar above the USCD at 25ºC37, perhaps due to asymmetry in the 

system and long-ranged attraction between the colloid surface and the tails38. 

The stabilization and flocculation of poly(2-ethylhexyl acrylate) (PEHA) in CO2 

emulsions stabilized by high molecular weight PFOA based-copolymers was studied with 

turbidimetry29 and dynamic light scattering39.  At high CO2 densities, the emulsions 

appeared very stable against flocculation and coalescence.  However, as the CO2 density 

was lowered below a critical point, referred to as the critical flocculation density (CFD) 

the emulsions flocculated and settled.  The experimentally measured CFD was very close 

to the theta density (UCSD at infinite polymer molecular weight) for the stabilizer 

(PFOA) in bulk CO2.  For a low molecular weight polymer, it remains to be seen whether 

the CFD is closer to the UCSD for a finite molecular weight polymer or the theta density. 

The objective of this study is to relate the CFD of W/C miniemulsions to the 

balance between the attractive van der Waals forces between approaching water drops 

and the steric repulsive forces imparted by adsorbed surfactants.  For this study, the non-
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ionic surfactant, poly(1,1-dihydroperfluorooctyl methacrylate)-b-poly(ethylene oxide) 

(PFOMA-b-PEO) was utilized, since it has been shown to form and stabilize non-

flocculated, dilute W/C miniemulsions for greater than 24 hours12.  The CFD for these 

miniemulsions was measured using turbidimetry as a function of PFOMA molecular 

weight, average core size, temperature, and surface coverage of the stabilizer.  To place 

the CFD in perspective, the phase behavior for the PFOMA homopolymer was measured 

in bulk CO2 as a function of molecular weight and temperature.  In contrast to the work 

of O’Neill et al.29, this study clearly addresses the importance of core-core interactions on 

emulsion stability by examining emulsions with various diameters stabilized with 

relatively low molecular weight block copolymers.  A simple model, consisting of both 

an attractive core-core and an osmotic, repulsive potential, was utilized to predict the 

stability ratio for the emulsions at various conditions, and the model results are in good 

qualitative agreement with the experimentally measured CFDs.  The model and the data 

indicate a decrease in emulsion stability as the CO2 density is lowered toward the theta 

density for the PFOMA ligand in bulk CO2.   

 

3.2 Theory 

 The van der Waals attraction between two water drops is dependent on the 

Hamaker constant, A, the droplet radius, R, and the center-to-center separation distance of 

two approaching spherical droplets, x, and may be expressed as follows40: 
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Since this study focuses on relatively large miniemulsion droplets, the effects of the 

adsorbed polymer layer on the Hamaker constant may be ignored, and the core-core 

interactions may be assumed to be those of pure water droplets dispersed in CO2
41.  The 

Hamaker constant, A121, for a water droplet (subscript 1) interacting with another water 

droplet across CO2 (subscript 2) may be approximated using the following relationship40: 
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where A11 and A22 are the Hamaker constants for water and CO2, respectively, interacting 

across vacuum, which can be estimated using a simplification of Lifshitz theory40. 
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where νe is the maximum electronic ultraviolent adsorption frequency, typically assumed 

to be 3 × 1015 s-1 42.  The values for the refractive index and dielectric constant for both 

water43,44 and CO2
45 were taken from literature.  A typical Hamaker constant for water 

across CO2 was calculated to be 0.032 eV.  For comparative purposes, the Hamaker 

constant for polystyrene across CO2 is approximately 0.23 eV.  Consequently, much 

shorter stabilizers may be used to stabilize water relative to PS. 

 In order to prevent the flocculation of approaching water drops, the repulsive, 

osmotic (Φosm) term must exceed the attractive van der Waals interactions at all 

separation distances; ( osmvdwtotal Φ+Φ=Φ ).  The osmotic interaction addresses the 

balance between the tail-tail and tail-solvent interactions46.  Consequently, the important 

parameters in the osmotic term are the solvent quality (χ) and the length of the stabilizing 

surfactant tail (l) as follows42: 
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where x is the center-to-center separation distance between two spherical droplets, R is 

the droplet radius, vsolv is the molecular volume of the solvent, φ is the surfactant tail 

volume fraction profile, and χ is the Flory-Huggins interaction parameter (χ = ½ 

represents the theta condition).  Due the large size of the miniemulsion droplets (relative 

to microemulsions), the water/CO2 interface was treated as a planar interface, resulting in 

a constant φ for all distances from the interface.  In the calculations, φ was assumed to be 

equal to 0.25 (based on an assumed area per molecule of 200Ǻ2
 that is explained in the 

results below), unless otherwise noted, and the PFOMA tail length was estimated using a 
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random flight calculation47; l = (Nb2)½ where N is the number of repeat units and b is the 

length of the repeat unit.  Based on personal communications with Pascal Andre and 

Joseph M. DeSimone, the length of the repeat unit was assumed to be 0.255 nm.  Using 

this value, the PFOMA tail length varied from 0.81 to 2.7 nm, depending on the PFOMA 

molecular weight. 

 The Flory-Huggins χ parameter may be related to the Hildebrand solubility 

parameters of the solvent (δ1) and the stabilizing surfactant tail (δ2) using the following 

relationship48: 
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where ν1 is the molar volume of the solvent and l12 is a correction factor for the geometric 

mean assumption in regular-solution theory.  Quadrupole-quadrupole interactions for 

CO2 can account for as much as 20% of its solubility parameter48,49.  The quadrupole 

moment has a larger influence on the interaction between two small linear CO2 molecules 

than between CO2 and a FOMA molecule, in which the carbonyl dipole is only a small 

fraction of the molecular volume.  Thus, the CO2 solubility parameter in equation 6 was 

reduced with a correction factor of 0.849.  The total solubility parameter for CO2 is given 

rigorously by: 
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 The solubility parameter for PFOMA was calculated using the group contribution 

method50. 
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where F is the molar attraction constant for a given chemical structural group, and ρ and 

MW are the density and molecular weight of the repeat unit, respectively.  Using this 

technique, the solubility parameter for PFOMA was calculated to be approximately 13.5 

MPa1/2, and this value was assumed to be independent of temperature and CO2 density. 
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The determination of l12 required knowledge concerning the theta density (χ = ½) 

for PFOMA, and this value was estimated by extrapolating the experimentally reported 

UCSD values to infinite molecular weight.  Using this technique, the theta density for 

PFOMA was estimated to be ca. 0.820 g/mL at 25ºC.  At this condition, χ equals 0.5, δ1 

and δ2 equal 13.0 MPa½ and 13.5 MPa½, respectively, and ν1 equals 5.37 × 10-5 m3/mole.  

Using these values and equation 3.6, l12 was calculated to be 0.039 at 25ºC.  At 35ºC, the 

theta density was estimated to be 0.799 g/mL, resulting in a calculated l12 of 0.034 ( δ1 

and v1 equal 12.6 MPa½ and 5.51 × 10-5 m3/mole, respectively), and at 50ºC, the theta 

density was assumed to be 0.768 g/mL (δ1 and v1 equal 12.0 MPa½ and 5.74 × 10-5 

m3/mole, respectively), resulting in a calculated l12 of 0.026.        

 Figure 3.2a shows the van der Waals, osmotic (steric), and total interactions 

governing the stabilization of a water droplet (R = 40 nm) utilizing a PFOMA stabilizer (l 

= 0.87 nm) in a “good solvent” (ρCO2 = 0.91 g/mL), whereas Figure 3.2b illustrates the 

total interaction potential (Φtotal) for the same system at various CO2 densities.  Figure 

3.2b clearly shows the effect of the solvent quality on emulsion stability.   In the good 

solvent regime, the tails are well solvated and there is a net repulsive force between the 

tails.  However, as the solvent quality becomes poor, flocculation occurs as a result of the 

increased attractive core-core and tail-tail interactions. 

Figures 3.2a and 3.2b indicate that, even at high CO2 densities, there is an 

attractive well of magnitude greater than -3/2 kBT (the energy supplied by Brownian 

motion), implying that there is a small, net attractive force and that slow flocculation will 

take place42.  In order to investigate the relative stability of the emulsions at various 

conditions, the stability ratio (W), which represents the ratio of the diffusion-controlled 

collision rate (rapid flocculation) to the rate of collisions in the presence of interparticle 

forces (slow flocculation)51, was calculated52. 
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where u = (r – 2R)/R and D∞/D(u) represents the hydrodynamic correction factor to the 

diffusion coefficient when two spheres approach each other 53,54. 
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Figure 3.2 

a) van der Waals, osmotic (steric), and total interaction potentials governing the 

stabilization of a water drop (R = 40 nm) with a PFOMA ligand (l = 0.87 nm) in a “good” 

solvent (ρCO2 = 0.91 g/mL) and b) the total interaction potential (Φtotal/kBT) at various 

CO2 densities for the same system in part a. 
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A repulsive energy barrier between colliding particles will make the collision rate much 

slower than the diffusion-controlled collision rate, whereas a purely attractive energy 

barrier will make the collision rate comparable to the diffusion-controlled collision rate51.  

Therefore, large values of W imply that the overall rate of flocculation is slow and the 

emulsion is stable, whereas a low stability ratio implies flocculation.  As a result of the 

inclusion of the hydrodynamic correction factor in equation 9, the lower limit for W was 

calculated to be 1.9. 

 

3.3 Experimental Section 

3.3.1 Materials 

2-bromopropionyl chloride (BPC) (Aldrich) and 2-bromoisobutyrate (Aldrich) 

were distilled under vacuum.  1H,1H-perfluorooctyl methacrylate (FOMA) (SynQuest) 

was passed through a neutral alumina column to remove the inhibitor and then vacuum 

distilled before use.  Methoxy polyethylene glycol (MPEG-OH, average MW = 2000 and 

5000 g/mol, Sigma) was dried by azeotropic distillation with toluene.  Trifluorotoluene 

(TFT) and benzene were stored over CaH2 and then distilled before use. Copper (I) 

Chloride (99.999%, Aldrich), 2,2’-bipyridine (bipy) (Aldrich), 1,1,2-

trichlorotrifluoroethane (F-113) (Aldrich), ether, and chloroform were used as received.  

PEG macroinitiator (MPEG-Br) was prepared by a condensation reaction between 

MPEG-OH and BPC.  Deionized water (Nanopure II, 16µS/cm, Barnstesad) was used as 

indicated, and research grade CO2 (Matheson) was filtered through an oxygen trap prior 

to use. 

3.3.2 General Procedure for PFOMA Homopolymer and PFOMA-b-PEG Synthesis 

Both the PFOMA homopolymers and the PFOMA-b-PEO copolymers were 

synthesized using atom transfer radical polymerization (ATRP).  PFOMA was 

synthesized using copper-mediated ATRP with ethyl 2-bromoisobutyrate as an initiator in 

TFT, whereas the block copolymer was synthesized in the mixed solvent of TFT and 
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benzene by ATRP using MPEG-Br as the macroinitiator55.  In a typical polymerization 

for PFOMA, 2-bromoisobutyrate, CuCl, bipy, FOMA, and TFT were reacted at 110°C 

under a nitrogen atmosphere.  The molecular weight of the PFOMA homopolymer was 

determined by comparing the peak of terminal initiator moiety at 4.1 ppm (-CH2-O-) with 

the peak of 1H,1H protons in PFOMA at 4.5 ppm in 1H NMR spectrum.  Different 

molecular weight PFOMA homolpolymers were prepared by varying the ratio of FOMA 

to the initiator. 

 In a typical polymerization for PFOMA-b-PEO, MPEG-Br, CuCl, FOMA, and 

bipy were reacted under a nitrogen atmosphere at 100°C for 3.5 hours.  The product was 

purified by sequential extraction with fluorinated solvent (FC-5080) and distilled water.  

Various block copolymers were prepared by using different MW macroinitiators and by 

varying the ratio of monomer to macroinitiator. 

3.3.3 Characterization of Block Copolymers 
1H NMR spectra were recorded using a JNM-ECP 400 (JEOL).  1H NMR spectra 

of the PEG-PFOMA block copolymers were obtained in a mixed solvent of F-113 and 

CDCl3.  The block length of PFOMA was determined by taking the ratio of 1,1-dihydro 

protons (at 4.5 ppm) in the fluoroalkyl group to the methylene protons (3.7 ppm) in the 

PEG group.  

3.3.4 Emulsion Formation 

The emulsions were formed in a high pressure, variable-volume view cell as shown in 

Figure 3.3.  For all experiments, the water loading was maintained at 2 wt% and the 

surfactant concentration was varied between 0.1 and 1 wt%.  The contents were mixed 

with a magnetic stir bar for several hours to form a uniform, milky-white emulsion that 

occupied the entire volume of the high-pressure cell.  The emulsions were further sheared 

with a high-pressure homogenizer (Avestin, model C-5) for 15 minutes to produce 

droplets in the nanometer size range.  The amount of shear was controlled by manually 

adjusting the differential pressure drop across the homogenizing valve.  Unless otherwise 

noted, the emulsions were formed with a pressure drop of 700 bar.  The temperature was 

controlled to ±0.1ºC by immersing both the view cell and the homogenizer into water  
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Figure 3.3 

Schematic of high pressure apparatus used to form and characterize the miniemulsion. 

Optical 
Cell 

Variable-Volume 
View Cell 

Pressure 
Transducer 

Manual Pressure 
Gauge 

High-Pressure 
Homogenizer 



 83

baths equipped with temperature controllers (Julabo, Inc.).  The morphology of the 

emulsion was determined via electrical conductivity measurements, as described 

elsewhere12. 

3.3.5 Turbidimetry Measurements 

A high-pressure optical cell with a path length of 0.762 mm was mounted into a 

UV-vis spectrophotometer (Beckman DU® 50 Series).  The optical cell was regulated at 

the desired temperature with heating tape and a temperature controller to within ±0.1ºC.  

The emulsion was re-circulated through the optical cell for 15 minutes with the 

homogenizer (Figure 3.3) without dilution.  The average dispersed droplet size was 

measured from the turbidity over the wavelength range from 800 to 300 nm according to 

Mie theory, as described previously12.  The agreement between the experimentally 

measured turbidity and the theoretically predicted turbidity was excellent, implying a low 

degree of polydispersity12. 

In order to investigate the emulsion stability, the turbidity was measured every 

five seconds for a one hour period at a fixed wavelength of 500 nm.  After 15 minutes of 

shearing, the homogenizer and the stir bar were stopped and the turbidimetry 

measurements were started immediately.  At a given pressure, the turbidity was measured 

every five seconds for 15 minutes, after which the pressure was rapidly decreased to a 

new value without stirring or recirculation29.  The emulsion stability (turbidity) was 

determined at four CO2 densities in a one hour period.  The CO2 densities were chosen so 

that the first three densities were in the “good solvent” regime while the final density was 

low enough to result in flocculation.  For a given density, the emulsion stability was 

determined by measuring the initial slope of the turbidity-time plot, |dτ/dt|.  Figure 3.4 

represents a sample turbidity-time profile for a dilute W/C emulsion stabilized with a 

PFOMA tail (5.5k) for four densities in sequence at 25ºC.  From Figure 3.4, it is obvious 

that the emulsion becomes unstable as the CO2 density is lowered from 0.896 g/mL to 

0.872 g/mL.  Due to Ostwald ripening12, the turbidity was measured to increase slightly 

over the 15 minute period in the “good solvent” regime, resulting in a positive dτ/dt.  

Upon decreasing the CO2 density below the CFD, the turbidity was measured to quickly  
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Figure 3.4 

Turbidity-time profile for an emulsion consisting of 1 wt% PFOMA-b-PEO (5.5k:2k) and 

2 wt% water at 25ºC and various CO2 densities. 
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increase and then decrease.  The rapid increase in the measured turbidity indicates the 

onset of flocculation, whereas the measured decay results from the settling of the 

flocculated drops.  In order to improve the accuracy in the measurement of dτ/dt below 

the CFD, the slope was measured at the onset of settling, resulting in a negative dτ/dt.  

After dτ/dt was measured at four CO2 densities, the CO2 density was increased to the 

“good solvent” regime, the system was re-sheared for 15 minutes, and the turbidity was 

measured at four new CO2 densities using the same technique as above.  To accurately 

determine the CFD, the emulsion stability, |dτ/dt|, was measured at multiple CO2 

densities and plotted as a function of CO2 density.  The break in the resulting plot 

corresponds to the CFD29.  Due to the sign change in the measured dτ/dt above and below 

the CFD, the reported CFD represents an upper bound value.  Consequently, the actual 

CFDs may be slightly lower than the reported values.  However, due to the sharpness in 

the break for the Log(dτ/dt) vs. CO2 density plots, the error in the reported CFD is only 

±0.005 g/mL. 

3.3.6 Phase Behavior Measurements 

In order to compliment the measured CFDs, the phase behavior for the PFOMA 

homoploymer in bulk CO2 was measured at various PFOMA molecular weights and 

temperatures.  The phase behavior for PFOMA was measured using the apparatus and 

procedure as described by Luna-Barcenas et al. but with improved detection56.  The 

apparatus consisted of a high-pressure view cell containing two sapphire windows 

oriented at 180º and was backlit with a helium/neon laser (UNIPHASE Novette Model 

1507, λ = 632.8 nm).  In a typical experiment, the laser beam was passed through the 

sapphire windows, and the emitted light was measured by a photodiode.  This signal was 

then converted to voltage and measured with a voltmeter (Cen-Tech TM-101A).  By 

measuring the voltage at various pressures, a voltage vs. pressure curve was generated, 

and two tangent lines were drawn on the curve, as illustrated in Figure 3.5.  The cloud 

point was defined as the intersection of these curves. 

Figure 3.6 illustrates the phase behavior diagram for the three different molecular 

weight PFOMA homopolymers at 50ºC.  From Figure 3.6, it is seen that a lower CO2  
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Figure 3.5 

Typical voltage vs. pressure plot used to determine the cloud point pressure.  The cloud 

point represents the intersection of the two tangent lines constructed. 
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Figure 3.6 

Phase behavior measurements for 5.6k, 60k, and 110k PFOMA homopolymers at 50ºC. 
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density is required to solvate the 5.6k tail relative to the larger 60k and 110k tails, 

indicating an increased compatibility between CO2 and the lower molecular weight tails.  

Figure 3.7a shows the phase behavior for the 5.6k PFOMA homopolymer at various 

temperatures, and Figure 3.7b illustrates the effect of temperature on the UCSD for four 

different molecular weights.  Figure 3.7b indicates that both the UCSD and theta density 

decrease as the temperature is increased, and a few of the values are listed in Table 3.3.  

The decrease in the UCSD and the theta density indicates better chain solvation at 

elevated temperatures, and this phenomenon will be discussed in greater detail below.    

3.3.7 Interfacial Tension Measurements 

The interfacial tension (γ) at the planar water-CO2 interface was measured using a 

pendant-drop apparatus, which is described elsewhere17.  A known amount of surfactant 

was dissolved into CO2, and water drops were formed at the end of a surface-modified 

silica capillary 17 (Western Analytical products) (180 µm O.D. and a 50 µm I.D.).  The 

recorded images of the shapes of the pendant drops were analyzed using a software 

package from KSV Ltd. (Finland) in order to solve the Laplace equation for γ. 

 

3.4 Results and Discussion  

3.4.1 Effect of PFOMA Molecular Weight on CFD 

Figure 3.8a demonstrates the effect of the PFOMA molecular weight on the measured 

CFD for emulsions consisting of 1 wt% surfactant and 2 wt% dispersed water at 25ºC.  

The CFD for the emulsions decreases as the molecular weight of the PFOMA tail is 

increased from 5.5k to 7k to 30k, but does not change with a further increase to 52k.  

Table 3.1 summarizes the measured CFD, the average particle size, and γ for the four 

systems shown in Figure 3.8a along with the estimated UCSD and theta density for the 

PFOMA homopolymers in bulk CO2 at 25ºC.  Ideally, it would have been convenient if 

the core size would have remained constant for the four emulsions shown in Figure 3.8a.  

However, differences in the hydrophilic-CO2-philic balance (HCB) between the four 

block copolymers resulted in different interfacial tensions and subsequently, different 

core sizes12.  However, each of the interfacial tensions was sufficiently low to indicate  
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Figure 3.7 

a) Phase behavior diagram for 5.6k PFOMA homopolymer at various temperatures, and 

b) the effect of temperature on the UCSD for various molecular weight PFOMA 

homopolymers. 
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Figure 3.8 

a) Effect of PFOMA molecular weight on log |dτ/dt| for emulsions consisting of 2 wt% 

water and 1 wt% surfactant at 25ºC, and b) calculated stability ratios as a function of CO2 

density for 5.5k, 7k, and 52k molecular weight PFOMA stabilizing ligands. 
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Table 3.1 

Effect of PFOMA molecular weight on γ, average particle size (Do), and the CFD for 

emulsions consisting of 1 wt% surfactant and 2 wt% water at 25ºC. 

 

PFOMA-b-PEO γ∗  
mN/m 

Do  
nm 

CFD 
g/mL 

UCSD 
g/mL 

ρΘ 
g/mL 

5.5k:2k 0.35 80 0.891 0.751 0.818 

7k:2k 0.52 120 0.885 NA 0.818 
30k:5k 4.56 250 0.867 NA 0.818 
52k:5k 5.90 300 0.867 0.809 0.818 

 
* - IFT measurements conducted with 0.1 wt% surfactant at 25ºC and 204 bar. 
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good adsorption of the block copolymers at the W/C interface, a necessary condition for 

emulsion stabilization. 

The decrease in the CFD as the molecular weight of the PFOMA tail is increased 

from 5.5k to 30k indicates that the longer PFOMA tails are more effective in screening 

the attractive core-core interactions.  From the phase behavior measurements for the 

PFOMA homopolymer (Figure 3.6), it is evident that CO2 penetrates and solvates the 

lower molecular weight PFOMA tails more effectively than the higher molecular weight 

tails.  The observed decrease in the CFD of the emulsions indicates that the longer tails 

win the trade-off between solvation (favoring the shorter tails) and screening length 

(favoring the longer tails). 

Figure 3.8b shows the calculated stability ratios for the emulsions stabilized with 

the 5.5k, 7k, and 52k PFOMA tails at 25ºC, for the core sizes provided in Table 3.1.  

Each stability ratio curve in Figure 3.8b displays two nearly linear regions, and the break 

in the curves is often referred to as the critical flocculation point57.  The model results are 

consistent with the experimental trends and predict a decrease in the CFD for the 

emulsions as the molecular weight of the stabilizing PFOMA tail is increased.  Even 

though the 52k:5k polymer stabilizer resulted in the production of larger droplets than the 

5.5k:2k polymer, it produced a smaller CFD.  Both the model and experiment indicate 

that this higher molecular weight polymer provides greater osmotic repulsion and keeps 

the droplets further apart, reducing the core-core attraction.  Modest discrepancies 

between the predicted behavior and the actual CFD may arise from a few factors, 

including:  a) the expression used to convert the Flory-Huggins χ parameter to a CO2 

density, b) the value used for the volume fraction (φ) of the adsorbed tail at the interface, 

c) the use of the random flight method to estimate the tail length, and d) the fact that the 

effect of CO2 compressibility as described in lattice fluid theory was not included. 

From the phase behavior experiments, it is evident that the UCSD for the PFOMA 

homopolymer does not change significantly as the molecular weight is increased from 

60k to 110k.  For PFOMA, the majority of the polymer molecular weight is located on 

side chains.  Consequently, a relatively large PFOMA molecular weight is required, 
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compared to a straight-chain polymeric surfactant, to produce the backbone length 

necessary for imparting a sufficient degree of steric stabilization.  However the shape of 

PFOMA provides advantages for steric stabilization.  Specifically, the stubby architecture 

of the PFOMA tails aids in emulsion stability by decreasing the amount of tail overlap 

upon collisions between approaching droplets18. 

 Figure 3.8a also indicates that the CFD for the emulsions does not continue to 

decrease as the molecular weight of the stabilizing PFOMA tail is increased from 30k to 

52k.  Napper 58 claims that the critical flocculation point should be independent of the 

stabilizer molecular weight, provided that the core-core interactions become negligible, 

and that the critical flocculation point should correspond to the theta condition for the 

stabilizing ligand.  The CFD for the emulsions stabilized with both the 30k and 52k 

PFOMA tails was measured to be 0.867 g/mL despite an estimated theta density at 25ºC 

of 0.82 g/mL.  The fact that the measured CFD is greater than the theta density for the 

bulk homopolymer in CO2 may be influenced by several factors.  The core-core 

interactions could still play a role, the surface coverage may be incomplete, or EO 

segments that are not completely adsorbed on the surface may interact with each other. 

The interfacial tension measurements indicate that all of the surfactants utilized in 

this study are highly surface active.  If all of the surfactant in the system were present at 

the water/CO2 interface, the estimated area per molecule would be approximately 200 Ǻ2.  

This minimum theoretical value is significantly higher than what has been reported for 

the area per molecule at the water/CO2 interface in microemulsions59.  This high area per 

molecule results in a relatively low surface coverage, thus decreasing the strength of the 

osmotic, repulsive interactions.  In addition, lateral movement of the surfactant molecules 

along the interface upon droplet approach may result in bare patches, which increases the 

exposure of the water droplets.  Finally, the long range attractions between the water core 

and the chains may cause less chain extension as measured by neutron reflectivity for a 

related system in CO2
38. 

3.4.2 Effect of Particle Size on CFD 
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The attractive van der Waals interaction between approaching droplets increases 

as the radius of the drops is increased.  Napper 60 found that the critical flocculation point 

for polymer latexes stabilized with a high molecular weight polymeric ligand was 

independent of the latex particle size.  However, for low molecular weight polymers, the 

critical flocculation point was strongly dependent on the particle size61.  In these cases, 

the shorter ligands were not capable of fully screening the increased core-core attraction 

and better than theta solvent conditions were required to prevent flocculation61. 

Figure 3.9a illustrates the effect of the core size on the CFD for an emulsion 

stabilized with the PFOMA-b-PEO (7k:2k) copolymer.  The average drop size was varied 

by controlling the pressure drop across the homogenizing valve12.  For a pressure drop of 

700 bar across the homogenizing valve, 120 nm drops were produced.  Larger, 300 nm 

droplets were produced by re-circulating with the homogenizing valve completely open, 

resulting in a pressure drop of only 34 bar12.  The plots in Figure 3.9a indicate an increase 

in the CFD for the emulsion as the average droplet size is increased. 

According to the model as shown in Figure 3.9b, this increase in the measured 

CFD is a result of the increased core-core attraction between approaching water droplets 

and the inability of the 7k molecular weight PFOMA (l = 0.97 nm) tail to completely 

screen this increased attraction.  Figure 3.9b also shows the effect of increasing the core 

size on the CFD for emulsions stabilized with the 52k molecular weight PFOMA (l = 2.7 

nm) tail. The shift in the CO2 density necessary to stabilize the emulsion as the particle 

size is increased from 120 nm to 300 nm is less for the 52k tail relative to the 7k tail, 

indicating the increased ability of the longer PFOMA tail to screen the attractive core-

core interactions. 

3.4.3 Effect of Surface Coverage on CFD 

In order for steric stabilization to be effective, two criteria must be met:  1) the stabilizer 

must be effectively “anchored” at the interface and 2) the surface must be well covered.  

As collisions between droplets due to Brownian motion occur, the stabilizing tails may 

attempt to escape through either desorption from the interface or by lateral movement 

across the interface58.  Effective anchoring of the stabilizing tail reduces these 
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Figure 3.9 

a) Effect of particle size on log |dτ/dt| for emulsions consisting of 2 wt% water and 1 wt% 

PFOMA-b-PEO (7k:2k) at 25ºC, and b) calculated stability ratios as a function of CO2 

density for 120 nm and 300 nm droplets stabilized with 7k MW PFOMA tail (solid lines) 

and 52k MW PFOMA tail (dashed lines). 
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undesirable changes in stabilizer location. 

 In order to investigate the effect of surface coverage on emulsion stability, the 

CFDs for emulsions consisting of 2 wt% water and varying amounts of the PFOMA-b-

PEO (5.5k:2k) were measured.  Stable, milky-white emulsions were successfully 

prepared with a surfactant concentration as low as 0.1 wt%.  Upon decreasing the 

surfactant concentration to 0.01 wt%, the dispersed water drops flocculated and settled as 

soon as the stir bar and recirculation were stopped. 

Table 3.2 summarizes the effect of the surfactant concentration on the average 

particle size and the CFD.  The average particle size did not increase as the surfactant 

concentration was lowered from 1.0 wt% to 0.1 wt%.  In a previous publication12, it was 

demonstrated that the key factors in the droplet formation process are γ and the pressure 

drop across the homogenizing valve.  In our experiments, the pressure drop was kept 

constant at 700 bar, and the measured interfacial remained constant at 0.35 mN/m for 

surfactant loadings as low as 10-3 wt%.  Therefore, a change in the average particle size 

was neither expected nor observed as the surfactant concentration was decreased. 

Figure 3.10a illustrates the effect of the surfactant concentration on the CFD.  

Since the droplet size was constant, the slight increase in the CFD may be attributed to a 

decrease in the steric, repulsive interactions resulting from less complete coverage of the 

surface.  This incomplete surface coverage creates bare patches, allowing the droplets to 

come closer together and experience a stronger degree of attraction.  Consequently, 

flocculation occurs at higher CO2 densities. 

In the model, the surfactant concentration appears in the φ term (which accounts 

for the surfactant tail surface coverage) of the expression for the osmotic interaction.  The 

plots shown in Figure 3.10b indicate a shift in the emulsion stability as the surface 

coverage is decreased from 0.25 to 0.22.  Qualitatively, the model predicts that higher 

solvent densities are required to stabilize the emulsion as the surface coverage of the 

stabilizing ligand is decreased due to a decrease in steric repulsion.  Since the actual 

volume fraction of the PFOMA ligands at the W/C interface is not known, φ = 0.25 was 

used as the base case in the calculation of the osmotic, repulsive forces.  Likewise φ =  
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Table 3.2 

Effect of surfactant concentration on the average particle size (Do) and the CFD for 

emulsions consisting of x wt% PFOMA-b-PEO (5.5k:2k) and 2 wt% water at 25ºC. 

 

Surfactant wt% Do 
nm 

CFD 
g/mL 

UCSD 
g/mL 

ρΘ 
g/mL 

1.0 80 0.891 0.751 0.818 
0.5 80 0.891 0.751 0.818 
0.1 80 0.901 0.751 0.818 
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Figure 3.10 

a) log |dτ/dt| for emulsions consisting of 2 wt% water and varying amounts of PFOMA-b-

PEO (5.5k:2k) at 25ºC, and b) calculated stability ratios as a function of CO2 density for 

varying amounts of stabilizing tail coverage. 
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0.22 was chosen simply to illustrate the effect of changing the surface coverage on 

emulsion stability. 

3.4.4 Effect of Temperature on CFD 

As illustrated in Figures 3.11a and 3.12 and Table 3.3, temperature has a 

substantial effect on the CFD for emulsions stabilized with the 52k:5k and 5k:2k block 

copolymers.  The CFD decreases as the temperature is increased, implying that a lower 

CO2 density is required to stabilize the emulsions at higher temperatures.  This trend is 

consistent with the study of O’Neill and coworkers29.  Increasing the temperature affects 

the relative strength of solute-solute and solute-solvent interactions as well as the entropic 

driving force for polymer/solvent phase separation.  As the temperature is increased, the 

attractive energetics decrease relative to thermal energy32, resulting in a reduction in the 

effect of both the solute-solute and solute-solvent van der Waals interactions.  In 

addition, the increase in temperature reduces the energetic penalty for placing a solvent 

molecule near a solute molecule62, reducing the driving force for phase separation, thus 

allowing CO2 (solvent) to better penetrate and solvate the PFOMA (solute) tails.  Yet 

another factor for the observed decrease in the CFD at elevated temperatures is the 

weakening of the dipole-dipole interactions between the PFOMA tails as temperature is 

increased. 

 Temperature has been shown to have a pronounced effect on the phase behavior 

for both PFOA 29,56 and PDMS 31,63 homopolymers.  These studies indicated a decrease in 

both the UCSD and the theta density as the temperature was increased, and the same 

trend was observed for the PFOMA homopolymer in this study (Figure 3.7b).  The 

observed decrease in the phase behavior for the homopolymers at elevated temperatures 

results from a combined effect of decreased tail-tail interactions and a decreased entropic 

driving force for the CO2 molecules to expand away from the chains.  Consequently, the 

homopolymers are better solvated at higher temperatures. 

In addition to lowering the UCSD and the theta density for the homopolymer in 

bulk CO2, increasing the temperature has been found to have a pronounced effect on the 

solvation of stabilizing tails in CO2, as observed both theoretically32 and  
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Figure 3.11 

a) log |dτ/dt| for emulsions consisting of 2 wt% water and 1 wt% PFOMA-b-PEO 

(52k:5k) at 25ºC, 35ºC, and 50ºC, and b) calculated stability ratios as a function of CO2 

density for the three emulsions depicted in part a. 
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Figure 3.12 

log |dτ/dt| for emulsions consisting of 2 wt% water and 1 wt% PFOMA-b-PEO (5.5k:2k) 

at 25ºC, 35ºC, and 50ºC. 
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Table 3.3 

Effect of Temperature on the CFD for emulsions consisting of 1 wt% surfactant and 2 

wt% water. 

 

PFOMA-b-PEO Temperature 
ºC 

CFD 
g/mL 

UCSD 
g/mL 

ρΘ 
g/mL 

5.5k:2k 25 0.891 0.751 0.818 
5.5k:2k 35 0.858 0.732 0.799 
5.5k:2k 50 0.845 0.704 0.768 
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experimentally38,63.  On the basis of Monte Carlo simulations, Luna-Barcenas and co-

workers32 reported that the mean square end-to-end distance of a Lennard-Jones polymer 

chain in an L-J solvent increased monotonically as the temperature was increased at 

constant density.  Using SANS, Melnichenko et al.63 measured the effect of temperature 

on the radius of gyration (Rg) for PDMS in bulk CO2.  The results indicated that above 

the theta condition, Rg increased linearly as the temperature was increased at a constant 

CO2 density of 0.95 g/mL.  This increase in the measured Rg results from the increased 

ability of the CO2 molecules to penetrate and solvate the CO2-philic tails at higher 

temperatures.  Alternatively, less solvent is needed to screen the attractive monomer-

monomer interactions given the greater thermal energy.  Similar trends have been 

observed concerning the tail extension for ligands grafted on a solid surface.  Using 

neutron reflectivity, Sirard et al.38 discovered that the relative extension of a PDMS 

ligand grafted to a SiOx substrate is greater at 65ºC than at 25ºC at a constant density, 

further indicating the increased ability for CO2 molecules to penetrate and solvate the 

CO2-philic tails at elevated temperatures. 

 Figure 3.11b illustrates the model predictions for the stability ratios for emulsions 

stabilized with the PFOMA-b-PEO (52k:2k) copolymer as a function of CO2 density at 

25ºC, 35ºC, and 50ºC.  The model is able to predict the decrease in the CO2 density 

necessary to stabilize the emulsion as the temperature is raised.  In the mathematical 

model, the temperature effect arises primarily in the conversion of χ into a CO2 density.  

As illustrated earlier, equations 3.6 and 3.7 were used along with the estimated theta 

density for PFOMA to convert χ into a CO2 density. 

 

3.5 Conclusions 

 By utilizing PFOMA-b-PEO copolymer stabilizers, flocculation for W/C 

miniemulsions was nearly completely suppressed, allowing for the balance between the 

attractive core-core interactions and the repulsive, osmotic interactions to be investigated.  

The experimental results clearly indicate the relative importance of core-core attraction 

and tail-tail repulsion on emulsion stability.  The CFD was observed to decrease as the 
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PFOMA molecular weight was increased from 5.5k to 7k to 30k, indicating greater steric 

screening of the core-core attraction despite the increase in UCSD for the PFOMA 

homopolymer.  A further increase in molecular weight from 30k to 52k had an 

insignificant effect on the CFD, indicating sufficient screening by the higher molecular 

weight tails.  The CFD was observed to increase as the average droplet size was increased 

from 120 nm to 300 nm as a direct result of the increased van der Waals forces of 

attraction between the larger droplets.  Decreasing the surfactant loading from 1.0 wt% to 

0.1 wt% resulted in a slight increase in the CFD as a result of decreased surface coverage 

and subsequently, decreased screening.  Temperature was found to have a significant 

effect on both the homopolymer phase behavior and emulsion stability.  At elevated 

temperatures, a reduction in both the strength of the tail-tail interactions relative to 

thermal energy and the entropic driving force for polymer/solvent phase separation 

resulted in decreases in both the UCSDs and the CFDs for all systems studied.  A simple 

model, consisting of both an attractive and repulsive potential, was in good qualitative 

agreement with the experimental results and predicted a decrease in emulsion stability as 

the CO2 density was lowered toward the theta density for PFOMA in bulk CO2.  The 

ability to stabilize miniemulsions with low molecular weight surfactants is of great 

practical interest due to the decrease is the cost of surfactant with a decrease in molecular 

weight. 
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Chapter 4 

 

Stabilization of Carbon Dioxide-in-Water Emulsions with  

Silica Nanoparticles* 

 

 

Stable carbon dioxide-in-water (C/W) emulsions were formed with silica nanoparticles 

adsorbed at the interface.  The emulsion stability and droplet size were characterized with 

optical microscopy, turbidimetry, and measurements of creaming rates.  The increase in 

the emulsion stability as the silica particle hydrophilicity was decreased from 100% SiOH 

to 76% SiOH is described in terms of the contact angles and the resulting energies of 

attachment for the silica particles at the water-CO2 interface.  The emulsion stability also 

increased with an increase in the particle concentration, CO2 density, and the shear rate.  

The dominant destabilization mechanism was creaming, whereas flocculation, 

coalescence, and Ostwald ripening played only a minor role over the CO2 densities 

investigated.  The ability to stabilize these emulsions with solid particles at CO2 densities 

as low as 0.739 g/mL is particularly relevant in practical applications, given the difficulty 

in stabilizing these emulsions with surfactants, due to the unusually weak solvation of the 

surfactant tails by CO2.  

 

 

 

 

 

 

 

*Reprinted with permission from Dickson, J.L., Binks, B.P., and Johnston, K.P., 

Langmuir, 2004, 20, 7976-7983.  Copyright © 2004 by American Chemical Society. 
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4.1 Introduction 

 The two must abundant solvents on earth, water and carbon dioxide, are non-

flammable, essentially non-toxic and environmentally benign.  Mixtures of these solvents 

in the form of micelles1-5, microemulsions6-14, miniemulsions15,16 and macroemulsions17-

24 have received increased attention over the past decade25,26.  These CO2-based systems 

are of interest for various applications, including dry cleaning27, photoresist drying28, 

cleaning of low dielectric insulators in semiconductor manufacturing29, nanoparticle 

synthesis30 and enzymatic catalysis31.  The formation of micro- and macroemulsions 

stabilized by low molecular weight and polymeric surfactants in CO2 -based systems 

requires new concepts in surfactant design due to CO2’s lack of a permanent dipole 

moment and weak van der Waals forces, as reflected in its low polarizability per unit 

volume.  As a direct result of CO2’s weak van der Waals forces, CO2-philic tails are often 

poorly solvated.  Consequently the steric tail-tail interactions between approaching 

droplets often do not provide enough repulsion to counteract the attractive core-core 

forces.  The result of the weak stabilization is often flocculation and coalescence.  To 

accommodate CO2’s relatively weak van der Waals forces, emulsions are often stabilized 

by low molecular weight surfactants or polymers with low cohesive energy densities, 

such as siloxanes, trisiloxanes, fluoroalkanes, flouroethers, and fluoroacrylates4,22,32.  In 

addition, “stubby” hydrocarbon surfactants with limited tail overlap, and a low free 

volume in the interface33,34 also stabilize certain microemulsions35 and 

macroemulsions22,34. 

Along with traditional low molecular weight and polymeric surfactants, solid 

colloidal particles may also be used as emulsifying agents36-38.  This approach is 

particularly advantageous for CO2 due to its limited ability to solvate surfactant tails.  

Solid particles impart emulsion stability by adsorbing at the liquid-liquid interface and 

forming a rigid protective barrier around the dispersed droplets that impedes 

coalescence38.  Zhai and Efrima39 demonstrated that this protective barrier can be strong 

enough to stabilize millimeter sized droplets from coalescence.  Recently, Binks and co-

workers have provided fundamental insight into the stability mechanisms for w/o and o/w 
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emulsions stabilized by silica particles of varying hydrophilicity40-43.  The ability of these 

solid particles to stabilize an emulsion depends on various factors, including the particle 

size, particle shape, particle concentration, particle wettability and the particle-particle 

interactions at the liquid-liquid interface38,44.  Using confocal microscopy, Tarimala and 

Dia45 have studied the assembly of colloidal polystyrene particles at the 

poly(dimethylsiloxane)/water interface.  The results from this study showed that the 

particles adsorbed to the oil/water interface in patches with local hexagonal order.  Solid-

stabilized emulsions are an important class of emulsions and are commonly encountered 

in the cosmetics, food, agricultural and paint industries46 and have also been employed in 

the preparation of synthetic oils44. 

In the formation of water-in-carbon dioxide (W/C) and carbon dioxide-in-water 

(C/W) emulsions, the surfactant hydrophilic-CO2 philic balance (HCB) has been shown 

to be of paramount importance in predicting the emulsion morphology and stability18,20,47.  

When working with solid-stabilized emulsions, the contact angle (θ) which the particle 

makes with the interface is the relevant parameter in determining the emulsion type and 

stability38,48,49.  As illustrated in Figure 4.1, hydrophilic particles have a contact angle less 

than 90º measured through the aqueous phase and the majority of the particle resides in 

the water phase.  Consequently, the interface bends around the oil phase resulting in an 

o/w emulsion.  Conversely, hydrophobic particles have a contact angle greater than 90º 

measured through the aqueous phase, and the majority of the particle resides in the oil 

phase, resulting in the formation of a w/o emulsion38. 

To date, both micron-sized particles and nanoparticles have been stabilized in 

CO2.  Low molecular weight and polymeric stabilizers have been designed to stabilize 

metal nanocrystals50,51, colloidal silica52-55, and polymer latexes56,57 in liquid and sc CO2.  

Silicon and gold particles have been stabilized in supercritical octanol58,59.  In the earliest 

study of silica, Calvo and co-workers52 utilized adsorbed nonionic and ionic fluorinated 

and siloxane-based surfactants to stabilize dispersions of both hydrophilic and 

hydrophobic silica in CO2.  In the absence of water, the surface-modified hydrophobic 

silica suspensions were stable for hours.  In contrast, silica particles with surface-grafted  
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Figure 4.1 

(Top) Schematic demonstrating the relationship between contact angle (measured 

through aqueous phase) and the position of a spherical particle at the planar oil/water 

interface; θ < 90º (left), θ = 90º (center), and θ > 90º (right).  (Bottom) Expected 

emulsion morphology based on contact angle.  For θ < 90º, o/w emulsions are favored 

(left), and for θ > 90º, w/o emulsions are expected. 
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poly(dimethylsiloxane) (PDMS) chains could not be sterically stabilized against 

flocculation at pressures up to 345 bar at 25 ºC, unless a cosolvent was added53.  Sirard 

and colleagues54 formed stable silica colloids by end-grafting poly(1H,1H-

dihydroperfluorooctyl methacrylate) (PFOMA) onto the particle surfaces, given that a 

similar  fluoroacrylate polymer was demonstrated to stabilize polymer latexes in CO2
56.  

However, moderately high CO2 densities (> 0.78 g/mL) were needed to solvate the 

PFOMA tails and provide an adequate barrier against flocculation.  Most recently, non-

dilute dispersions of silica nanoparticles in CO2 at its vapor pressure have been stabilized 

with grafted (heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxy silane ligands55.  These 

dispersions were stable for greater than 30 minutes, despite the very weak solvent 

strength of CO2 at its vapor pressure, given that low molecular weight fluoroalkanes are 

solvated more effectively than high molecular weight fluoromethacrylates. 

The objectives of this study were to stabilize CO2-in-water (C/W) emulsions with 

silica particles and to analyze quantitatively the effect of particle hydrophilicity, particle 

concentration, dispersed phase volume fraction, and CO2 density on emulsion stability.  

The emulsions were formed by shear through a fine orifice with a pressure drop from 34 

bar to 700 bar in a high-pressure homogenizer.  Emulsion stability was assessed with 

both visual observations of creaming fronts and turbidimetry, and the average drop size 

was estimated from the observed creaming velocities and by optical microscopy.  The 

particle hydrophilicity was found to have a significant effect on the emulsion stability.  

This behavior is discussed in terms of the contact angles and the resulting energies of 

attachment for the various silica particles at the water-CO2 interface.   

 

4.2 Experimental  

4.2.1 Materials 

 Amorphous fumed silica particles of different hydrophilicities, ranging from 

100% to 20% SiOH coverage, were obtained from Wacker-Chemie (Germany) and used 

as received.  The primary particle diameter varied between 10 and 40 nm, and the 

particles were quasi-spherical with a surface area of approximately 200 m2 g-1 43.  
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Hydrophilic silica was prepared using flame hydrolysis and contained ca. 2 OH 

groups/nm2.  Silica particles of reduced hydrophilicity were prepared by reacting the 

hydrophilic silica with dichlorodimethylsilane in the absence of water to reduce the 

surface density of silanol groups.  Attempts were made to stabilize C/W emulsions with 

silica particles with a wide range of hydrophilicities.  Since the emulsion stabilities were 

much greater for silica particles with 100% and 76% SiOH surface coverage, results are 

not reported for the other particles with lower hydrophilicity.  Deionized water 

(Nanopure II, 16 µS/cm) was used in all experiments, and research grade CO2 

(Matheson) was filtered through an oxygen trap prior to use. 

 

4.2.2 Emulsion Formation and Stability Assessment 

 In order to form the silica stabilized C/W emulsions, a known mass of hydrophilic 

silica particles (typically 0.2 g) was first dispersed into 10 mL of water using a Branson 

Sonifier (VWR Scientific, Model 250) equipped with a microtip.  A measured amount of 

carbon dioxide  was added to this dispersion inside a high-pressure variable-volume view 

cell20, as shown in Figure 4.2.  The contents of the cell were mixed with a magnetic stir 

bar for several hours, after which time the mixture was sheared through an orifice with a 

high-pressure homogenizing pump (Avestin, model C-5).  The mixture was typically 

sheared for 15 minutes in order to ensure the formation of a fine, uniform emulsion.  The 

amount of shear introduced into the system was controlled by manually adjusting the 

differential pressure drop across the homogenizing valve.  The temperature was 

controlled to ± 0.1 °C by immersing both the view cell and the homogenizer into water 

baths equipped with temperature controllers (Julabo, Inc.).  The back pressure on the cell 

was maintained using a computer-controlled high-pressure syringe pump (Isco, model 

260 D), and the pressure was detected to ± 0.2 bar with a Sensotec pressure transducer.  

The criterion used to characterize the emulsion stability to creaming was the time to form 

a clear excess water phase that occupied 20% of the cell height of the cell after stopping 

shear and stirring.  The criteria of 20% clearing to quantify emulsion stability was chosen 

to ensure consistency with a previous study20. 
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Figure 4.2 

Schematic of the high-pressure apparatus used to form and characterize the C/W silica-

stabilized emulsions. 
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4.2.3 Turbidity Measurements 

 Along with visual observations, the emulsion stability was also characterized with 

turbidity.  The turbidity, τ, of a dispersion is a measure of the reduction in the intensity of 

transmitted light due to scattering and may be expressed as follows: 

 ( ) ⎟
⎠
⎞

⎜
⎝
⎛=

I
I

l
0ln

1λτ  (4.1) 

where l is the pathlength and I0 and I are the intensities of the incident and transmitted 

radiation, respectively.  The turbidity was measured by mounting a high-pressure optical 

cell with a pathlength of 0.762 mm into a UV-vis spectrophotometer (Beckman DU 50 

Series).  The emulsion was re-circulated without dilution using the homogenizer (Figure 

4.2) through the optical cell during the 15 minutes described above for emulsion 

formation. The optical cell was regulated at the desired temperature using heating tape 

and a temperature controller. 

 In order to investigate the emulsion stability, the turbidity was measured as a 

function of time at a fixed wavelength of 500 nm.  The effect of the CO2 density on the 

stability of the silica stabilized C/W emulsions was measured using a previously reported 

technique60.  The emulsion was first re-circulated through the optical cell for 15 minutes.  

After 15 minutes of shear, the homogenizer and the stir bar were stopped, and the 

turbidity measurements were immediately started.  At a given CO2 density, the turbidity 

was measured every five seconds for 15 minutes, after which time the CO2 density was 

rapidly decreased to a new value without stirring or re-circulating61.  For a given density, 

the emulsion stability was determined from the initial slope of the turbidity-time plot, 

dτ/dt.  The densities were chosen so that the silica-stabilized emulsion was relatively 

stable at the first three densities, while the final density was low enough to result in an 

increase in the measured turbidity as a result of Ostwald ripening and/or flocculation.  

After dτ/dt was measured at four CO2 densities, the CO2 density was then increased, the 

system was re-sheared for 15 minutes, and the turbidity was measured at four new CO2 

densities using the same protocol as above.  To accurately determine the effect of CO2 
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density on emulsion stability, dτ/dt was measured at multiple densities and plotted as a 

function of CO2 density. 

 

4.2.4 Optical Microscopy 

 In situ characterization of the droplet size in the emulsions was achieved by re-

circulating the emulsion through a high-pressure microscopy cell20 (pathlength = 137 

mm) which was mounted on a microscope (Nikon, OPTIPHOT2-POL).  The emulsion 

droplets were viewed at 400x magnification, and freeze-framed images were recorded 

using a CCD camera (MTI, CCD72) and image processing software (Streampix). 

 

4.3 Results and Discussion 

4.3.1 Silica-Stabilized Emulsion Formation and Stability 

 All of the emulsions formed had a uniform white appearance without any visible 

droplets and occupied the entire volume of the high-pressure cell.  Figure 4.3 represents a 

front-view digital photograph of a 50:50 (wt:wt) C/W emulsion formed with 1 wt% silica 

particles (76% SiOH coverage) at 25 ºC and a CO2 density of 0.739 g/mL (P = 68 bar) 

immediately after stopping the homogenizer.  The lack of a creaming front for a one hour 

period at such a low CO2 density is remarkable and indicates excellent stability to 

flocculation relative to traditional surfactant-stabilized emulsions60,61.  The formation of 

surfactant-stabilized emulsions typically requires CO2 densities greater than 0.82 g/mL (P 

> 100 bar)62,63 in order to sufficiently solvate the CO2-philic ligands and overcome the 

attractive van der Waals forces between approaching droplets.  However, the stabilization 

of C/W emulsions with solid particles is not dependent on tail solvation on the CO2 side 

of the interface, thus allowing for the formation of stable emulsions at lower CO2 

densities.  It is also interesting to note that even after the emulsion began to phase 

separate at the bottom, a CO2 layer did not become visible at the top of the cell, 

indicating the ability of the silica particles to prevent coalescence between the creaming 

CO2 droplets. 

 In order to manipulate the emulsion droplet size and stability, the shear stress was 
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Figure 4.3 

Digital photograph of a high-pressure cell containing a C/W emulsion at 25 ºC and a CO2 

density of 0.739 g/mL (P = 68 bar).  The emulsion consists of 1 wt% silica particles (76% 

SiOH) and 50 wt% CO2. 
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varied by adjusting the orifice in the homogenizing valve.  For high shear, the 

homogenizing valve was partially closed to achieve a pressure drop of 700 bar.  To 

achieve lower shear, the valve was left completely open, and the pressure drop across the 

valve was only 34 bar.  As shown in Table 4.1, the emulsion stability (100% SiOH silica 

particles) increased from 15 minutes to 12 hours as the pressure drop across the 

homogenizing valve was increased from 34 bar to 700 bar. 

The deformation of drops is governed by the ratio of the external stress to the 

Laplace pressure, commonly referred to as the Weber number (We): 

 
γ
η RG

We c=  (4.2) 

where ηc is the shear viscosity of the continuous phase, G is the shear rate, R is the 

droplet radius, and γ is the interfacial tension64.  In surfactant stabilized emulsions, the 

surfactant molecules aid droplet formation by lowering γ.  In a solid-stabilized o/w 

emulsion, the solid particles do not tend to lower γ 38, and a larger G is required to 

achieve a given Weber number.  The interfacial tension between water and compressed 

CO2 is typically 20 mN/m47, which is less than the γ for water-alkane interfaces.  The 

smaller Laplace pressure favors emulsion formation.  

Along with the pressure drop across the homogenizing valve, the particle 

hydrophilicity was also found to have a significant effect on the emulsion stability.  

Under identical conditions (25 ºC, ρCO2 = 0.956 g/mL, 50 wt% CO2, 1 wt % silica 

particles), the emulsion stability was found to increase from 15 minutes to 12 hours as the 

hydrophilicity of the silica particles was decreased from 100% SiOH to 76% SiOH 

surface coverage.  With both sets of particles, fine, homogeneous, milky white emulsions 

were formed (Figure 4.4a).  The appearance of the emulsion stabilized with 100% SiOH 

silica particles remained unchanged for nearly 15 minutes, after which time a clearing 

bottom phase was observed (Figure 4.4b), indicating the rise of CO2 droplets; that is a 

C/W emulsion.  In the case of the 76% SiOH silica particles, the stability increased to 12 

hours.  After 12 hours, a clearing bottom phase was observed as a result of creaming of 

CO2 droplets. 
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Table 4.1 

Emulsion stability and droplet size as a function of particle hydrophilicity, particle 

loading, dispersed volume fraction, CO2 density, and shear on emulsion stability and 

droplet size.  Stability is defined by the appearance of a 20% volume (based on the cell 

height) of excess water on the bottom of the cell, and the droplet size was calculated 

using the experimentally observed creaming velocities with equations 4.3 and 4.4.  

 

 

 

 

 

 

 

 

All of the emulsions consisted of 1wt% silica particles and 50 wt% CO2 and were formed 

with a pressure drop of 34 bar across the homogenizing valve at 25 ºC, expect for: 

* - formed with a pressure drop of 700 bar across the homogenizing valve 

†- consisted of 0.5 wt% silica particles 

‡ - consisted of 25 wt% CO2 

 

 

 

 

 

 

 

 

 

 

% SiOH Pressure 
bar 

ρCO2 
g/mL 

Stability 
hrs 

Do 
µm 

100 272 0.956 0.25 130 
100 272 0.956 12* 19 
76 272 0.956 12 19 
76 136 0.866 2.5 23 
76 68 0.739 1 26 
76 272 0.956 1.5† 53 
76 272 0.956 12‡ 19 
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Figure 4.4 

Digital photograph of a high-pressure cell consisting of 1 wt% silica particles (100% 

SiOH) and 50 wt% CO2 at 25 ºC and a CO2 density of 0.956 g/mL (P = 272 bar) after (A) 

0 minutes and (B) 15 minutes.  After 15 minutes, a clearing bottom phase was formed 

indicating a C/W emulsion. 

B) 

A) 
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For two reasons it is apparent that this clearing bottom phase is due to the 

creaming of dispersed CO2 droplets (C/W emulsion) rather than to the coalescence of 

dispersed water droplets (W/C emulsion).  First, the particles are highly hydrophilic and 

prefer the water phase, which is therefore expected to be the continuous phase based on 

Figure 4.1.  In addition, the turbidity did not decrease at the top of the cell, as would be 

expected for settling of water droplets, if a W/C emulsion were present. 

Along with particle wettability (hydrophilicity), the particle concentration can 

also greatly affect emulsion stability, as demonstrated by Binks and Lumsdon for water-

toluene emulsions41.  In their study, the emulsion stability was reported to increase as the 

concentration of silica particles increased.  Table 4.1 indicates that the C/W emulsion 

stability improved substantially as the loading of stabilizing silica particles was increased 

from 0.5 wt% to 1 wt%.  Solid particles impart emulsion stability by adsorbing at the 

liquid-liquid interface and forming a rigid barrier which is capable of impeding 

coalescence38.  Increasing the particle concentration results in a more complete protective 

barrier around the dispersed droplets, thus improving emulsion stability. 

 The key destabilization mechanisms for macroemulsions are creaming, 

flocculation, coalescence, and Ostwald ripening.  In a non-flocculated, dilute emulsion, 

the creaming velocity (us) of a spherical emulsion droplet may be calculated from Stokes’ 

law: 

 
c

s
gru

µ
ρ

9

2 2∆
=  (4.3) 

where r is the droplet radius, ∆ρ is the density difference between the dispersed and 

continuous phase and µc is the viscosity of the continuous phase.  For dispersions with a 

finite dispersed phase volume fraction (φ), hindered sedimentation effects will slow the 

settling velocity (u)65, such that 

 ( ) 55.61 φ−= suu  (4.4) 

As illustrated in Table 4.1, the CO2 density has a noticeable effect on emulsion 

stability.  As the CO2 density was decreased from 0.956 g/mL to 0.739 g/mL, the 

emulsion stability decreased from twelve hours to one hour for emulsions stabilized with 
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1 wt% silica particles (76% SiOH coverage).  Despite the strong dependency of the 

emulsion stability on the CO2 density, the average dispersed droplet size, as measured via 

both optical microscopy and creaming velocities, was observed to be relatively 

independent of the CO2 density (Table 1).  Based on the measured creaming velocities 

and equations 4.3 and 4.4, the calculated average dispersed droplet size was 

approximately 23 µm over a wide range of CO2 densities.  Figure 4.5 shows an optical 

microscope picture of a C/W emulsion stabilized with 76% SiOH silica particles at 25 ºC 

and a CO2 density of 0.956 g/mL (P =  272 bar).  The emulsion was polydisperse in size 

with droplets ranging from 2-20 µm.  The polydispersity in emulsion droplet size is likely 

due to the spectrum of eddy sizes produced by the high-pressure homogenizer.  The size 

of the largest droplets is consistent with the creaming velocity calculation.  According to 

optical microscopy, neither the degree of polydispersity nor the droplet sizes were 

observed to significantly change as the CO2 density was lowered to 0.739 g/mL.  Due to 

the small size of the silica nanoparticles (10 - 40 nm), the solid particles cannot be seen at 

the water/CO2 interface in an optical micrograph such as Figure 4.5. 

In all likelihood, creaming, flocculation, and Ostwald ripening each contribute to 

emulsion destabilization.  However, the fact that the dispersed droplet size is relatively 

independent of the CO2 density, even though the emulsion stability changed significantly 

as the CO2 density was decreased, indicates that creaming, as opposed to flocculation 

and/or Ostwald ripening is the dominant mechanism.  As the CO2 density is lowered, the 

density difference between the CO2 droplets and water increases.  This increase in the 

density difference between the dispersed and continuous phases increases the buoyancy 

forces and thus the gravitational driving force for phase separation. 

Along with changing the buoyancy forces, small changes in the CO2 density can 

also significantly affect solvation of the surfactant tails, thus affecting emulsion stability.  

The effect of solvent density on the stability of colloidal dispersions stabilized in CO2 

with polymeric surfactants has been reported previously54,60,61.  In these systems, the 

solvent expands away from the stabilizing ligands as the solvent density is lowered.  As 

the solvent density is lowered below a certain value, often referred to as the critical  
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Figure 4.5 

Video-enhanced optical microscope picture of a C/W emulsion with 2 wt% CO2 and 1 

wt% silica particles (76% SiOH) at 25 ºC and a CO2 density of 0.956 g/mL (P = 272 bar).  

The droplets are observed to be polydisperse in size (2-20 µm). 

10 µm 
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flocculation density (CFD), flocculation occurs as a direct result of chain collapse and the 

inability of the chains to overcome the attractive van der Waals (Hamaker) forces 

between approaching droplets. 

In the case of W/C emulsions, the stabilizing surfactant ligands are solvated 

sufficiently well at CO2 densities above the CFD to provide a high degree of steric 

stabilization against flocculation60.  However, as the CO2 density is lowered below the 

CFD, rapid flocculation occurs as a result of attractive core-core and tail-tail interactions.  

In the case of C/W emulsions, as the CO2 density is lowered, the tails on the inside of the 

CO2 droplets may no longer be solvated well enough to produce a large surfactant 

adsorption and low interfacial tension.  Thus, the surfactant molecules may desorb into 

the water phase or even into a new surfactant-rich phase leading to emulsion 

destabilization.  For both W/C and C/W emulsions, emulsion stability is dependent upon 

the ability of CO2, an exceptionally weak solvent, to solvate surfactant tails and 

overcome tail-tail interactions.  Stubby surfactants with broad, but short tails, have been 

shown to be more effective surfactants than those with long narrow tails, as they exhibit 

less overlap are more effective in blocking the water-CO2 interface22,33,34.  For silica 

stabilized CO2 droplets, the challenge in solvating surfactant tails is removed, as there are 

no surfactant tails to solvate.  In a sense, one may think of silica particles as broad surface 

active agents in the limit of no tails. 

The effect of CO2 density on the stability of silica-stabilized C/W emulsions was 

further examined with turbidimetry.  Figure 4.6 shows the turbidity as a function of time 

at a fixed wavelength of 500 nm for emulsions consisting of 1 wt% silica particles (76% 

SiOH) and 25 wt% CO2 at 25 ºC and various CO2 densities.  At ρCO2 = 0.866 g/mL and 

ρCO2 = 0.956 g/mL, the turbidity decreased only slightly over a two hour period, 

indicating excellent emulsion stability.  The slight decrease in turbidity resulted from the 

decrease in the number of dispersed droplets in the scattering volume due to creaming.  

At a CO2 density of 0.739 g/mL, the behavior of the turbidity-time profile was different.  

The turbidity increased slightly for approximately 30 minutes, peaked, and then 

decreased.  However, these changes in stability were small, indicating that even at this  
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Figure 4.6 

Time evolution of the turbidity at 500 nm for a solid-stabilized emulsion at 25 ºC and 

various CO2 densities.  The emulsion consists of 1 wt% silica particles (76% SiOH) and 

25 wt% CO2. 
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low CO2 density the emulsion is relatively stable.  The observed increase in the turbidity 

suggests scattering by larger particles due to Ostwald ripening and/or a slight degree of 

flocculation or coalescence, while the decrease in the turbidity at longer times arises from 

the creaming of the larger droplets. The formation of a stable emulsion at such a low CO2 

density is remarkable and is very difficult60,61 to achieve with traditional surfactants, 

where tails are not fully solvated by CO2. 

In an attempt to observe a CFD for silica-stabilized emulsions, turbidity-time 

profiles were measured at multiple CO2 densities using the procedure mentioned above.  

Figure 4.7 illustrates a typical turbidity-time profile for a silica-stabilized C/W emulsion 

for four densities in sequence at 25 ºC.  Even over a wide range of CO2 densities, the 

dependency of dτ/dt on the CO2 density is extremely small.  At the three highest CO2 

densities shown in Figure 4.7, the turbidity decreases slightly over time as a result of 

creaming.  However, as the CO2 density is lowered from 0.86 g/mL to 0.83 g/mL, the 

measured turbidity increases slightly with time.  This increase may be a result of Ostwald 

ripening, and/or a slight amount of flocculation and coalescence. 

Figure 4.8 shows the initial slope of the turbidity-time profile (dτ/dt) versus CO2 

density for the same emulsion.  In surfactant-stabilized W/C emulsions, such a plot 

typically includes a sharp break, and this break in the curve is generally denoted as the 

CFD60,61.  In Figure 4.8, a distinct break in the curve is not present, indicating that the 

CO2 density is above the CFD at all densities.  The lack of a CFD for silica-stabilized 

emulsions is not surprising since the stabilization mechanisms for particle-stabilized 

emulsions differ greatly from those of surfactant-stabilized emulsions.  In the case of 

solid-stabilized C/W emulsions, emulsion stability is not achieved trough tail solvation.  

Therefore, stability is not influenced by large changes in surfactant adsorption and 

interfacial tension due to changes in tail solvation versus tail-tail interactions.  Notice the 

hydrophobic CH3 groups on the 76% SiOH silica particles are known to be solvated very 

effectively by CO2
35.  It appears that the change in contact angle with pressure is 

sufficiently small to keep the particles in the proper position at the interface and that the 

particles are able to prevent coalescence.  Consequently, the challenges of tail solvation  
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Figure 4.7 

Turbidity-time profile at 500 nm for a silica-stabilized emulsion consisting of 1 wt% 

silica particles (76% SiOH) and 25 wt% CO2 at 25 ºC and various CO2 densities. 

50

55

60

65

70

75

80

85

0 10 20 30 40 50 60

T
ur

bi
di

ty
 (c

m
-1

)

Time (min)

187 
bar

0.908
g/mL

170 
bar

0.896
g/mL

129 
bar

0.859
g/mL

108
bar

0.834
g/mL



 129

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 

dτ/dt as a function of CO2 density at 25 ºC for an emulsion consisting of 1wt% silica 

particles (76% SiOH) and 25 wt% CO2. 
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and tail collapse that often plague surfactant stabilized emulsions involving CO2 may be 

bypassed in solid-stabilized emulsions. 

Although dτ/dt changes very little over a wide range of CO2 densities, there is 

evidence that droplet growth, through Ostwald ripening and/or flocculation, is present at 

lower CO2 densities.  As the CO2 density was decreased from 0.956 g/mL to 0.739 g/mL 

at a constant droplet size (as observed by microscopy), the creaming rate due to buoyancy 

was expected to increase by a factor of 6.  Experimentally, this rate was observed to 

increase by a factor of 12 (Table 4.1).  This result indicates that although creaming is the 

dominant destabilization mechanism, slight degrees of flocculation and/or Ostwald 

ripening are also present, resulting in the accelerated creaming of larger droplets.  The 

trend illustrated in Figure 4.8 also indicates that droplet growth is present at low CO2 

densities.  As shown in Figure 4.8, dτ/dt becomes slightly positive at low CO2 densities 

as a direct result of increased scattering by the growing droplets. 

  In a polydisperse emulsion, larger droplets will grow at the expense of the 

smaller droplets due to Ostwald ripening, whose rate ω is given by66: 

 
RT

DVc mm

9

8 γ
ϖ ∞=  (4.5) 

where c∞ is the solubility of the dispersed phase in the continuous phase for a planar 

interface, γ is the interfacial tension, Vm is the molar volume of the dispersed phase, and 

Dm is the diffusion coefficient of the dispersed phase in the continuous phase.  The 

solubility of carbon dioxide in water is extremely high (~ 5 wt%) compared to alkanes in 

water.  Consequently, the rate of growth CO2 droplets through Ostwald ripening in a 

particle stabilized C/W emulsion may be expected to be enhanced relative to alkanes.  As 

the droplets grow, the attractive van der Waals force for flocculation increases.  However, 

the long term stability in Figure 4.3 indicates that the flocculation was minimal.  The fact 

that the flocculation did not lead to significant coalescence suggests that the particles 

provided a strong barrier against coalescence.  Despite the high solubility of CO2 in 

water, the presence of a close-packed layer of particles around a droplet may impede 

ripening compared to a more dilute surfactant layer38.   
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4.3.2 Turbidimetric Measurement of the Effect of Silica Particle Hydrophilicity on 

Emulsion Stability 

 In order to more fully characterize the effect of particle hydrophilicity on 

emulsion stability, turbidity measurements were recorded as a function of time.  Figure 

4.9 illustrates the reduced turbidity (τr = τ/τ0 where τ is the turbidity at time t and τ0 is the 

initial turbidity) versus time for emulsions stabilized with 100% SiOH and 76% SiOH 

silica particles at 25 ºC and a CO2 density of 0.956 g/mL.  The reduced turbidity is 

plotted to show more clearly the change in turbidity for the two systems over the one 

hour period.  Figure 4.9 shows a significantly more rapid decrease in the turbidity for the 

emulsion stabilized with the 100% SiOH silica particles relative to the emulsion 

stabilized with the 76% SiOH silica particles.  The turbidity was observed to decrease as 

a function of time for both emulsions as a result of creaming. 

 This trend of increased emulsion stability as the hydrophilicity of the stabilizing 

silica particles is decreased has been observed in hydrocarbon oil-in-water emulsions43 

and can be explained by examining the energy required to remove a particle from the 

liquid-liquid interface (E): 

 ( )22 cos1 θγπ αβ ±= rE  (4.6) 

where r is the particle radius, γαβ is the interfacial tension of the liquid-liquid binary 

system, and θ is the contact angle the particles make with the interface, as shown in 

Figure 4.1.  In equation 4.6, the negative sign is chosen when the particle is translated 

from the interface into the water phase (θ < 90o), and the positive sign is chosen when the 

particle is translated from the interface into the non-aqueous phase (θ > 90o).  In each 

case the term in parenthesis is less than 1. 

As illustrated in equation 4.6, the solid particle radius and the contact angle that 

the solid particle makes with the interface are two of the key parameters in determining 

the stability of solid-stabilized emulsions.  A particle is most strongly held at the liquid-

liquid interface when θ = 90º and the term in parentheses is equal to unity, its maximum 

possible value.  A contact angle of 90º indicates that the particle is wetted equally by both 



 132

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 

Reduced turbidity as a function of time for two solid-stabilized emulsions consisting of 1 

wt% silica particles and 25 wt% CO2 at 25 ºC and a CO2 density of 0.956 g/mL (P = 272 

bar). 
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liquid phases (Figure 4.1).  Particles of an intermediate hydrophilicity will have a contact 

angle relatively close to 90º, and the energy to remove the particles from the interface is 

sufficiently large to favor stable emulsions.  However, if the particles are too hydrophilic 

(θ << 90º) or too hydrophobic (θ >> 90º), the energy required to remove a particle from 

the liquid-liquid interface is relatively small compared with the thermal energy (< 10 

kBT), and the emulsion is expected to exhibit low stability. 

Figure 4.10 illustrates the calculated energy of attachment for a spherical particle 

with a radius of 10 nm (relevant to silica particles in this study) at both the planar 

toluene-water interface (γαβ = 36 mN/m) and planar CO2-water interface (γαβ = 20 

mN/m)47 as a function of the contact angle.  Notice that the interfacial tension is 

unusually small for the CO2-water interface relative to the toluene-water interface.  

Therefore, for a given contact angle, the energy necessary to remove a spherical particle 

from the water-CO2 interface is considerably less than the energy required to remove an 

equivalent particle from the toluene-water interface. 

In addition to the emulsion stability, the contact angle also affects the dispersed 

droplet size markedly.  As indicated in Table 4.1, the dispersed droplet size decreased 

from 130 µm to 19 µm as the particle hydrophilicity was decreased from 100% SiOH to 

76% SiOH surface coverage.  The increase in the droplet size for the emulsion stabilized 

with the 100% SiOH silica particles is a result of its high contact angle relative to the 

76% SiOH silica particles.  The resulting weak attachment energy for the 100% SiOH 

silica particles at the water-CO2 interface and consequently, facile displacement from the 

interface during droplet collisions leads to larger droplets.  This trend of decreasing 

droplet size with a decrease in particle hydrophilicity is consistent with Binks and 

Lumsdon for toluene in water emulsions43.  For emulsions stabilized with very 

hydrophilic particles (i.e. 100% SiOH), the emulsions exhibited low stability and rapid 

coalescence with droplets greater than 100 µm.  However, as the hydrophilicity of the 

stabilizing particles was decreased (i.e. 76% SiOH), the oil droplets decreased in size to 

approximately 10 µm, and the overall emulsion stability was found to improve markedly. 
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Figure 4.10 

Attachment energy (E) of a spherical particle (r = 10 nm) at the planar toluene-water (γαβ 

= 36 mN m-1) interface and planar CO2-water (γαβ = 20 mN m-1) interface as a function of 

the contact angle (measured through the aqueous phase) at 25 ºC.  The attachment energy 

was calculated using equation 4.6. 
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4.4 Conclusions 

 Carbon dioxide-in-water emulsions may be stabilized with silica nanoparticles, 

without the use of a surfactant.  On the basis of optical microscopy, turbidimetry, and 

experimentally measured creaming rates, the emulsion stability and droplet size were 

investigated.  The emulsion stability was influenced significantly by the particle 

concentration, the pressure drop across the homogenizing valve, and the particle 

hydrophilicity.  An increase in the concentration of silica particles raised the stability due 

to the formation of a more complete protective barrier around the droplets.  Greater shear 

in the homogenizing valve produced smaller droplets, thus enhancing emulsion stability.  

Finally, decreasing the silica particle hydrophilicity from 100% SiOH to 76% SiOH 

raised the stability by lowering the contact angle and thus increasing the attachment 

energy of the particles at the water-CO2 interface. 

The emulsions were stabilized against flocculation and coalescence by the silica 

particles at CO2 densities as low as 0.739 g/mL.  The formation of a stable emulsion at 

such a low CO2 density is remarkable relative to emulsions stabilized with surfactants, as 

CO2 solvation of surfactant tails is usually very weak at ρCO2 = 0.739 g/mL.  According 

to optical microscopy and measured creaming velocities, the average droplet size was 

relatively independent of the CO2 density, indicating that creaming, as opposed to 

flocculation or Ostwald ripening, is the dominant destabilization mechanism for these 

emulsions.  In addition, the turbidity data and creaming velocities indicate that slight 

droplet growth through flocculation and/or Ostwald ripening occurs at low CO2 densities.  

Due to the high solubility of carbon dioxide in water compared to alkanes in water, fast 

droplet growth through Ostwald ripening is a possibility for C/W emulsions.  The 

observations that such growth did not take place, and that flocculation and coalescence 

were minimal indicate the silica particles effectively partition to the water-CO2 interface 

and form a rigid, protective barrier around the CO2 droplets. 

Solid-stabilized emulsions of oil and water are already used extensively in 

practical applications.  The ability to form C/W emulsions with silica particles at 

pressures below 100 bar bypasses the challenge of solvating surfactant tails in surfactant 
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stabilized emulsions.  Therefore silica stabilized C/W emulsions are of significant 

practical interest.  In addition, a key advantage of C/W emulsions, relative to o/w 

emulsions, is that they may be completely broken simply by venting the highly volatile 

CO2.  The water/silica nanoparticle mixture may then be recovered and recycled, or even 

dried to obtain the silica particles. 
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Chapter 5 

 

Steric Stabilization of Core-Shell Nanoparticles in Liquid Carbon 

Dioxide at the Vapor Pressure 

 

 

Non-dilute nanoparticle dispersions were stabilized in liquid CO2 at 25 ºC at 

pressures as low as the vapor pressure for greater than 30 minutes.  By modifying 

hydrophilic silica with a tri-functional silylating agent, (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)triethoxy silane, a cross-linked polymer shell was formed around the 

silica core.  The presence of the shell led to weaker Hamaker interactions between 

approaching fluoro-silica composite particles and enabled dispersibility at weaker solvent 

conditions (low pressures) than for metals with larger Hamaker constants.  Steric 

stabilization of the nanoparticles was provided by low molecular weight perfluorodecane 

side chains at the surface of the fluoro-silica composite shell.  Compared to polymeric 

chains, the perfluorodecane side chains are more easily solvated and thus stabilize 

nanoparticle dispersions in CO2 at much lower pressures, even down to the vapor 

pressure. 

 

 

 

 

 

*Reprinted with permission from Dickson, J.L., Shah, P.S., Binks, B.P., and Johnston, 

K.P., Langmuir, 2004, 20, 9380-9387.  Copyright © 2004 by American Chemical 

Society. 
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5.1 Introduction 

 CO2 has emerged as an environmentally benign alternative to traditional organic 

solvents in various industrial processes such as microelectronics processing1, photoresist 

drying2, metal extraction3, nanoparticle synthesis4-9, enzymatic catalysis10, and dry 

cleaning1.  Novel CO2-based processes such as particle assembly by drop-casting11 and 

free meniscus coating12 require a vapor-liquid interface.  Unfortunately, the solvent 

strength of CO2 at its vapor pressure (63 bar at 25 ºC) is extremely weak and usually 

insufficient to solvate steric stabilizers for colloids.  Consequently, steric repulsion 

between colloidal particles is often too weak to counteract the attractive van der Waals 

forces in order to prevent flocculation.  From a practical point of view, it would be 

desirable to form colloidal dispersions at the vapor pressure rather than at pressures on 

the order of 200 - 300 bar, typically reported in previous studies13-15. 

The preparation of colloidal dispersions16, including microemulsions17-23, 

miniemulsions24,25, macroemulsions26-29, polymer latexes13, and inorganic silica14,15,30 and 

metal5,6,8,9,11,31-33 dispersions in CO2 has received increasing attention over the past 

decade.  Tables 5.1 and 5.2 provide examples of colloidal dispersions in supercritical 

fluids, dating back to 1994, stabilized with both high and low molecular weight 

surfactants.  DeSimone and colleagues demonstrated the ability of a polymeric ligand, 

poly(1,1-dihydroperfluorooctyl acrylate) (PFOA), to stabilize micron-sized polymer 

latexes13 in supercritical CO2.  More recently, poly(1,1-dihydroperfluorooctyl 

methacrylate) (PFOMA) has been employed to stabilize both inorganic silica 

dispersions15 and water-in-CO2 miniemulsions34.  The low cohesive energy density of 

these fluorinated polymers allows for increased compatibility with CO2, thus allowing for 

a high degree of steric stabilization.  However, despite the high degree of compatibility of 

these fluorinated polymeric ligands with CO2, neutron scattering studies have indicated 

that pressures above 100 bar are typically required to achieve good solvent conditions for 

fluoropolymer stabilizers35,36.  Consequently, polymeric stabilizers have not led to any 

stable colloids in CO2 at the vapor pressure.   

Whereas microemulsions have been stabilized with both high and low molecular 
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Table 5.1 

Classes of colloidal dispersions in CO2 stabilized with low molecular weight surfactants. 

 

Colloid Stabilizing Group M.W. 
Min. T and P 

for Stability 
Ref # 

C7F15CH(OSO3
-Na+)C7H15 600 25ºC, 231 bar 17,20 

CF3O(CF2CF(CF3)O)~3CF2COO-NH4
+ 740 35ºC, 116 bar 19 

H(CF2)6CH2(OPO3
-NH4

+)CH2(CF2)6H 743 25ºC , 63 bar 21 

C6F13(CH2)2(OPO3
-Na+)(CH2)2C6F13 812 27ºC , 119 bar 22 

Water-in-CO2 

microemulsion 

Octa(ethylene glycol) 2,6,8-trimethyl-

4-nonyl ether 
552 35ºC , 248 bar 23 

Water-in-CO2 

miniemulsion 
None Reported NA NA Na 

Water-in-CO2 

macroemulsion 
((CH3)3SiO)2Si(CH3)(CH2)3EOnOH 572 25ºC , 300 bar 29 

Polymer Latex None Reported NA NA NA 

Silica Perfluorodecane triethoxy silane 610 25ºC , 63 bar  
this 

work 

Sodium bis(2-

ethylhexyl)sulfosuccinate 
444 25ºC , 300 bar 5 

CF3O(CF2CF(CF3)O)nCF2COO-NH4
+ 672 45ºC , 345 bar 6 

Perfluorodecane thiol 480 25ºC , 63 bar 31 

Nanocrystal 

Fluorooctyl methacrylate thiol 481 25ºC , 63 bar 11 
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Table 5.2 

Classes of colloidal dispersions in CO2 stabilized with high molecular weight surfactants. 

 

Colloid Stabilizing Group M.W. 
Min. T and P 

for Stability 
Ref # 

Polymer Latex Perfluorooctyl acrylate >104 65ºC, 204 bar 13 

Water-in-CO2 

microemulsion 

(perfluorooctyl acrylate)-g- 

poly(ethylene oxide) 

28.3k-g-

5k 
60ºC, 255 bar 18 

Water-in-CO2 

miniemulsion 

(perfluorooctyl methacrylate)-

b-poly(ethylene oxide) 
7k-b-2k 25ºC, 156 bar 25,34 

Water-in-CO2 

macroemulsion 

Polydimethylsiloxane-b-

poly(acrylic acid) 
10k-1.5k 25ºC, 102 bar 28 

Polystyrene-b-perfluorooctyl 

acrylate 

4.5k-b-

24.5k 
35ºC, 152 bar 14 

Poly(dimetylsiloxane) 10k Not stable 30 Silica 

Perfluorooctyl methacrylate 5k 35ºC, 136 bar 15 
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weight surfactants, miniemulsions and polymer latexes have been stabilized only with 

high molecular weight surfactants to date (see Tables 5.1 and 5.2).  For particles below 

about 100 nm in diameter with sufficiently weak attractive Hamaker interactions between 

the particle cores, low molecular weight stabilizers11,31 reduce the threshold for stabilizer 

solvation, offering the possibility for dispersibility at weaker solvent conditions, i.e. low 

pressures37,38.  However, the number of studies demonstrating the formation of stable 

dispersions at the vapor pressure is limited.  Steytler and co-workers reported a low 

molecular weight ammonium perfluorodialkyl phosphate surfactant for the stabilization 

of a water-in-CO2 microemulsion at the CO2 vapor pressure21.  In addition, dilute 

dispersions, ca. 0.1 mg/mL, of 5 nm gold and silver nanocrystals have been stabilized in 

liquid CO2 at the vapor pressure with low molecular weight fluorooctyl methacrylate and 

perflourodecane ligands, respectively11,31.  However, for many practical applications, 

much more concentrated dispersions are required, and none have been reported to date. 

In the first of several studies of silica dispersions in CO2
14,15,30, Calvo and co-

workers14 demonstrated the stabilization of surface-modified hydrophobic silica for hours 

at high pressures.  Unfortunately the composition and structure of the siloxane-based 

surface coating on the silica was unknown.  In another study, Yates and co-workers30 

reported that silica particles with surface-grafted poly(dimethylsiloxane) (PDMS) chains 

could not be sterically stabilized against flocculation at pressures up to 345 bar at 25 ºC, 

unless a cosolvent was added.  The particles could not be stabilized even though the 

density of CO2 was far in excess of the upper critical solution density, below which 

PDMS is not soluble in CO2.  Neutron reflectivity experiments demonstrated that the 

extension of end-grafted PDMS chains on silica substrates is limited by strong short- and 

long-range attractions between the chains and the substrate39.  This limited extension will 

reduce the degree of steric stabilization provided by PDMS. 

Sirard and colleagues15 formed stable 200 nm Stober silica colloids by end-

grafting PFOMA (MW 5k-100k) onto the particle surfaces.  As shown with small angle 

neutron scattering (SANS) measurements, poly(1,1-dihydroperfluorooctyl acrylate) 

(PFOA), a polymer similar to PFOMA, possesses a positive second virial coefficient at 
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65 ºC and 340 bar, indicating that CO2 is a good solvent for this polymer40.  At this same 

condition, PDMS possesses a negative second virial coefficient41.  However, 

Melnichenko and co-workers42 later showed a positive second virial coefficient for 

PDMS at 65 ºC and 583 bar, a pressure beyond the scope of the study of Yates et al.30  

Despite the improved performance of PFOMA over PDMS, Sirard et al.15 reported that 

moderately high CO2 densities (> 0.78 g/mL) were needed to solvate the polymeric 

PFOMA tails and provide an adequate barrier against flocculation.  As the PFOMA Mn 

was decreased from 100,000 to 5000, the upper critical solution density (UCSD) phase 

boundary decreased. Furthermore, the critical flocculation density, or CO2 density below 

which flocculation occurs, decreased by the same amount as the UCSD.  On this basis of 

this study, it would be desirable to utilize even lower molecular weight chains assuming 

that the van der Waals interactions between the cores were not too strong. 

The objective of this work was to form a non-dilute dispersion of surface 

modified nanoparticles in liquid CO2 at the vapor pressure.  Dispersibility in CO2 was 

achieved by modifying hydrophilic silica with a tri-functional fluorinated silylating agent 

(heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxy silane.  This tri-ethoxy coupling agent 

formed a cross-linked polymer shell around the silica core which helped screen the 

Hamaker interactions between approaching fluoro-silica composite particles.  

Consequently the particles were dispersible at weaker solvent conditions.  Steric 

stabilization was provided by low molecular weight perfluorodecane side chains at the 

surface of the fluoro-silica composite shell.  The stability of the dispersion was measured 

as a function of CO2 density with turbidimetry and by visual observations of settling 

fronts in the high-pressure variable-volume view cell.  Assuming a bimodal size 

distribution, the dispersed volume fractions and average sizes of the large and small 

aggregates were estimated from turbidimetry.  The mechanism of the stabilization is 

characterized semi-quantitatively by comparing the calculated van der Waals interaction 

versus distance of separation with the length of the perfluorodecane side chains. 

 

5.2 Experimental 
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5.2.1 Materials 

 Fumed silica (Aerosil 300) with a surface area of 300 m2g-1 and an average 

primary particle diameter of 7 nm, according to the supplier, was obtained from Degussa.  

The unmodified silica particles were hydrophilic and easily dispersible in water.  On the 

basis of measurements made with a Phillips EM 208 transmission electron microscope 

(TEM) with a 4.5 Ǻ point-to-point resolution operating with an 80 kV accelerating 

voltage, the primary size of the unmodified silica particles was observed to be ~10 nm in 

diameter.  The coupling agent (heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxy silane 

(Gelest), ethanol (AAPER), 1,1,2-trichlorotrifluoroethane (Freon-112; Aldrich), and 

acetic acid (Fisher Scientific) were used as received.  Deionized water (Nanopure II, 16 

µS/cm) was used as indicated, and research grade carbon dioxide was passed through an 

oxygen trap prior to use. 

5.2.2 Silane Grafting 

 The hydrophilic silica particles were silylated with (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)triethoxy silane in aqueous ethanol44.  Briefly, a 95:5 (wt:wt) 

ethanol/deionized water solution was prepared, and the pH of the aqueous alcohol 

solution was adjusted to ~5 using acetic acid.  The silane coupling agent was added to the 

ethanol/water solution to yield a 2 wt% silane final concentration, and the mixture was 

stirred for five minutes to allow for hydrolysis and silanol formation.  Silica particles 

were added to a five fold molar excess acidic silane/water/ethanol solution (based on the 

number of reactive sites on the silica surface, ~ 4.6 OH-/nm2)45 and sonicated for 20 

minutes.  After 20 minutes of sonication, the solvent was slowly boiled off, and the 

particles were collected and re-dispersed in ethanol.  After slowly boiling off the ethanol, 

the particles were collected and placed in an oven at 110 ºC overnight to cure the silane 

layer and remove all excess water from the surface.  The modified silica particles were 

not dispersible in water, but they could be easily dispersed in Freon-112.   

 5.2.3 Dispersion Formation 

 The dispersions were formed by adding an appropriate mass of the modified silica 

particles and CO2 to the front of a high-pressure variable-volume view cell28, as 
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illustrated in Figure 5.1.  For all experiments, the particle loading was maintained at 1 

wt%.  The contents of the cell were mixed with a magnetic stir bar for several hours, after 

which time the mixture was sheared for approximately 15 minutes through an orifice with 

a high-pressure homogenizing pump (Avestin, model C-5) (Figure 1) in order to break-up 

the silica aggregates.  The pressure drop across the homogenizing valve was 34 bar.  The 

temperature was controlled to ± 0.1 °C by immersing both the view cell and the 

homogenizer into water baths equipped with temperature controllers (Julabo, Inc.).  The 

back pressure on the cell was maintained using a computer-controlled high-pressure 

syringe pump (Isco, model 260 D), and the pressure was detected to ± 0.02 MPa with a 

Sensotec pressure transducer. 

5.2.4 Turbidity Measurements 

 Along with visual observations, the dispersion stability was also characterized 

with turbidity.  The turbidity, τ, of a dispersion is a measure of the reduction in the 

intensity of transmitted light due to scattering and may be expressed as follows 

 ( ) ⎟
⎠
⎞

⎜
⎝
⎛=

I

I

l
0ln1λτ  (5.1) 

where l is the pathlength and I0 and I are the intensities of the incident and transmitted 

radiation, respectively.  The turbidity was measured by mounting a high-pressure optical 

cell into a UV-vis spectrophotometer (Beckman DU 50 Series).  The optical-cell was 

fitted with two 0.2 cm thick sapphire windows and had a pathlength of 0.762 mm.  The 

dispersion was re-circulated without dilution with the homogenizer (Figure 5.1) through 

the optical cell during the 15 minutes period described above to form the dispersion. 

In order to investigate the dispersion stability quantitatively, the turbidity was 

measured as a function of time at a fixed wavelength of 500 nm.  The effect of the CO2 

density on the dispersion stability was determined by measuring the turbidity-time 

profiles at various CO2 densities.  The dispersion was first re-circulated through the 

optical cell for 15 minutes at a system pressure of 340 bar.  After 15 minutes of shear at 

340 bar, the homogenizer and the stir bar were stopped, the system pressure was adjusted 

to the desired value, and the turbidity measurements were immediately started.  At a 
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Figure 5.1 

Schematic of the high-pressure apparatus used to form and characterize the modified 

silica dispersions. 
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given pressure, the turbidity was measured every five seconds for 30 minutes.  After 

thirty minutes, the system pressure was increased to 340 bar, and the dispersion was re-

sheared for 15 minutes.  After 15 minutes of shear, the homogenizer was again stopped, 

the system was adjusted to a new value, and the turbidity measurements were 

immediately started.  By operating in such a fashion, turbidity-time profiles were 

measured at multiple CO2 densities.  For a given CO2 density, the dispersion stability was 

determined from the initial slope of the turbidity-time plot, dτ/dt. 

 

5.3 Results and Discussion 

 The as received hydrophilic silica particles were not dispersible in CO2, but could 

be dispersed after modification with the perfluorodecane triethoxy silylating agent.  The 

composite fluoro-silica core-shell particles were analyzed by TEM microscopy and 

elemental analysis.  Figure 5.2 shows a representative transmission electron micrograph 

of the modified silica particles drop cast onto a carbon-coated copper TEM grid from 

Freon-112.  From the TEM image, it is observed that the modified silica particles exist in 

an aggregated state with a primary particle size of ~25 nm in diameter.  This type of 

aggregation is nearly always present for particles that are recovered in a dry state.  The 

increase in diameter of the primary particles relative to that of the as received silica 

particles indicates that a fluoropolymer shell coats the surface. 

 It is well documented in the literature that treating a surface with tri-ethoxy 

silanes will result in the formation of a three-dimensional cross-linked polymeric network 

as opposed to a monolayer46-49.  Therefore, it seems reasonable to treat the modified silica 

particles as a composite material consisting of a fumed silica core and a cross-liked 

polymer shell49, as illustrated in Figure 5.3.  In order to determine the thickness of the 

fluoropolymer shell, elemental analysis for fluorine was performed by Galbraith 

Laboratories, Inc. (Knoxville, TN).  The fluorine content was 46.56 wt%.  Given this 

result and assuming a primary silica particle size of 10 nm (based on TEM for the 

unmodified silica particles), the fluoropolymer shell thickness was calculated to be 

approximately 6.6 nm.  A shell thickness of 6.6 nm would result in a fluoro-silica 
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Figure 5.2 

Representative transmission electron micrograph (TEM) of the modified silica particles 

drop cast onto a carbon-coated copper TEM grid from Freon-112.  The TEM images 

were obtained with a Phillips EM 208 transmission electron microscope (TEM) with a 

4.5 Ǻ point-to-point resolution operating with an 80 kV accelerating voltage.   
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Figure 5.3 

Schematic illustrating the cross-linked polymer shell around a silica core.  Note that the 

figure is not drawn to scale. 
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composite particle size of 23.2 nm in diameter, and this value is in excellent agreement 

with the TEM images of the fluoro-silica composite particles (~25 nm). 

 The fluoro-silica composite particles were easily dispersible in CO2 at pressures 

as low as the vapor pressure at 25 ºC.  Figure 5.4 represents front-view digital 

photographs of the modified silica dispersion at 25 °C and 340 bar (5.4a) and at the vapor 

pressure of 63 bar (5.4b), 30 minutes after stopping the stirring and shear.  The uniform 

dispersion formed at 25 ºC and 340 bar was milky white and occupied the entire volume 

of the cell.  No settling front was observed over thirty minutes, indicating effective 

solvation of the fluoroalkane side-chains on the surface of the fluoro-silica composite 

particles by CO2, thus providing an adequate steric barrier against flocculation.  Figure 4b 

shows the dispersion at the vapor pressure of 63 bar at 25 ºC.  The piston inside the view 

cell was moved back until the CO2 vapor-liquid meniscus became visible.  Similar to the 

dispersion at 340 bar, no settling front was seen after 30 minutes, indicating long-term 

stability at the vapor pressure.  Note that the vapor-liquid meniscus, which is clearly 

visible in the photograph (5.4b), should not be confused with a particle settling front.  

Compared to the dispersion at 340 bar, the dispersion at the vapor pressure was not quite 

as opaque.  In addition, a small amount of excess silica was observed at the bottom of the 

cell, whereas no excess silica was observed at 340 bar.  Although a small portion of the 

silica particles flocculated and settled out of solution at the vapor pressure, the vast 

majority of the particles were stable for 30 minutes without a settling front. 

Figure 5.5 shows the turbidity-time plots for the fluoro-silica composite 

dispersion at 25 ºC and various pressures (340 bar, 102 bar, and 68 bar), and these plots 

are consistent with qualitative visual observations of the dispersion in the variable-

volume view cell.  At the highest pressure, the dispersion was stable, and the turbidity 

increased only slightly as a result of slow flocculation.  At this condition, the stabilizing 

fluoroalkane side chains on the surface of the fluoro-silica composite particles were well 

solvated and provided adequate stabilization of the entire particle size distribution.  

However, as the pressure was lowered, the decrease in the solvation capacity of CO2 for 

the fluoroalkane side chains reduced the steric barrier against flocculation and settling.   
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Figure 5.4 

Digital photographs of silica dispersions containing 1 wt% fluoro-silica composite 

particles at 25 ºC and (a) 340 bar and (b) vapor pressure 30 minutes after shearing.  The 

vapor-liquid meniscus is clearly visible in 4b and should not be confused with a particle 

settling front. 

a)

b)

a)a)

b)b)



 155

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 

Turbidity-time plots for dispersion consisting of 1 wt% flouro-silica composite particles 

at 25 ºC and various pressures at 500 nm. 
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At an intermediate value, such as 102 bar, the negative value of dτ/dt may be attributed to 

flocculation and settling of the larger fluoro-silica aggregates.  As the pressure was 

further lowered toward the vapor pressure, the settling of the larger aggregates resulted in 

a smaller dispersed volume fraction and subsequently, a lower initial turbidity at 68 bar 

(Figure 5.5).  In addition, Figure 5.5 shows that the turbidity decreased very slowly at 68 

bar relative to the 102 bar turbidity plot, indicating excellent stability of the smaller 

remaining fluoro-silica aggregates at low pressures. 

For clarity, only three turbidity plots are shown in Figure 5.5.  However, a 

complete listing of dτ/dt at various conditions is listed in Table 5.3.  Clearly, dτ/dt was 

relatively independent of solvent density at pressures between 102 and 136 bar, which 

corresponds to the settling of the larger fluoro-silica aggregates.  In addition, the average 

dτ/dt measured between these pressures was five times larger than the dτ/dt measured at 

68 bar.  Since dτ/dt is a measure of the settling velocity, which scales as d2 50, the larger 

fluoro-silica aggregates may be assumed to be approximately 5  times larger than the 

smaller aggregates. 

The simplest model consistent with the three isobaric settling curves is a bimodal 

distribution.  The TEM image in Figure 5.2 showed that the particles were aggregated in 

the dry state, so it is not surprising that the aggregates dispersed in CO2 were not 

monodisperse in size.  Figure 5.6 shows a schematic of two approaching fluoro-silica 

composite aggregates.  Steric stabilization is achieved through sufficient tail solvation of 

the perfluorodecane stabilizing side chains at the surface of the cross-linked polymeric 

shell.  The small aggregates are stable at all three pressures, while the large aggregates 

are stable at only the highest pressure.  At intermediate pressures, such as 102 bar, the 

strong van der Waals forces between the large aggregates coupled with the reduced 

solvation of the stabilizing fluoroalkane side chains on the surface of the cross-linked 

polymer shell result in the flocculation and settling of the large aggregates.  The long 

term stability for the smaller aggregates at the vapor pressure may be attributed to weaker 

core-core interactions relative to the large aggregates and the ability of the fluoroalkane 

side chains on the surface of the cross-linked polymer shell to screen these interactions.   
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Table 5.3 

Effect of pressure on the stability of silica dispersions consisting of 1 wt% fluoro-silica 

composite particles at 25 ºC. 

 

Pressure 
bar 

CO2 density 
g/mL 

dτ/dt 
cm-1 min-1 

136 0.866 -0.0598 
119 0.847 -0.0832 
110 0.836 -0.0825 
102 0.824 -0.0665 
68 0.739 -0.0147 
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Figure 5.6 

Forces between two fluoro-silica aggregates approaching each other.  Note that the 

schematic is not drawn to scale. 
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In an attempt to estimate the two average aggregate sizes (d1 and d2) and the 

dispersed volume fractions (φ1 and φ2) for a bimodal size distribution, the turbidity at 340 

bar, consisting of contributions from both the large and small fluoro-silica aggregates, 

was compared to the turbidity at 68 bar which consists of only contributions from the 

small aggregates.  A bimodal distribution was assumed for simplicity, although more 

modes may be present.  In this study, the aggregates of core-shell particles were treated 

as uniform spheres with the same overall composition as the core-shell particles.  For a 

bimodal distribution of non-adsorbing, isotropic spheres in the absence of multiple 

scattering, the turbidity may be expressed as follows51: 
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where φ is the dispersed volume fraction, d is the particle diameter, Q is the scattering 

coefficient52, λ is the incident wavelength, and m is the refractive index ratio of the 

dispersed phase (fluoro-silica composite ~1.35, as discussed below) to the continuous 

phase (CO2 ~ 1.23 at 340 bar53). 

The refractive index for the fluoro-silica composite, nmix, can be estimated from 

the pure component refractive indices using the Lorenz-Lorentz mixing rule30, 
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where φsilica and φsilane are the volume fractions (as determined by elemental analysis) of 

silica and silylating agent in the fluoro-silica composite, respectively.  The pure 

component refractive indices for silica (nsilica) and the silylating agent (nsilane) were taken 

to be 1.45 30 and 1.34 (Gelest), respectively.  Using these values and equation 3, the 

refractive index for the flouro-silica composite was estimated to be 1.35, and this value 

was assumed to be independent of the CO2 density.     

 Given the experimentally measured turbidity data at 340 bar and 68 bar and the 

known total volume fraction of particles, the calculated effective diameters of the small 

and large fluoro-silica aggregates were 120 nm and 270 nm, respectively, according to 

eq. 5.2.  The smaller aggregates made up 90% of the dispersion by volume.  Note that 
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even in an excellent solvent such as Freon-112 for the perfluorodecane chains, the fluoro-

silica composite particles were in an aggregated state with an average aggregate size of 

110 nm as measured with turbidimetry.  It may be expected that shearing the dispersion 

in neither CO2 nor Freon-112 could break up the dry particle aggregates that were formed 

during recovery of the fumed silica.  In CO2, the larger aggregates, which make up 10% 

of the dispersion by volume, could not be stabilized at the vapor pressure.  This value of 

10% is consistent with the fraction of settled particles visually observed in Figure 5.4b.  

Remarkably, the remaining 90% of the initial fluoro-silica aggregates are solvated well 

enough to disperse at the vapor pressure due to their smaller size. 

The lack of dispersibility for the 270 nm fluoro-silica aggregates in liquid CO2 at 

the vapor pressure indicates the inability of the fluoroalkane side chains on the surface of 

the cross-linked polymer shell to screen the attractive core-core forces between these 

large aggregates and prevent flocculation.  The van der Waals attraction (Φvdw) between 

two spherical particles depends on the Hamaker constant (A), the particle diameter (d), 

and the center-to-center separation distance of two approaching particles (x), and may be 

expressed as follows54: 
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The Hamaker constant, A121, for one fluoro-silica composite particle (subscript 1) 

interacting with another fluoro-silica composite particle across CO2 (subscript 2) may be 

approximated using the following relationship54, 

 ( )22211121 AAA −=  (5.5) 

where A11 and A22 are the Hamaker constants for the fluoro-silica composite and CO2, 

respectively, interacting across vacuum.  These values can be estimated using a 

simplification of Lifshitz theory54: 
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where ve is the maximum electronic ultraviolet adsorption frequency, typically assumed 

to be 3 × 1015 s-1 33.  The values for the refractive index and the dielectric constant for 

CO2 were taken from the literature53.  For these calculations, the aggregates of core-shell 

particles were treated as uniform spheres with the same overall composition as the core-

shell particles.  This model will over predict the van der Waals attraction since it does not 

include the higher concentration of fluorine near the surface of the aggregates.  The 

refractive index for the fluoro-silica composite, 1.35, was estimated using equation 3, and 

a value of 1.99 was estimated for the dielectric constant of the mixture by replacing nmix 

with εmix
1⁄2 in equation 3 30.  Based on these numbers, the Hamaker constant for the fluoro-

silica composite across CO2 at 340 bar is approximately 0.03 eV.  For comparative 

purposes, the Hamaker constant for pure silica across CO2 at the same pressure is 0.1 eV.  

Therefore, the presence of the fluorinated shell around the silica core does help to reduce 

the attractive core-core interactions and thus allow for dispersibility at lower CO2 

densities. 

 Figure 5.6 shows a schematic of two approaching fluoro-silica composite 

aggregates.  Steric stabilization is achieved through sufficient tail solvation of the 

perfluorodecane stabilizing side chains at the surface of the fluoro-silica particles.  In 

order to prevent flocculation between approaching aggregates, the repulsive, steric 

(Φsteric) term must exceed the attractive van der Waals interaction at all separation 

distances: ( )stericvdwtotal Φ+Φ=Φ .  For simplicity, a hard shell repulsion model has been 

used to estimate the steric interactions: 

 ∞=Φ steric , x ≤ 2l (5.7) 

 0=Φ steric , x > 2l (5.8) 

where l is the length of the perfluorodecane stabilizing side chain (l ~ 1.25 nm). 

 Figure 5.7a shows the total potential as a function of separation distance for the 

large and small fluoro-silica aggregates at 25 ºC and 63 bar.  There is a slight attractive 

well of magnitude greater than –(3/2)kBT (the energy supplied by Brownian motion) for 

the 120 nm fluoro-silica aggregates.  The slight well suggests that a small, net attractive 

force will produce slow flocculation.  The perfluorodecane side chains on the surface of 
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Figure 5.7 

(a) Calculated total interaction potentials as a function of the edge-to-edge separation 

distance for 120 nm and 270 nm diameter fluoro-silica aggregates in CO2 at 25 ºC and 63 

bar and (b) calculated total interaction potentials as a function of the edge-to-edge 

separation distance for 120 nm diameter fluoro-silica aggregates and 120 nm diameter 

silica particles at 25 ºC and 63 bar.  The length of the stabilizing side chains is ~1.25 nm. 
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the 120 nm fluoro-silica aggregates were solvated well enough to kinetically stabilize the 

small aggregates for more than thirty minutes at the vapor pressure.  Figure 5.7a also 

illustrates that the attractive well deepens significantly as the size of the fluoro-silica 

aggregate is increased from 120 nm to 270 nm.  At the vapor pressure, the 

perfluorodecane side chains on the surface of the fluoro-silica composite aggregates do 

not keep the aggregates far enough apart to screen the stronger core-core attractions of 

the larger 270 nm aggregates to prevent flocculation and settling. 

 Figure 5.7b illustrates the total potential as a function of separation distance for 

the 120 nm fluoro-silica aggregates and for 120 nm pure silica particles at 25 ºC and 63 

bar.  The attractive well for the pure silica particles is significantly deeper than that for 

the fluoro-silica composite aggregates, indicating stronger core-core attraction due to the 

stronger Hamaker constant A121.  Without the formation of a cross-linked polymeric shell 

around the silica cores to screen the core-core attraction, the length of the 

perfluorodecane stabilizing moiety would not be long enough to prevent rapid 

flocculation and settling. 

Whereas multiple studies have investigated the stabilization of silica particles in 

carbon dioxide14,15,30, no study to date has reported dispersibility in liquid CO2 at the 

vapor pressure.  The ability to achieve dispersibility in liquid CO2 at the vapor phase in 

this system may be attributed to various factors.  First, compared to the earlier work of 

Calvo and co-workers with hydrophilic silica14, the perfluorodecane ligands used in this 

study are grafted onto the silica surface as opposed to being merely adsorbed onto the 

surface.  In addition, the use of a tri-ethoxy silane coupling agent and the subsequent 

formation of a fluorinated shell around the silica core weakens the Hamaker attraction 

between approaching particles.  The polymeric shell around the core also reduces the 

attractive interactions between the silica core and the fluoroalkane side chains, favoring 

greater side-chain extension into bulk CO2 to provide a higher degree of steric 

stabilization39.  Compared to the previous studies of silica in CO2
14,15,30, the silica 

particles studied in this study are considerably smaller, thus reducing the van der Waals 

force of attraction and allowing for dispersibility at weaker solvent conditions. 
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Another key reason for improved dispersibility in liquid CO2 at the vapor pressure 

is the use of the low molecular weight perfluorodecane side chains on the surface of the 

fluoro-silica composite particles to impart stabilization.  Compared to non-cross linked 

high molecular weight polymeric stabilizers typically used to disperse colloidal systems 

in CO2, the low molecular weight fluoroalkane side chains on the surface of the fluoro-

silica composite particles are easier to solvate.  At good solvent conditions, i.e. at 

moderate and high pressures, loops and dangling ends of polymeric stabilizers such as 

PFOA and PFOMA extend far enough into CO2 to provide steric stabilization for many 

colloids.  For example, in a good solvent, the radius of gyration of 1000k MW PFOA is 

~100 Ǻ 35.  However, as the pressure is lowered towards the vapor pressure, polymeric 

stabilizers collapse and the interactions between polymer chains become attractive, 

leading to flocculation of colloids.  At these poor solvent conditions, it becomes 

important to minimize the degree of tail overlap29.  In the case of a cross-linked polymer 

shell, loops and dangling ends of polymer are not present.  The degree of overlap 

between polymer chains and thus the number of interactions between polymer segments 

on two different particles is minimal.  In this case, colloidal stability is not dependent on 

CO2 solvation of the cross-linked polymeric shell.  Instead, steric stabilization is achieved 

by the presence of side chains on the surface of the polymeric shell (Figure 3).   

The polymeric ligands used by Sirard et al.15 required relatively high CO2 

densities to achieve tail solvation and impart steric stabilization.  Using the same 

polymeric stabilizer (PFOMA), Dickson and co-workers34 investigated the stabilization 

of water-in-CO2 miniemulsions.  The results indicated that high CO2 densities (> 0.86 

g/mL) were needed to sufficiently solvate the PFOMA tails in order to stabilize 100 nm 

water droplets in CO2 (A121 = 0.032 eV)34.  The size and Hamaker constant for fluoro-

silica composite aggregates used in this study are comparable to those for the water 

droplets examined in the earlier study of Dickson et al.34.  Thus, the stabilization of the 

fluoro-silica composite aggregates at the vapor pressure can be attributed to the better 

solvation of the low molecular weight stabilizing side chains at the surface of the polymer 

shell relative to the polymeric ligands on the water droplets. 
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Compared to the metal nanocrystals of Shah et al.11,31, the particles dispersed in 

this study are approximately 24 times larger and the dispersed volume fraction of the 

fluoro-silica composite particles is 100 times greater.  Since the stabilizing moiety 

employed in this study is similar to that used to disperse silver nanocrystals31, the ability 

to disperse the significantly larger fluoro-silica composite particles at the vapor pressure 

is due to the weaker Hamaker constant for the fluoro-silica composite compared to that of 

a metal.  Based on the simplification of Lifshitz theory54, the Hamaker constants for 

silver interacting across CO2 and the fluoro-silica composite interacting across CO2 at 25 

ºC and 340 bar are 1.4 eV and 0.03 eV, respectively. 

 

5.4 Conclusions 

 Non-dilute nanoparticle dispersions were stabilized in liquid CO2 at 25 ºC at 

pressures as low as the vapor pressure for the first time.  The tri-functional fluorinated 

silylating agent, (heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxy silane agent formed a 

cross-linked polymer shell around the silica core which weakened the Hamaker 

interactions between approaching fluoro-silica composite particles.  Steric stabilization 

was achieved through solvation of the low molecular weight perfluorodecane stabilizing 

side chains at the surface of the cross-linked polymeric shell, even at the vapor pressure.  

Here 90% by volume of the silica was dispersed at the vapor pressure.  At pressures 

above 200 bar, 100% of the silica was dispersible.  The reported metal nanocrystal 

dispersions at the vapor pressure stabilized with similar low molecular weight fluorinated 

ligands were much more dilute31.  It would be challenging to stabilize concentrated metal 

nanocrystal dispersions at the vapor pressure due to the much larger Hamaker constants 

of metals than of the fluoro-silica particles in the present study.  

Compared to non-cross linked high molecular weight polymeric stabilizers 

typically used to disperse colloidal systems in CO2, the low molecular weight 

fluoroalkane side chains on the surface of the fluoro-silica composite particles are much 

more readily solvated.  This increased solvation compared to polymeric stabilizers 

coupled with the relatively weak Hamaker attraction for the fluoro-silica aggregates 
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allows for dispersibility at weaker solvent conditions, i.e. low pressures.  In the case of a 

cross-linked polymer shell, loops and dangling ends of polymer are not present.  The 

degree of overlap between polymer chains and thus the number of interactions between 

polymer segments on two different particles is minimal.  In this case, colloidal stability is 

not dependent on CO2 solvation of the cross-linked polymeric shell.  Instead, steric 

stabilization is achieved by the presence of side chains on the surface of the polymeric 

shell.  The ability to successfully stabilize a non-dilute dispersion consisting of 120 nm 

particles at the vapor pressure is of great practical interest in the assembly of materials 

and in reaction, separation, coating, and microelectronics processes in CO2. 
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Chapter 6 

 

Interfacial Properties of Fluorocarbon and Hydrocarbon 

Phosphate Surfactants at the Water-CO2 Interface* 

 

 

 With high-pressure pendant-drop tensiometry, the interfacial tension (γ) and 

surface excess (Γ∞) for a family of ionic surfactants with identical phosphate headgroups 

and varying fluorocarbon and hydrocarbon tail structures were examined at the water-

CO2 interface.  In order to compensate for the unusually weak CO2-surfactant tail 

interactions, we have designed hydrocarbon tails with weak tail-tail interactions to 

achieve a more favorable hydrophilic-CO2-philic balance.  Branching of hydrocarbon 

surfactant tails is shown to lead to more favorable adsorption at the interface, closer to 

that of fluorocarbon surfactants.  The γ for a double-tail hydrocarbon phosphate 

surfactant with a relatively high degree of tail branching was lowered from the water-CO2 

binary interface value of about 20 mN/m at 25 ºC and 340 bar to 3.7 mN/m.  This 

reduction in γ is attributed to both a decrease in the free volume between tails at the 

interface and reduced tail-tail interactions.  In addition to tail structure, the effects of 

surfactant counterion, salt concentration, temperature, and CO2 density on γ and Γ∞ were 

investigated.  The hydrophilic-CO2 philic balance of these surfactants are mapped by 

investigating changes in interfacial tension with these formulation variables.  Low 

molecular weight branched hydrocarbon ionic surfactants are shown to stabilize 

concentrated CO2-in-water emulsions for greater than one hour. 

 
*Reprinted with permission from Dickson, J.L., Smith, P.G., Dhanuka, V.V., Srinivasan, 

V., Stone, M.T., Rossky, P.J., Behles, J.A., Keiper, J.S., Xu. B., Johnson, C., DeSimone, 

J.M., and Johnston, K.P., Industrial & Engineering Chemistry Research, 2005, 44, 1370-

1380.  Copyright © 2005 by American Chemical Society. 
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6.1 Introduction 

The tunable solvation of supercritical fluids may be utilized to control interfacial 

properties and colloid stability as described by lattice fluid self-consistent field theory1.  

Compared to other solvents, carbon dioxide (CO2), in particular, offers a variety of 

advantages; it is inexpensive, relatively non-toxic, non-flammable and has a mild critical 

point.  To date, surfactant-CO2 systems have been utilized in various industrial 

applications including microelectronics processing2, photoresist drying3, metal 

extraction4, nanoparticle synthesis5-8, nanowire synthesis9, enzymatic catalysis10, and dry 

cleaning2. 

Despite gains made in the understanding of colloids in CO2, the stabilization of 

colloidal dispersions11, including microemulsions12-19, miniemulsions20,21, 

macroemulsions22-27, polymer latexes28-30, and inorganic silica31-33 and metal7,8,34-37 

dispersions, in this fluid remains a challenging task.  The cohesive energy density of CO2 

is limited due to its lack of a permanent dipole moment and weak van der Waals forces, 

as reflected in its low polarizability per unit volume.  Thus, “CO2-philic” tails on 

surfactant stabilizers are typically not well solvated.  As a result, attractive tail-tail and 

core-core interactions often lead to flocculation and coalescence.  To achieve satisfactory 

tail solvation in CO2, emulsions and solid dispersions are often sterically stabilized with 

fluorinated polymers that also have low cohesive energy densities, including 

polyfluoroethers38, polyfluoroacrylates28,39, and polyfluoromethacrylates21,33,40.  

Fluorinated surfactants have been used to stabilize water droplets of varying size in 

water-in-CO2 (W/C) microemulsions (< 10 nm)16,18, miniemulsions (50-500 nm)21,40, and 

macroemulsions (> 500 nm)23. 

Given the high cost and toxicity of many fluorinated surfactants, it would be 

desirable to change to environmentally benign hydrocarbon (HC) surfactants that are 

soluble in CO2 and capable of lowering the interfacial tension (γ) at the water-CO2 

interface and forming W/C micro- and macroemulsions.  Novel classes of HC molecules, 

such as poly(ether-carbonate) copolymers41 and peracetylated sugars42, have been shown 

to be highly soluble in CO2.  In addition, commercially available nonionic HC surfactants 
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have been utilized to form W/C microemulsions17,43.  For the surfactant Dynol 604, Liu et 

al.17 reported that up to 0.41 wt% water could be solubilized into reverse micelles 

containing a polar aqueous domain as characterized with a solvatochromic probe17.  Ryoo 

and colleagues43 demonstrated the ability of a nonionic methylated branched HC 

surfactant, poly(ethylene glycol) 2,6,8-trimethyl-4-nonyl ether, to form a W/C 

microemulsion.  At 35 ºC and 248 bar, up to 1.1 wt % water could be stabilized with a 

surfactant loading as low as 1 wt %, and the microemulsion size was tunable with 

pressure and temperature43. 

The formation of a W/C microemulsion has been achieved with very few HC 

surfactants to date.  To do this, it is necessary to reduce the water-CO2 γ to 

approximately1 mN/m 44, achieve the proper curvature as described by the hydrophilic-

CO2-philic balance (HCB)45, and limit the strength of the attractive tail-tail interactions46.  

The HCB, which is analogous to the hydrophilic-lipophilic balance (HLB) in traditional 

oil/water systems, describes the various interaction energies (Aij) between CO2 (C), 

surfactant tails (T), surfactant heads (H), and water (W), and may be expressed as43,47 

 
WWHHHW

CCTTTC

AAA

AAA
HCB −−

−−
=1  (6.1) 

Here, each interaction energy is treated as a positive quantity.  In order to curve the 

interface about water to form water droplets in a CO2-continuous medium (W/C 

emulsions), 1/HCB must be greater than 1 43.  This condition is favored by increasing the 

tail-CO2 interactions (high ATC) while weakening the tail-tail interactions (low ATT).  As 

recently reported by Stone and co-workers48, the energetic interactions between a 

fluorinated tail and CO2 are comparable to those between a HC tail and CO2, indicating 

that HC tails are not at a disadvantage in this respect.  However, ATT is much stronger for 

HC than FC surfactants.  The ATT may be weakened by changing from straight chains to 

branched, “stubby” surfactants, thus raising 1/HCB27,49.  These branched tails reduce tail-

tail interactions by limiting tail overlap27.  In addition, branching reduces the fractional 

free volume in the tail region and thus increases the degree of separation between water 
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and CO2
49.  This increased separation lowers γ.  Stubby nonionic surfactants have already 

successfully stabilized both W/C microemulsions43 and macroemulsions27. 

 The effect of the HCB on γ for an ionic surfactant/CO2/water system is shown in 

Figure 6.1, which is adapted from Harrison et al.47.  At low HCB values, the surfactant is 

more soluble in CO2 than in water, resulting in the formation of W/C microemulsions or 

macroemulsions.  However, as the HCB is increased, the surfactant partitions more 

toward the water phase, and the system approaches the balanced state.  At the balanced 

state, the surfactant prefers both phases equally, and γ is at a minimum.  As the HCB is 

increased further, the surfactant eventually prefers water over CO2, and C/W systems are 

produced. 

To date, W/C microemulsions have not been formed with ionic HC surfactants for 

reasons that are not well understood at a fundamental level.  The design of surfactants for 

the water-CO2 interface has been hampered by the small number of studies that have 

measured interfacial properties, such as γ and surfactant adsorption45,50, especially for a 

homologous series of surfactant tails.  Eastoe and colleagues demonstrated a correlation 

between W/C microemulsion phase behavior and the surface tension at the air-water 

interface for various fluorinated sulfosuccinate surfactants51,52.  A change in the tail 

structure which increased the air-water surface tension was observed to also increase the 

microemulsion phase boundary pressure.  This useful concept may be extended by 

measuring γ at the water-CO2 interface under pressure. 

 The primary objective of the current study is to provide a more fundamental 

understanding concerning the relationship between surfactant molecular architecture and 

interfacial activity.  The behavior of surfactants with HC and FC tails is compared 

systematically as a function of the tail structure to vary the HCB.  By more fully 

understanding this relationship, more effective HC surfactants may be designed to adsorb 

at the water-CO2 interface and ultimately for the formation of water-in-CO2 

microemulsions.  With a high-pressure pendant-drop tensiometer, γ and the surface 

excess (Γ∞) for a family of ionic surfactants with identical phosphate headgroups and 

varying tail structures were measured.  The phosphate surfactants examined in this study,  
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Figure 6.1 

Schematic for the effect of the hydrophilic-CO2-philic balance (HCB) on the interfacial 

tension of an ionic surfactant at the water-CO2 interface.  The curvature of the emulsion 

shifts from W/C to C/W with an increase in the HCB or a decrease in salinity. 
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shown in Figure 6.2, include bis-[2-(F-hexyl)ethyl]phosphate (DiF8-PO4
-X+), bis-

[octyl]phosphate (DiH8-PO4
-X+), [2-(F-hexyl)ethyl]butylphosphate (FC8,HC4-PO4

-X+), 

and bis-[2,4,4-trimethylpentyl]phosphate (2,4,4TMC5-PO4
-X+).  By systematically 

changing the tail structure, the effect of tail branching and the degree of tail fluorination 

on γ and Γ∞ were examined.  As predicted a priori with the fractional free volume (FFV) 

paradigm49, increasing the degree of tail branching or tail fluorination increases the 

surfactant interfacial activity (lower γ and higher Γ∞).  The effects of system temperature, 

CO2 density, salt concentration, and surfactant counterion are also reported.  It is shown 

for the first time that concentrated C/W macroemulsions with droplet sizes on the order 

of 1 µm may be stabilized for greater than one hour with HC ionic surfactants. 

 

6.2 Experimental  

6.2.1 Materials and Characterization 

 Triethylamine (Aldrich, 99.9%), 1H, 1H, 2H, 2H-perfluorooctanol (Fluorochem, 

99.8%), 1-octanol (Aldrich, 99.8%), 1-dodecanol (Aldrich, 99%), 2,4,4-trimethylpentanol 

(Aldrich, 99.8%), anhydrous diethyl ether (Fisher Scientific, 99.9%), ethanol (Fisher 

Scientific), methanol (histological grade, Fisher Scientific), sodium hydroxide (50 wt%, 

Fisher Scientific), ammonium hydroxide (Aldrich, 25 wt% solution in methanol), 

tetramethylammonium hydroxide (Aldrich, 25 wt% solution in methanol), sodium 

chloride (Fisher Scientific), and calcium chloride (Fisher Scientific) were used as 

received.  Phosphorus oxychloride (Aldrich, 99.8%) was distilled under reduced pressure.  

Deionized water (Nanopure II, 16 µS/cm) was used as indicated, and research grade CO2 

(Matheson) was filtered through an oxygen trap prior to use.  1H-, 19F-, and 31P-NMR 

were used to determine the chemical structures and purities of the synthesized surfactants 

and were obtained on a Varian 300 MHz spectrometer using CD3OD or CDCl3 as the 

solvent.  Melting points were measured using a Mel-Temp.  Elemental analysis was 

performed by Atlantic Microlab, Atlanta, GA.  A detailed analysis confirming the 

surfactant structure, molecular weight, and purity may be found in Appendix A. 
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Figure 6.2 

Chemical structures of the phosphate surfactants examined in this study:  A) DiF8-PO4
-

X+, B) FC8,HC4-PO4
-X+, C) 2,4,4TMC5-PO4

-X+, and D) DiH8-PO4
-X+.  The counterions 

(X+) were Na+, NH4
+, and N(CH3)4

+. 
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6.2.2 Surfactant Synthesis 

 The synthesis for DiF8-PO4
-Na+ is described in the Supporting Information of a 

previous study by Keiper and colleagues18.  Likewise, the procedures used to synthesize 

DiF8-PO4
-NH4

+, DiF8-PO4
-N(CH3)4

+, and FC8,HC4-PO4
-Na+ are outlined in the 

literature53.  

 To synthesize DiH8-PO4
-Na+, phosphorus oxychloride (1.79 mL) was first added 

via syringe to 30 mL anhydrous diethyl ether, under argon.  The mixture was cooled to 0 

°C, and a cold solution of 1-octanol (6.05 mL) and triethylamine (5.82 g) in 25 mL 

diethyl ether was slowly added via cannula, giving white precipitate, triethylamine 

hydrochloride salts.  The solution was allowed to warm to room temperature and stirred 

under argon overnight.  The triethylamine hydrochloride salts were filtered and washed 

with 50 mL diethyl ether.  The solvent and excess triethylamine were removed via rotary 

evaporation, and the product was dissolved in 40 mL acetonitrile and 1 mL water and 

stirred overnight.  The product was collected via rotary evaporation and identified as the 

neutral phosphate using NMR.  After dissolving the product in 40 mL ethanol, a mixture 

of aqueous NaOH (0.17 mL, 50 wt %) dissolved in 25 mL ethanol was added dropwise to 

the stirring phosphate solution.  After stirring overnight, the product was filtered, and 

acetone was added to induce precipitation of a white salt, which was filtered and rinsed 

with 30 mL acetone. 

 To synthesize 2,4,4TMC5-PO4
-X+, a flask containing 2,4,4-trimethylpentanol 

(6.11 mL) and triethylamine (6.0 mL) dissolved in 30 mL diethyl ether was degassed 

with argon and cooled to 0 °C.  This solution was slowly cannulated into an argon-

degassed solution at 0 °C containing 1.79 g phosphorus oxychloride in 30 mL diethyl 

ether.  A white precipitate formed upon addition.  This solution was stirred overnight 

while slowly warming to room temperature.  The triethylamine hydrochloride salt was 

filtered, washed with ~50 mL diethyl ether, and discarded.  The diethyl ether and excess 

triethylamine were removed via rotary evaporation, leaving a yellow oil.  This oil was 

dissolved in 40 mL acetonitrile followed by slow addition of 3 mL distilled water with 

stirring.  After approximately 7 h, the excess water and acetonitrile were removed via 
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rotary evaporation, providing 4.9 g crude product.  The oil was dissolved in chloroform 

and purified by passing through a silica gel column, starting with chloroform as the 

mobile phase and changing to a 9:1 chloroform:methanol mixture. 

To produce 2,4,4TMC5-PO4
-NH4

+, the resulting yellow oil was dissolved in 50 

mL ethanol, and a solution of ammonium hydroxide (0.65 mL of glacial NH4OH in 10 

mL methanol) was added dropwise to the solution and stirred overnight.  A whitish solid, 

trichained phosphates, was filtered and discarded, and the filtrate was concentrated via 

rotary evaporation.  The resulting solid was dissolved in 100 mL methanol with 1 g 

decolorizing carbon and stirred for 1 h.  The carbon was filtered, and the solvent was 

removed via rotary evaporation.  The crude product was dissolved in a minimum amount 

of methanol, and acetone precipitated the white gel-solid. 

  To produce 2,4,4TMC5-PO4
-N(CH3)4

+, the yellow oil was dissolved in 50 mL 

ethanol, and 6.76 mL of tetramethylammonium hydroxide (25 wt% in methanol) was 

added dropwise and stirred overnight.  No solids formed.  Consequently, the material was 

concentrated via rotary evaporation.  The resulting gel-solid was dissolved in 100 mL 

methanol with 1 g decolorizing carbon and stirred for 1 h.  The carbon was filtered, and 

the solvent was removed via rotary evaporation.  The crude product was dissolved in a 

minimum amount of methanol, and acetone precipitated the bright white crystals. 

 

6.2.3 Interfacial Tension Measurements 

The water-CO2 γ was measured with a high-pressure pendant-drop apparatus 

using a previously reported technique26.  Briefly, water drops were formed at the end of a 

surface-modified silica capillary26 (Western Analytical Products) (180 µm o.d. and 50 

µm i.d.) in a variable-volume view cell containing known masses of surfactant and CO2 

in the presence of a small amount of excess water to ensure saturation of the CO2 phase.  

Using a CCD camera, the shape of the water drop was recorded as a function of time, and 

the images were analyzed using a software package from KSV Ltd. (Finland) to estimate 

γ.  To develop the adsorption isotherms, consecutive dilutions were performed by venting 

a known amount of the surfactant-CO2 solution at constant pressure followed by injecting 
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a known amount of pure CO2
45.  The back pressure on the cell was maintained using a 

manual high-pressure pump (Ruska), and the pressure was detected with a Sensotec 

pressure transducer.  The high-pressure cell was regulated at the desired temperature 

within ±0.1 ºC using heating tape and a temperature controller.  Changing the system 

temperature and/or pressure affects the mutual miscibility of water and CO2 thus altering 

the densities of the two phases.  However, these changes are relatively small and have an 

insignificant effect on γ.  Therefore, the pure component densities have been used in all 

calculations26. 

 

6.2.4 Emulsion Formation 

 The apparatus and procedure used to form the emulsion have been described 

elsewhere24.  Briefly, known amounts of water, surfactant, and carbon dioxide were 

placed into the front of a high-pressure, variable-volume view cell24.  After mixing the 

emulsion for several hours with a magnetic stir bar, the emulsion was sheared further by 

recirculation through a 127 µm capillary24 using a high-pressure liquid chromatography 

pump (Milton Roy minipump) for 15 minutes.  The temperature was controlled to ±0.1 

ºC by immersing the high-pressure cell into a water bath with a temperature controller 

(Julabo, Inc.).  The emulsion morphology was determined through visual observations of 

the presence of either a settling (W/C) or creaming (C/W) front. 

 

6.2.5 Turbidity Measurements 

 The turbidity was measured by mounting a high-pressure optical cell, which was 

fitted with two 0.2 cm thick sapphire windows and a path length of 0.762 mm, in a UV-

vis spectrophotometer (Beckman DU 50).  After the emulsion was formed through 

capillary shearing, the emulsion was circulated with the minipump through the optical 

cell for 15 minutes without dilution.  The emulsion stability was investigated by 

measuring the turbidity as a function of time at a fixed wavelength of 500 nm.  To 

determine the effect of the CO2 density on emulsion stability, turbidity-time profiles were 
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measured at various densities as reported previously40.  For a given density, the emulsion 

stability was determined from the initial slope of the turbidity-time plot, dτ/dt. 

 

6.2.6 Fractional Free Volume (FFV) Calculations for Surfactants at the CO2-Water 

Interface 

 The FFV is a measure of the interfacial volume left unoccupied by the surfactant 

and thereby available for the two fluids (CO2 and water in this case) to contact.  

Surfactants having lower FFV values (which implies greater separation of CO2 and water 

and a lower γ) tend to promote the formation and stabilization of W/C microemulsions49.  

The FFV is defined as follows49:  

 1 t

h

V
FFV

tA
= −  (6.2) 

where Vt is the van der Waals volume of the surfactant tail, t is the interfacial thickness, 

and Ah is the interfacial area per surfactant molecule. 

For the qualitative comparison of the effectiveness of the various surfactants at 

lowering the CO2-water γ, the interfacial area, Ah, was fixed at 100 Å2 49.  The interfacial 

thickness, t, was approximated as the gas-phase length of the surfactant tail (averaged 

over both tails for the double-tailed surfactants).  To evaluate the gas-phase length, the 

surfactant molecule is created in the all-trans conformation in SPARTAN54.  A geometry 

optimization is performed using the classical MMFF94 force field.  SPARTAN reports (i) 

the length between the phosphorus atom in the phosphate (PO4
-) head and the last atom in 

the tail and (ii) the volume of the tail.  The results are reported in Table 6.1. 

 

6.2.7 Conductivity Measurements 

 Aqueous conductivity was measured as a function of surfactant concentration to 

determine the critical micelle concentration (cmc) of DiF8-PO4
-Na+ and 2,4,4TMC5-PO4

-

Na+.  The conductivity was measured using a YSI model 3100 conductivity meter and a 

dip type cell (YSI 3252) with a cell constant of 1 cm-1.  The cmc was identified as the 

break in the conductivity-surfactant concentration profile55. 
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Table 6.1 

Effect of tail branching and fluorination on fractional free volume (FFV), interfacial 

tension (γ), and emulsion formation. 

 

 
aThe interfacial tension was measured with a surfactant loading of 0.1 wt% at 25 ºC and 

340 bar.  bReference #49.  cReference #18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Surfactant FFV γa 
mN/m 

Emulsion Formation 

DiH8-PO4
-Na+ 0.63 19.1 No emulsion 

2,4,4TMC5-PO4
-Na+ 0.38 3.71 C/W macroemulsion 

FC8,HC4-PO4
-Na+ 0.51 2.96 C/W macroemulsion 

DiF8-PO4
-Na+ 0.45b 0.70 W/C microemulsionc 
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6.3 Results and Discussion 

6.3.1 Effect of Tail Fluorination and Tail Branching on the FFV, γ, and Γ∞ 

As shown in Table 6.1, the calculated FFV decreases as both the number of 

fluorocarbon chains and the degree of tail branching are increased.  As the FFV 

decreases, the surfactant is able to more efficiently separate water and CO2, thus resulting 

in a lower γ at the water-CO2 interface49.  Although 2,4,4TMC5-PO4
-Na+ has the lowest 

FFV (0.38) of the phosphate surfactants examined here, it does not have the smallest γ.  It 

is important to note that the FFV is not intended to be a predictive model of γ.  It is only 

used to indicate how changes in the tail molecular architecture may affect the degree of 

separation between water and CO2.  As discussed below, the larger γ for 2,4,4TMC5-PO4
-

Na+ relative to DiF8-PO4
-Na+ and FC8,HC4-PO4

-Na+ is due to its higher affinity to the 

water phase which lowers its adsorption at the interface. 

Figure 6.3 shows γ as a function of CO2 density at 25 ºC for DiF8-PO4
-Na+, 

DiH8-PO4
-Na+, 2,4,4TMC5-PO4

-Na+, and FC8,HC4-PO4
-Na+.  Under these conditions, γ 

for the binary water-CO2 system is approximately 20 mN/m 45.  Figure 6.3 shows that 

each surfactant with the exception of DiH8-PO4
-Na+ is capable of adsorbing at the water-

CO2 interface and efficiently lowering γ.  At all CO2 densities examined, γ for DiH8-PO4
-

Na+ varied between 18 and 20 mN/m, indicating little interfacial activity. 

  The interfacial tensions were measured with a surfactant loading of 0.1 wt%.  

Each surfactant with the exception of DiH8-PO4
-Na+ was soluble in CO2 at this loading, 

and γ was measured by injecting pure water droplets into a high-pressure variable-volume 

view cell containing the surfactant/CO2 mixture.  For DiH8-PO4
-Na+, γ was measured by 

injecting droplets of an aqueous surfactant solution (0.1 wt%) into a high-pressure cell 

containing surfactant-free CO2.  The γ became constant in about two minutes, indicating 

that the surfactant equilibrated in the various phases and at the interface. 

Figure 6.3 clearly shows that, at a given CO2 density, γ decreases as the degree of 

surfactant tail fluorination increases.  At all CO2 densities, γDiH8 > γFC8,HC4 > γDiF8.  This 

trend of increasing interfacial activity with increasing tail fluorination is consistent with a  
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Figure 6.3 

Interfacial tension as a function of CO2 density at 25 °C for 0.1 wt% (▼) DiH8-PO4
-Na+, 

(▲) 2,4,4TMC5-PO4
-Na+, (♦) FC8,HC4-PO4

-Na+, and (●) DiF8-PO4
-Na+.  The IFT was 

measured using a high-pressure pendant-drop tensiometer. 
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recent study by Sagisaka et al.50 which reported γ at the water-CO2 interface for various 

twin-tailed fluorinated surfactants, a di-chain hybrid surfactant with one fluorinated tail 

and one HC tail, and a twin-tailed HC surfactant as a function of surfactant concentration.  

Substituting a hydrocarbon tail with a bulkier fluorocarbon tail reduces the FFV available 

in the tail region, thus increasing the degree of separation between water and CO2 and 

subsequently, decreases γ. 

Figure 6.3 also indicates that the interfacial activity of the HC surfactant increased 

significantly through tail branching.  At 25 ºC and 340 bar (ρCO2 = 0.985 g/mL), γDiH8 is 

approximately 19 mN/m whereas γ2,4,4TMC5 is a much smaller value, 3.7 mN/m.  Tail 

branching and methylation increase the CO2-philicity of the HC tail, thus pushing the 

surfactant away from water and towards the water-CO2 interface and lowering γ.  

Previous studies by Consani and Smith56 and McFann et al.57 demonstrated a higher CO2 

solubility for highly methylated and branched HC surfactants relative to straight-chain 

alkanes.  These factors also increase the separation between water and CO2, thus 

decreasing both the FFV and γ.  In addition, these surfactants, when nonionic, may even 

form W/C microemulsions43. 

Table 6.2 summarizes γ for various ionic and non-ionic HC surfactants at the 

water-CO2 interface.  The γ for 2,4,4TMC5-PO4-Na+ is unusually low for an ionic HC 

surfactant45,50.  The non-ionic surfactants listed in Table 6.2 are much more interfacially 

active than the ionic surfactants.  In order to achieve a low γ, the tail solvation by CO2 

must be sufficient to balance the interactions of the head group with water.  If the 

surfactant head-group is too hydrophilic or too CO2-phobic, the surfactant may partition 

too strongly into the bulk aqueous phase and not to the water-CO2 interface.  Ionic 

surfactants are often more hydrophilic than non-ionic surfactants composed of small 

numbers of EO groups due to the large free energy of hydration of an ion58.  

Consequently, the interfacial tensions in Table 6.2 are smaller for the nonionic surfactants 

than the ionic ones, which favor water more strongly. 

As illustrated in Table 6.1, the calculated FFV for 2,4,4TMC5-PO4
-Na+ is 

considerably smaller than for DiH8-PO4
-Na+, consistent with the much lower γ than for  
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Table 6.2 

Water-CO2 interfacial activity for various hydrocarbon surfactants. 

 

Surfactant T 
ºC 

ρCO2 
g/mL 

γa 
mN/m 

Ref. 

DiH8-PO4-Na+ 25 0.985 19 This work 
2,4,4TMC5-PO4-Na+ 25 0.985 3.7 This work 
2,4,4TMC5-PO4-Na+ 25 0.882 9.9 This work 

poly(ethylene glycol) 2,6,8-trimethyl-
4-nonyl ether 

25 0.851 2.4 This work 

poly(ethylene glycol) 2,6,8-trimethyl-
4-nonyl ether 

55 0.851 1.9 This work 

Aerosol OT (AOT) 40 0.882 ~16 #50 
Aerosol OT (AOT) 40 0.882 ~2.5b #50 

PEO8-b-PPO52-b-PEO8 45 0.882 1.6 #45 
 
aγ measured at a surfactant loading of 0.1 wt%. 
bγ measured at a surfactant loading of 9 wt%. 
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the unbranched dichain HC phosphate.  However, it was not capable of forming a W/C 

microemulsion at conditions up to 65 ºC and 340 bar.  Based on the emulsion studies 

discussed below, it was observed that this branched HC surfactant favors water more 

strongly than CO2, thus producing the wrong curvature for a W/C microemulsion.  

However, it can form and stabilize a concentrated C/W macroemulsion, which will be 

discussed in greater detail below.  It is important to again note that the FFV concept is 

based on a gas-phase energy minimization of the tail group and does not consider the 

particular headgroup and counterion effects.  Although the FFV cannot be used as an 

absolute, predictive model of γ and microemulsion formation, it is an a priori starting 

point useful for designing surfactant tails to favor adsorption at the water-CO2 interface. 

Of the surfactants in Table 6.1, DiF8-PO4
-Na+ is the only one which forms a W/C 

microemulsion18.  The high CO2-philicity of the tails and low FFV led to a low γ and a 

low HCB.  One common measure of the degree of hydrophilicity of a surfactant is its 

cmc; a high cmc indicates a hydrophilic surfactant (high HLB, or in our case HCB). 

Table 6.3 lists the aqueous cmc (determined from conductivity) and the air-water 

surface tension measured at the cmc for 2,4,4TMC5-PO4
-Na+ and DiF8-PO4

-Na+
.  As 

shown in Table 6.3, the cmc for the branched HC surfactant (57 mM) is considerably 

higher than that for the fluorinated surfactant (0.18 mM) and for a common surfactant, 

sodium bis(2-ethylhexyl)sulfosuccinate (AOT, 2.6 mM)50.  The lower tendency for the 

surfactant tails in 2,4,4TMC5-PO4
-Na+ to form a micelle core indicates that this 

surfactant is less hydrophobic than the others.  As the concentration for the branched HC 

surfactant was increased from 6.8 to 68 mM, the conductivity increased from 266 to 2020 

µS/cm, and the conductivity at the cmc (57 mM) was 2000 µS/cm.  In the case of the FC 

surfactant, the conductivity increased from 2.4 to 19 µS/cm as the concentration was 

increased from 0.04 to 3.8 mM, and the conductivity at the cmc was only 7.2 µS/cm due 

to its lower cmc in water.  Table 6.3 also lists the air-water surface tension for both 

phosphate surfactants measured at the cmc.  The higher γcmc for the hydrocarbon 

surfactant illustrates that it favors bulk water to a greater degree, again indicating a higher 

degree of hydrophilicity. 
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Table 6.3 

Interfacial tension at the critical micelle concentration of aqueous surfactant solutions at 

25 ºC. 

 

Surfactant cmc 
mM 

γcmc 
mN/m 

DiF8-PO4
-Na+ 0.18 16.4 

2,4,4TMC5-PO4
-Na+ 57 27.8 
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Figure 6.4 shows γ for DiF8-PO4
-Na+ and 2,4,4TMC5-PO4

-Na+ as a function of 

surfactant concentration at 25 ºC and 275 bar.  A clear break in the curve is observed for 

DiF8-PO4
-Na+ at what is referred to as the critical microemulsion concentration 

(cµc)44,45,50.  Above the cµc, the surfactant molecules aggregate and form water-swollen 

reverse micelles or microemulsions44,45.  The formation of a microemulsion using DiF8-

PO4
-Na+ has been reported in the literature18 and verified using small angle neutron 

scattering (SANS) experiments59.  The cµc for DiF8-PO4
-Na+ is 0.53 mM (Table 4) in 

CO2, whereas the cmc for this surfactant in pure water is only 0.18 mM (Table 3).  This 

difference is due to the hydrophobic nature of the fluorinated tail.  The hydrophobicity of 

the tails appears to be a greater driving force for micellization in water than the CO2-

phobicity of the head groups, which drives the formation of microemulsion droplets in 

CO2.  As shown in Figure 6.4, the plot for 2,4,4TMC5-PO4
-Na+ does not contain a break 

point, consistent with our observation that this surfactant does not form a W/C 

microemulsion.  Attempts to measure γ at higher surfactant concentrations for 

2,4,4TMC5-PO4
-Na+ were unsuccessful due to solubility limitations.  The highest 

concentration for the branched HC surfactant shown in Figure 4 is near it’s solubility 

limit in CO2. 

As reported by Holmes et al.60, the pH of a water-CO2 system is approximately 3 

due to the dissociation of carbonic acid.  The surface excess concentration, Γ∞, for a 1:1 

ionic surfactant in the presence of an electrolyte is given by the Gibbs adsorption 

equation44,50,58, 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=Γ∞

sCd

d

RT log303.2
1 γ  (6.3) 

where Cs is the surfactant concentration.  Due to the low dielectric constant of CO2, the 

dissociation of the surfactant may be neglected44,50.  Since the NMR and elemental 

analysis results indicated a high level of surfactant purity, the addition of a chelating 

agent such as tetrasodium salt hydrate (EDTA)61 was not required in the adsorption 

measurements44,50. 

Using the Gibbs adsorption equation along with the experimentally measured 
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Figure 6.4 

Adsorption isotherms for (▲) 2,4,4TMC5-PO4
-Na+ and (●) DiF8-PO4

-Na+ at 25 ºC and 

275 bar. 
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adsorption isotherms, the surface excess and interfacial area per molecule (Ah = (1/NAΓ∞) 

where NA is Avogadro’s number) were calculated at the planar water-CO2 interface for 

the two phosphate surfactants, as listed in Table 6.4.  Γ∞ was estimated using equation 6.3 

and the tangent of the γ vs. log Cs curve immediately below the cµc.  The  calculated area 

per headgroup for DiF8-PO4
-Na+ at 25 ºC and 275 bar (64±3 Ǻ2) is about the same as that 

measured using SANS and molecular dynamic simulations for the same surfactant at the 

curved water-CO2 interface (64.5 Ǻ2)59.  Interestingly, the interfacial area per molecule 

for 2,4,4TMC5-PO4
-Na+ is approximately 180±10 Ǻ2, nearly three times as large as that 

of DiF8-PO4
-Na+.  This large Ah may be attributed to the weaker adsorption of the HC 

phosphate, as it favors water more strongly and partitions less to the water-CO2 

interface50. 

 Recently, Stone and colleagues48 simulated the adsorption of DiF8-PO4
-Na+ and 

DiH8-PO4
-Na+ at the planar water-CO2 interface.  At 40 ºC and ~200 bar, γ was 

minimized when DiF8-PO4
-Na+ had an interfacial area per molecule of approximately 90 

Ǻ2.  The results also indicated that γ for the HC surfactant is systematically higher than 

that of the FC surfactant when compared at the same area per molecule, indicating less 

adsorption at the water-CO2 interface. 

Molecular dynamics simulations62,63 have examined the formation of aqueous 

reverse micelles in supercritical CO2 with both fluorinated and HC surfactants.  In the 

case of a carboxylate perfluoropolyether (PFPE), spherical reverse micelles were formed 

consisting of a water core coated with a uniform distribution of surfactant molecules.  

Upon replacing the fluorine atoms with hydrogen atoms, the simulations indicated that 

the surfactant molecules became non-uniformly distributed, leaving a large area of 

contact between water and CO2
63. 

  

6.3.2 Effect of Counterion and Salt on γ and Γ∞ 

 The counterion may be expected to affect the interfacial properties of ionic 

surfactants58,64,65.  Specifically, the interfacial properties are influenced by the degree of 

binding of the counterions to the amphiphilic layer, which is dependent upon the hydrated 
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Table 6.4 

Maximum saturation of the surfactant monolayer (Γ∞), the area per surfactant molecule at 

the planar water-CO2 interface (Ah) as calculated from the Gibbs adsorption equation, and 

the critical microemulsion concentration (cµc). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Surfactant T 
ºC 

ρCO2 
g/mL 

cµc 
mM 

Γ∞ (×106 
mol/m2) 

Ah 
Ǻ2/molecule

2,4,4TMC5-PO4
-Na+ 25 0.958 n/a NA 180±10 

DiF8-PO4
-Na+ 25 0.958 0.53 2.59 64±3 

DiF8-PO4
-NH4

+ 25 0.958 0.52 2.48 67±6 
DiF8-PO4

-NH4
+ 25 0.882 0.22 2.41 69±5 

DiF8-PO4
-NH4

+ 40 0.882 0.22 2.21 75±7 
DiF8-PO4

-NH4
+ 50 0.882 0.22 1.84 97±8 
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radius of the counterion58,64.  At the air-water interface, the surfactant surface activity has 

been observed to increase as the hydrated radius of the counterion decreases64,66.  As the 

hydrated radius decreases, the ability of the counterion to penetrate the Stern layer and 

screen the electrostatic interactions between the charged head groups increases64,66.  

Consequently, more surfactant molecules may adsorb at the interface, thus reducing γ. 

 This study examines three counterions: Na+, NH4
+, and N(CH3)4

+.  Figure 6.5 

shows γ vs. CO2 density for DiF8-PO4
-X+ and 2,4,4TMC5-PO4

-X+ at 25 ºC and a 

surfactant loading of 0.1 wt%.  The counterion has only a minimal effect on γ at a given 

CO2 density.  Table 6.5 lists γ for each surfactant at 25 ºC and two pressures (340 bar and 

139 bar) along with the hydrated radius of the various counterions.  Although the effect 

of the counterion on γ is small, a definite trend is noticed.  For the twin-tailed fluorinated 

surfactant (DiF8-PO4
-X+), γ (Na+) > γ (NH4

+) > γ (N(CH3)4
+) at all CO2 densities whereas 

the reverse trend is observed for the branched HC surfactant (2,4,4TMC5-PO4
-X+), 

γ (Na+) < γ (NH4
+) < γ (N(CH3)4

+). 

 As shown in previous studies18,59, DiF8-PO4
-Na+ forms W/C microemulsions and 

is more soluble in the CO2 phase than the water phase; at 2.5 wt% it is soluble in CO2 but 

not in water.  Therefore, it lies on the right-hand side (CO2-philic side) of the V-shaped 

trough for γ shown in Figure 6.1.  Increasing the size of the hydrated counterion 

decreases the degree of binding and thus would be expected to lower the curvature about 

water droplets, or increase the curvature about CO2 droplets.  Since the headgroups are on 

the inside (concave side) of the interface, this change would be expected to lower the 

curvature, increase the HCB towards the balanced state, and lower γ, as observed 

experimentally.  Alternatively, for the branched HC surfactant, which favors water, 

increasing the counterion size would be expected to increase the HCB away from the 

balanced state.  This shift would increase γ, as observed experimentally.  In summary, the 

small shifts in the interfacial tension with counterion are consistent with expectations 

based on the curvature of the interface and shifts relative to the balanced state.  These 

results may be compared with an earlier study of counterions at the water-oil interface65.  

A small counterion effect was observed for Na+, NH4
+, and N(CH3)4

+ on the minimum 
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Figure 6.5 

γ as a function of CO2 density at 25 ºC for 0.1 wt% DiF8-PO4
-X+ and 2,4,4TMC5-PO4

-

X+.  The counterions were (▲) Na+, (♦) NH4
+, and (▼) N(CH3)4

+. 
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Table 6.5 

Effect of counterion on γ for hydrocarbon and fluorocarbon surfactants at 0.1 wt % 

surfactant and 25 oC. 

 

Surfactant Counterion Hydrated ion radiusa 
Ǻ 

γb 
mN/m  

γc 
mN/m 

Na+ 1.8 3.23 0.70 
NH4

+ 1.5 2.79 0.64 DiF8-PO4
-X+ 

N(CH3)4
+ 2.2 1.95 0.58 

Na+ 1.8 9.95 3.71 
NH4

+ 1.5 10.6 3.95 2,4,4TMC5-PO4
-X+ 

N(CH3)4
+ 2.2 12.0 4.02 

 
aReference #65. 
bγ measured at 136 bar (ρCO2 = 0.866 g/mL) 
cγ measured at 340 bar (ρCO2 = 0.985 g/mL) 
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interfacial tension and the optimal salinity in Winsor II water-in-oil microemulsion 

systems65.  The γ varied from 0.05 to 0.035 mN/m as the counterion was changed from 

Na+ to the tetramethylammonium ion.  Regardless of whether the nonaqueous phase is an 

alkane or CO2, the effect of counterion appears minor. 

 Figure 6.6 shows the adsorption isotherms for DiF8-PO4
-Na+ and DiF8-PO4

-NH4
+ 

at 25 ºC and 275 bar, and Table 6.4 lists the results for Ah, Γ∞, and cµc.  A change from 

Na+ to NH4
+ has a minimal effect on each of these properties.  The area per surfactant 

molecule for DiF8-PO4
-Na+ and DiF8-PO4

-NH4
+ was calculated to be 64±3 Ǻ2 and 67±6 

Ǻ2, respectively.  Due to the similar hydrated radii of the three counterions examined, 

large changes in the area per surfactant molecule were not expected.  Our results are 

similar to those of Eastoe et al.65 who observed only minor changes in the microemulsion 

droplet radius in a Winsor II system as the counterion was changed from Na+ to NH4
+ to 

N(CH3)4
+. 

 Whereas the counterion was observed to have only a minimal effect on γ, the 

addition of salt significantly affected γ for 2,4,4TMC5-PO4
-NH4

+ as indicated in Figure 

6.7.  The “salting-out” of the hydrocarbon tails from aqueous solution decreases the 

hydrophilicity of the tails. Since the branched HC surfactants lie on the left-hand, 

hydrophilic, side of the interfacial trough shown in Figure 1, the addition of salt pushes 

the surfactant toward the balanced state and lowers γ.  At 1 M CaCl2, γ was lowered to 

approximately 1.2 mN/m.  However, despite this low γ, a W/C microemulsion could not 

be formed at conditions up to 65 ºC and 340 bar, indicating the curvature was not 

optimized or that the tail-tail interactions were too strong. 

 

6.3.3 Effect of CO2 Density and Temperature on γ and Γ∞ 

 Figures 6.3 and 6.5 show that γ decreases as the CO2 density is increased for each 

of the surfactants.  As the solvent strength of CO2 increases, better solvation of the tails 

and head groups causes the surfactant to partition more to the water-CO2 interface and 

thus lower γ.  For DiF8-PO4
-NH4

+ at 25 ºC, the cµc decreased from 0.52 mM to 0.22 mM 

as the density was decreased from 0.958 to 0.882 g/mL (Figure 6.8 and Table 6.4).  As 
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Figure 6.6 

Adsorption isotherms for (▲) DiF8-PO4
-Na+ and (♦) DiF8-PO4

-NH4
+ at 25 ºC and 275 

bar. 
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Figure 6.7 

γ as a function of salt concentration at 25 ºC and 340 bar for 0.1 wt% 2,4,4TMC5-PO4
-

NH4
+.  The salts examined in this study were (●) NaCl and (▲) CaCl2.  The addition of 

salt decreases the aqueous solubility of the hydrocarbon tail, pushing the surfactant 

towards the balanced state, and thus reduces γ. 

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8 1 1.2

IF
T

 (
m

N
/m

)

Salt Concentration (M)

NaCl

CaCl
2



 199

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8 

Adsorption isotherms for DiF8-PO4
-NH4

+ at 25 ºC and CO2 densities of (●) 0.958 g/mL 

and (▲) 0.882 g/mL.  Decreasing the density increases the driving force for 

microemulsion formation, thus decreasing the critical microemulsion concentration. 
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the CO2 density is lowered, the solvation of the fluorinated tails decreases, thus 

increasing the driving force for micellization.  Consequently, the cµc decreases.  Despite 

the change in the cµc, the area per surfactant molecule was essentially constant at 

approximately 70 Ǻ2. 

 Figure 6.9 shows that the CO2 density has a larger influence on γ than temperature 

for DiF8-PO4
-Na+.  The same trend was observed for DiF8-PO4

-NH4
+.  At a given CO2 

density, increasing the temperature from 25 ºC to 50 ºC has a negligible effect on γ.  

Whereas temperature is expected to influence the interfacial properties of non-ionic 

surfactants significantly due to changes in hydrogen bonding, it has only a minor affect 

on γ for the ionic surfactants examined in this study.  Figure 6.10 shows the adsorption 

isotherms for DiF8-PO4
-NH4

+ at 25 ºC, 40 ºC, and 50 ºC and a constant CO2 density of 

0.882 g/mL, and Table 6.4 lists the results for Ah, Γ∞, and cµc.  The results indicate that 

the temperature has negligible effect on the cµc.  A study by Lu et al.64 showed the 

aqueous cmc of various dodecyl sulfate surfactants to be independent of temperature.  

Although temperature did not influence the cµc of DiF8-PO4
-NH4

+, it produced a modest 

change in the surface excess and the interfacial area per surfactant molecule.  As the 

temperature was increased from 25 to 50 ºC, the area per surfactant molecule increased 

from approximately 69 to 97 Ǻ2.  This trend of increasing area per surfactant molecule as 

the temperature increases is consistent with a study by da Rocha et al.44 and may be 

partially explained by an increase in the thermal motion of the surfactant molecules58.  

The increase in temperature may also change the surfactant HCB causing a shift away 

from the balanced state thus resulting in an increase in the area per molecule. 

 

6.3.4 Emulsion Formation and Stability Measurements 

 Whereas W/C microemulsions could be formed with DiF8-PO4
-Na+ 18,59, only 

C/W macroemulsions could be formed with the branched HC phosphate surfactants.  The 

γ values were not low enough for the extremely high surface area in microemulsions.  

Furthermore, the preferred curvature for the branched HC surfactant is about CO2 and not 

water, despite the presence of two tails, indicating the poor ability of CO2 to screen the 
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Figure 6.9 

IFT as a function of CO2 density at various temperatures for 0.1 wt% DiF8-PO4
-Na+.  The 

temperatures were 25 ºC (▼), 40 ºC (♦), and 50 ºC (▲).   The CO2 density has a much 

more significant affect on γ than the temperature. 
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Figure 6.10 

Adsorption isotherms for DiF8-PO4
-NH4

+ at various temperatures and a constant CO2 

density of 0.882 g/mL.  The temperatures were (▼) 25 ºC, (♦) 40 ºC, and (▲) 50 ºC.  The 

temperature has a negligible effect on the cµc. 
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tail-tail interactions.  However, stable C/W macroemulsions could be formed and 

stabilized with the branched HC surfactants.  All of the emulsions formed had a fine, 

uniform appearance and occupied the entire volume of the high-pressure cell.  At all 

temperatures and pressures, the morphology of the emulsion was CO2 droplets dispersed 

in a continuous water phase (C/W) on the basis of visual observation of creaming fronts. 

 A previous study25 reported that an ionic HC surfactant, sodium bis(3,5,5-

trimethyl-1-hexyl)sulfosuccinate, stabilized a concentrated C/W emulsion for short 

periods of time.  After ten minutes, coalescence was noticeable in the upper phase, and 

the emulsion separated into a clear bottom phase and an upper foamy phase of equal 

volume.  In contrast, at 25 ºC and 340 bar, a C/W emulsion consisting of 1 wt% 

2,4,4TMC5-PO4
-NH4

+ and 10 wt% CO2 was stable for greater than one hour.  On the 

basis of multiwavelength turbidimetry67, the average dispersed CO2 droplet size was 

approximately 1.5 microns. 

Figure 6.11 shows a turbidity-time profile for the stability of a C/W emulsion 

consisting of 10 wt% CO2 and 1 wt% 2,4,4TMC5-PO4
-NH4

+ at four sequential CO2 

densities at 25 ºC.  At high CO2 densities, the turbidity decreased slightly over the 15 

minute period as a result of creaming of the dispersed CO2 droplets, resulting in a slight 

negative dτ/dt.  Upon decreasing the CO2 density below the critical flocculation density 

(CFD), the turbidity increased rapidly and then decreased.  The rapid increase resulted 

from flocculation of the CO2 droplets, which then underwent accelerated creaming.  In 

order to improve the accuracy in the measurement of dτ/dt below the CFD, the slope was 

measured as the turbidity began to decrease, resulting in a negative dτ/dt. 

Figure 6.12 shows log |dτ/dt| versus CO2 density for a C/W emulsion stabilized 

with the branched HC phosphate.  The sharp break in the curve is identified as at the CFD 

(~0.88 g/mL).  At CO2 densities above 0.88 g/mL, the CO2-philic tails inside the CO2 

droplets are solvated well enough to achieve sufficient surfactant adsorption at the water-

CO2 interface and a low γ.  As the CO2 density is lowered, the surfactant desorbs into the 

water phase, resulting in an increase in γ.  Shifts in stability with density have also been 

observed for C/W microemulsions68 and C/W macroemulsions69. 
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Figure 6.11 

Turbidity-time profile for a C/W emulsion consisting of 1 wt% 2,4,4TMC5-PO4
-NH4

+ 

and 10 wt% CO2 at 25 ºC and various CO2 densities. 
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Figure 6.12 

Log |dτ/dt| for a C/W emulsion consisting of 1 wt% 2,4,4TMC5-PO4
-NH4

+ and 10 wt% 

CO2 at 25 ºC.  The break in the curve represents the critical flocculation density (CFD).  

The emulsion is stable at CO2 densities greater than the CFD. 
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6.4 Conclusions 

 The interfacial properties of a family of fluorocarbon and hydrocarbon phosphates 

at the water-CO2 interface have been studied as a function of surfactant tail structure and 

branching, counterion, salt concentration, CO2 density, and temperature.  An increase in 

tail branching for the hydrocarbon ionic surfactants decreases the fractional free volume, 

or the contact, between water and CO2, which lowers the interfacial tension and increases 

the surfactant adsorption markedly.  This trend has been demonstrated experimentally in 

this study and by molecular dynamics computer simulation48,49.  In addition, tail 

branching increases the numerator of 1/HCB by lowering the strength of tail-tail 

interactions.  An increase in 1/HCB drives the surfactant from the bulk water phase to the 

water-CO2 interface, a shift towards the balanced state.  Furthermore, branching lowers 

the hydrophilicity (lowers the denominator in 1/HCB) of the surfactant by decreasing 

solvent contact with the tails and lowering the critical micelle concentration in water.  

Finally, the branched tails help to minimize the tail-tail interactions leading to 

coalescence by limiting tail overlap.  For 2,4,4TMC5-PO4
-NH4

+, the branching moved 

the surfactant from the aqueous phase towards the balanced state to achieve a γ of only 

3.7 mN/m.  However, the system was still not close enough to the balanced state to form 

a W/C microemulsion, illustrating the challenges involved in achieving enough tail 

solvation by CO2 to balance the hydration of ionic head groups.  In contrast, nonionic HC 

surfactants, where hydration of the head group is weaker, can be designed to be close 

enough to the balanced state to stabilize a W/C microemulsion43.  

 For the first time, a low molecular weight HC ionic surfactant is shown to 

stabilize a concentrated C/W emulsion for greater than one hour.  An advantage of these 

CO2 droplets versus water droplets in a W/C emulsion is that tail-tail attractive 

interactions are inside the droplets and do not cause flocculation.  Further reductions in γ 

based on fundamental principles learned from interfacial studies will ultimately lead the 

way to the stabilization of W/C microemulsions with ionic HC surfactants. 
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Chapter 7 

 

Interactions of Core-Shell Silica Nanoparticles in Liquid Carbon 

Dioxide Determined from Dynamic Light Scattering 

 

 

 The effects of solvent density on the interparticle interactions between dispersed 

core-shell silica nanoparticles in liquid CO2 were investigated in terms of a diffusional 

second virial coefficient measured by dynamic light scattering.  A porous cross-linked 

polymeric shell was formed around a hydrophilic silica core using a tri-functional 

silylating agent, (heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxy silane.  The 

formation of the polymeric shell weakened the Hamaker interactions between particles 

thus enabling dispersibility at CO2 pressures as low as the vapor pressure using only a stir 

bar.  With dynamic light scattering, the particle size and degree of aggregation were 

measured in the solvent used for synthesis of the shells, ethanol, and in CO2 as a function 

of both the silane:silica (wt:wt) ratio and the silane addition rate.  Particles in ethanol 

with thick shells could be dried and redispersed in CO2, whereas particles with thin shells 

were dispersible in CO2 only when added to CO2 while still dispersed in ethanol.  In all 

cases, the diffusional second virial coefficients were negative in CO2, indicating 

attractive interactions and poor solvent conditions.  The coefficients became more 

negative as the CO2 density was lowered.  Inorganic colloidal particles, with diameters on 

the order of a few hundred nanometers, may be stabilized in CO2 at the vapor pressure for 

tens of minutes with porous cross-linked polymeric shells, whereas both non-cross linked 

polymeric and low molecular weight stabilizers have not yet been successful. 
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7.1 Introduction 

Compressed CO2 may be utilized as a green solvent in various industrial 

applications involving colloids including metal extraction1, photoresist drying2,3, 

nanoparticle synthesis4-8, enzymatic catalysis9, and dry cleaning10.  The tunable solvation 

strength of this fluid allows for the interfacial properties and interactions between 

colloids to be controlled, as has been described with lattice fluid self-consistent field 

theory11.  Small changes in the system temperature and/or pressure can significantly 

affect the interactions between the solvent molecules and the stabilizing ligands which 

are directly responsible for steric stabilization of colloids12,13.  Monte Carlo simulation14, 

neutron scattering15, x-ray scattering16, light scattering17, and lattice-fluid theory11,18,19 

have all indicated that interactions between CO2 and the stabilizing tails become more 

favorable as the solvent density increases.  Consequently, the degree of steric 

stabilization of colloids increases dramatically as the pressure is increased. 

To date, a variety of colloidal dispersions20, including microemulsions (<10 

nm)21-27, miniemulsions (50-500 nm)28,29, macroemulsions (>500 nm)30-32, metal 

nanocrystals4,5,7,8,33-35, polymer latexes36, and inorganic silica37-41 dispersions have been 

reported in CO2.  Over the last five years, the stabilization of silica dispersions in CO2 has 

been an area of great interest37-41.  These dispersions have been studied for applications 

such as chemical mechanical planarization in semiconductor processing (CMP)41,42 and in 

the formation of emulsions in CO2
43.   Dickson et al.43 demonstrated that silica 

nanoparticles may be used in lieu of classical surfactants to stabilize CO2-in-water (C/W) 

emulsions at pressures as low as 68 bar43.  In the case of solid-stabilized emulsions, 

stabilization is not dependant on tail-solvent interactions, which can be weak in CO2-

based systems, particularly at the vapor pressure of CO2
44. 

A majority of the colloids reported in CO2 can only be formed at pressures on the 

order of 200-300 bar36,37,39.  From a practical point of view, it would be desirable to 

stabilize these colloidal dispersions in liquid CO2 at lower pressures, and particularly at 

the vapor pressure (63 bar at 25 ºC).  Novel CO2-based processes such as particle 

assembly by drop-casting33 and free meniscus coating45 require a vapor-liquid interface.  
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Unfortunately, the solvent strength of CO2 at its vapor pressure is extremely weak and 

usually insufficient to solvate stabilizers well enough to prevent flocculation of colloids. 

A few studies have achieved steric stabilization of colloidal dispersions in liquid 

CO2 at the vapor pressure with low molecular weight ligands25,33,34.  For example, dilute 

dispersions of silver34 and gold33 nanocrystals have been stabilized with perflourodecane 

and fluorooctyl methacrylate ligands, respectively.  In addition, Stetyler and co-workers25 

formed a water-in-CO2 (W/C) microemulsion with a di-alkyl phosphate surfactant.  All 

polymers have negative second virial coefficients at the vapor pressure of CO2 as the 

monomer-monomer interactions are stronger than the monomer-CO2 interactions, 

indicating that CO2 is a poor solvent46,47.  Relative to polymers, low MW stabilizers offer 

the advantages of decreased tail overlap and increased solvation in carbon dioxide, thus 

allowing for dispersibility at weaker solvent conditions.  However, the short tail lengths 

only allow for the stabilization of colloids less than about 10 nm in diameter. 

A recent study by Dickson et al.40 reported concentrated dispersions of silica 

particles larger than 100 nm in liquid CO2 at the vapor pressure.  The particles were 

stabilized with a cross-linked polymeric fluoro-silica shell.  This shell weakened the 

Hamaker interactions between the composite core-shell particles, resulting in a stable 

dispersion of 1 wt% silica particles.  The cross-linking minimized contacts between the 

polymer chains, which would otherwise have caused flocculation at low pressures even 

for the best polymer stabilizers in CO2 such as perfluorooctyl acrylates36,48, 

perfluorooctyl methacrylates39,49, poly(dimethyl siloxane)38,50, and perfluoropolyethers51. 

Furthermore, the shells provided steric stabilization at distances on the order of 10 nm, 

beyond the distances of only about 1.5 nm with low molecular weight surfactants.  Thus, 

the screening of Hamaker interactions with a fluoropolymeric shell is a general concept 

for stabilizing colloids, on the order of a few 100 nm in diameter, in CO2 at low 

pressures.  Unfortunately, the as-received fumed silica particles used above40 were 

already highly flocculated, prior to forming the shell, as a consequence of the synthetic 

procedure.  It was therefore not surprising that dispersions of these particles in CO2, even 

after adding the fluorosilica shell, were highly polydisperse with a multi-modal size 
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distribution.  These colloids were too polydisperse to be studied with dynamic light 

scattering and could only be characterized qualitatively by turbidimetry40.  

 The primary goal of this study was to form relatively monodisperse core-shell 

silica dispersions in CO2 for the investigation of the density-dependent interparticle 

interactions in terms of a diffusional second virial coefficient determined from dynamic 

light scattering.  To avoid the high polydispersities for fumed silica40, we have chosen to 

synthesize fluoro-silica shells on monodisperse colloidal silica particles.  The shells on 

the colloidal silica particles were formed with a fluorinated tri-functional silylating agent, 

(heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxy silane.  The sizes and degree of 

aggregation of the core-shell particles in the solvent utilized for synthesis, ethanol, and in 

CO2 were investigated as a function of both the silane:silica (wt:wt) ratio and the addition 

rate of the silylating agent.  The size, stability, and interparticle interactions, as quantified 

by a diffusional second virial coefficient, of the core-shell silica particles were measured 

as a function of CO2 density with dynamic light scattering (DLS).  In addition, 

transmission electron microscopy and elemental analysis were also used to characterize 

the core-shell silica nanoparticles.  The low polydispersity of the starting silica particles 

and the design of the shells led to outstanding dispersibility relative to previous studies40 

as these core-shell particles could be dispersed in liquid CO2 at pressures as low as the 

vapor pressure using only a stir-bar.  The mechanism of particle stabilization is described 

in terms of the fluorine content, shell thickness, aggregation of primary particles, CO2 

density, and particle settling rate.  The porous cross-linked shells are shown to minimize 

contact between polymer chains, which would otherwise produce flocculation at low 

pressures, and to provide greater separation between particles than low molecular weight 

stabilizers.  

 

7.2 Experimental Section 

7.2.1 Materials 

 Two samples of colloidal silica were obtained from Grace Davison:  Ludox SM30 

and Ludox TM50.  The as-received silica particles were electrostatically stabilized in 
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water with a pH ~9.  From dynamic light scattering (BI-ZetaPlus; Brookhaven 

Instruments Corporation), the sizes of the as-received SM30 and TM50 silica particles 

were 14 and 24 nm, respectively.  The silylating coupling agent (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)triethoxy silane (Gelest), ethanol (AAPER), acetic acid (Fisher 

Scientific), hydrochloric acid (Fisher Scientific), and 1,1,2-trichlorotrifluoroethane 

(Freon-113; Aldrich) were used as received.  Deionized water (Nanopure II, 16 µS/cm) 

and research grade CO2 (Matheson) were used in all experiments. 

7.2.2 Silane Grafting 

 The hydrophilic silica particles were silylated with (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)triethoxy silane in an aqueous alcohol52.  Before surface modification, 

the aqueous-based silica dispersions were first diluted ten-fold with 0.33 N HCl to 

protonate the silica surface.  The acidified silica dispersions were dialyzed (Spectra Por 2; 

Spectrum Laboratories, Inc.) against DI water for 24 hours followed by dialysis against 

pure ethanol for another 24 hour period to replace the water continuous phase with 

ethanol.  The silica-ethanol dispersion was then placed in a three-neck round-bottom 

flask where an appropriate mass of DI water was added to make a 95:5 (wt:wt) 

ethanol/water mixture followed by acetic acid to achieve a pH of 4.  Before the addition 

of the DI water and acetic acid, a small sample of the silica dispersion in ethanol was 

analyzed using DLS to ensure that the dialysis process had not resulted in particle 

aggregation.  The DLS results showed no significant change in either the primary particle 

size or size distribution.  A transmission electron micrograph (TEM) of the as received 

TM50 particles drop-cast onto a copper grid from ethanol can be found in Appendix B.  

The TEM image was obtained using a Phillips EM 208 transmission electron microscope 

with a 4.5 Ǻ point-to-point resolution operating with an 80 kV accelerating voltage. 

The silane coupling agent was added to the silica/ethanol/water mixture while 

stirring either (1) in one rapid injection or (2) drop-wise over twelve hours. The amount 

of the silylating agent added was varied to achieve the desired silane:silica (wt:wt) ratio:  

3.1:1 or 6:1.  The procedure used to modify the particles through rapid addition of the 

silylating agent is described elsewhere40.  To add the silylating agent drop-wise, a 
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graduated funnel with a PTFE needle valve stopcock (Ace Glassware PN #7298) was 

used, and the silylating agent was added at a rate of approximately one drop every seven 

seconds, which corresponded to a flow rate of approximately 3 mL/hr.  These drop-wise 

experiments were conducted at elevated temperatures, and the reaction temperature was 

maintained by placing the three-neck round-bottom flask in a water bath at the desired 

temperature.  A Lieberg condenser (Ace Glassware PN #4072) was connected to the 

round-bottom flask in order to prevent solvent evaporation during the reaction.  After the 

drop-wise addition of the silane coupling agent, the reaction vessel was allowed to slowly 

cool to room temperature, and the solution was dialyzed against pure ethanol to remove 

any un-reacted silane coupling agent.  These particles were left dispersed in ethanol with 

a particle concentration of ~ 3-4 mg/mL.  The sizes of all the core-shell silica particles 

were measured using dynamic light scattering, and these results are discussed below. 

7.2.3 Dispersion Formation and Dynamic Light Scattering (DLS) Measurements in 

CO2 

 The silica dispersions were formed by adding an appropriate mass of the core-

shell silica nanoparticles and CO2 into the front of a high-pressure variable-volume view 

cell32.  The silica particles which had been modified by the rapid addition of the silylating 

agent were added to the high-pressure cell as a dry powder, while the particles modified 

through drop-wise addition of the silylating agent were added to the high-pressure cell 

while still dispersed in ethanol.  By adding the particles as a dispersion in ethanol, 

irreversible aggregation which often occurs during solvent drying was avoided.  In these 

cases, the amount of ethanol in the overall system was limited to 4 vol%.  The contents of 

the cell were mixed for 15-20 minutes using a magnetic Teflon stir bar.  The silica 

particles were easily dispersible in CO2 using only a stir-bar and no excess silica could be 

observed.  The appearance of the silica dispersions in CO2 was hazy, and the degree of 

haziness depended on both the particle concentration and CO2 density.  For all of the 

dispersions in this study, the particle concentration was varied from 0.3-0.14 mg/mL. 

The high-pressure DLS apparatus used in this study is described elsewhere27.     

The silica dispersion was first formed in the high-pressure cell and then recirculated for 
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1-2 min. through the scattering cell using a high-pressure homogenizer (Avestin, model 

C-5).  After stopping the homogenizer, the system was allowed to equilibrate for a few 

minutes to allow for any convection currents to stop.   The data were analyzed using a 

digital autocorrelator (Brookhaven Instruments Corporation, model BI-9000AT) with 522 

real time channels and the CONTIN program.  The measured detection angle was 15°.  

The measurements were conducted at least three times at each condition, and the results 

were reproducible within 10-15% in diffusion coefficient. 

 

7.3 Results and Discussion 

7.3.1 Particle Synthesis, Characterization and Dispersion in Ethanol 

 Table 7.1 summarizes the atmospheric and high-pressure DLS results for the as-

received particles dispersed in ethanol and the core-shell nanoparticles dispersed in 

ethanol, Freon-113, and CO2.  The particle radius was calculated using the 

experimentally measured diffusion coefficient along with the Stokes-Einstein equation. 

As shown in Table 7.1, the rapid addition of the silylating agent to Ludox SM30 

resulted in the formation of a polydisperse dispersion of fluoro-silica particles in ethanol.  

For both the 3.1:1 (SM3.1-R, where -R indicates rapid addition) and 6:1 (SM6-R) 

silane:silica (wt:wt) ratios, the DLS results indicated a bi-modal size distribution of small 

core-shell particles (~30 nm) and large aggregates (~200 nm) in ethanol.  Fluorine 

elemental analysis (Galbraith Laboratories, Inc.; Knoxville, TN) for the SM6-R core-

shell particles indicated a fluorine content of nearly 57%.  Based on a shell density of 1.4 

g/mL (Gelest) and a primary particle size of 14 nm (Table 7.1), a F content of 57% would 

correspond to a shell thickness of approximately 7.5 nm for a non-porous shell.  This 

shell thickness would result in a 29 nm fluoro-silica particle.  The modestly larger DLS 

result of 31 nm for the small particles indicates that the shells included porosity. 

The large 200 nm aggregates may have been influenced by chemical cross-linking 

of the polymeric shells upon approaching particles.  The particle aggregation may have 

also arisen from the attractive forces due to the mismatch in Hamaker constants between 

the thick fluorinated shells and ethanol.  Despite the presence of fluoro-silica aggregates  
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Table 7.1 

Properties of the unmodified and core-shell silica nanoparticles in ethanol, Freon-113, 

and CO2. 

 

 
a – Nomenclature: SM = Ludox SM30, TM = Ludox TM50. 3.1 indicates a silane:silica 

ratio (wt:wt) of 3.1:1. 6 indicates a silane:silica ratio (wt:wt) of 6:1.  -R indicates that the 

silane was added all at once.  -S indicates that the silane coupling agent was added slowly 

or drop-wise over a 12 hour period 

 
b – DLS measurements made at 23 ºC and a particle concentration of ~ 0.1 mg/mL.  The 

polydispersity in size was approximately 10-15%. 

 

Particlea 

Primary 
Particle 

Size 
(nm) 

Rxn 
T 

(ºC) 

Size in 
ethanol 

(nm) 

F 
elemental 
analysis 

(%) 

Size in 
Freon 
(nm) 

Dispersed 
in CO2 as 

dry 
powder? 

ρCO2 
(g/mL) 

Size 
in 

CO2 
(nm)b 

SM3.1-R 14 23 29, 245 NA 400, 
1500 Yes NA 

0.964 370 

0.906 450 SM6-R 14 23 31, 200 57 400, 
1200 Yes 

0.770 540 

0.964 300 

0.906 390 SM3.1-S 14 45 24 20 NA No 

0.770 500 
0.964 280 

0.906 360 TM3.1-S 24 82 34 13 NA No 

0.770 460 

SM6-S 14 23 25, 310 NA NA No NA 
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measured by DLS, the fluoro-silica/ethanol dispersion exhibited only slight turbidity and 

no excess silica particles were visible.  Attempts to break-up these large aggregates in 

ethanol were unsuccessful using either a high-pressure homogenizer or a Branson 

Sonifier (VWR Scientific, Model 250) equipped with a microtip. 

In order to avoid the formation of chemical bonds between growing fluorinated 

shells on separate particles, the silylating coupling agent was added dropwise at elevated 

temperatures to increase the intraparticle silylation rate.  This approach resulted in 

formation of a monodisperse dispersion of small core-shell aggregates for both the SM30 

(SM3.1-S, where -S indicates slow dropwise addition) and TM50 (TM3.1-S) silica 

particles in ethanol (Table 7.1).  In each case, the average particle diameter increased ~10 

nm due to the formation of a fluoro-silica shell.  In the case of the SM30 nanoparticles, 

increasing the silane:silica (wt:wt) ratio to 6:1 (SM6-S), resulted in the formation of a 

polydisperse dispersion containing both small core-shell particles and large fluoro-silica 

aggregates.  Because of the greater probability of intraparticle silylation due to dropwise 

addition of silylating agent, the formation of the large aggregates was likely due primarily 

to the van der Waals interactions between shells given the incompatible between fluoro-

silica shells and ethanol. 

Figure 7.1 shows a TEM image of the TM3.1-S particles modified through drop-

wise addition of the silylating agent.  The core-shell particles shown in Figure 7.1 appear 

non-aggregated and fairly uniform in size with an average diameter of ~ 28 nm.  In 

ethanol, the core-shell particles were measured to be approximately 34 nm using DLS 

(Table 7.1).  The TEM and DLS results suggest the presence of a thin fluorinated shell 

around the silica nanoparticles.  Fluorine elemental analysis indicated a F content of only 

13 wt%.  Given this result for a primary particle size of 24 nm (Table 7.1), the 

fluoropolymer shell thickness was calculated to be approximately 1.5 nm for a nonporous 

shell with a density of 1.4 g/mL.  A shell thickness of 1.5 nm would result in a core-shell 

particle of 27 nm. 

The modestly larger value for TM3.1-S determined by both TEM and DLS 

indicates that the shells were porous, as would be expected due to cross-linking with the  
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Figure 7.1 

Representative transmission electron micrograph (TEM) of core-shell Ludox TM3.1-S 

particles drop-cast onto a carbon grid from ethanol.  Scale bar = 100 nm. 
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trifunctional silylating agent.  In a previous study, Badley et al.53 measured the density of 

colloidal silica particles modified with various trimethoxysilane coupling agents.  The 

densities of the core-shell particles were noticeably smaller than those predicted through 

a linear combination of the densities for the bare silica particles and the silylating agent.  

In addition, the density of the core-shell particles decreased with increased surface 

coverage.  These results both indicated that the shells were indeed porous. 

The SM30 particles were also modified through drop-wise addition of the 

fluorinated silylating agent in a 3.1:1 silane:silica (wt:wt) ratio (SM3.1-S) to produce a 

non-aggregated monodisperse dispersion of core-shell silica nanoparticles in ethanol.  A 

representative TEM image of the core-shell SM3.1-S particles drop-cast from ethanol can 

be found in Appendix B.  The size of the core-shell nanoparticles was estimated to be ~ 

20 nm using TEM and measured to be ~ 24 nm in ethanol using DLS (Table 7.1).  

Fluorine elemental analysis showed a F content of 20%.  For a primary particle size of 14 

nm (based on TEM and DLS), a fluorine content of 20% corresponds to a shell thickness 

of approximately 1.25 nm.  This shell thickness would result in a core-shell particle of 

16.5 nm for a fluoro-silica density of 1.4 g/mL.  Again, the moderately larger size 

observed in TEM and DLS suggest the presence of a porous shell.  Although the SM3.1-

S core-shell particles had a higher F content relative to the TM3.1-S core-shell particles, 

the increased surface area per unit volume for the smaller SM30 particles resulted in a 

slightly thinner fluorinated shell. 

Based on the TEM, DLS, and elemental analysis results, the conversion of the 

silylation reaction may be estimated.  Assuming that all of the silane coupling agent 

reacted and attached at the surface, a 3.1:1 (wt:wt) silane:silica ratio would have resulted 

in a F content of approximately 50 wt%.  However, the elemental analysis results for the 

core-shell SM3.1-S and TM3.1-S particles showed fluorine contents of only 20 and 13 

wt%, respectively.  These low F contents indicate limited conversion for the formation of 

the shell on the surface, possibly due to the relatively slow addition rate of the silylating 

agent.  In sol-gel chemistry, diluting the concentration of the silylating agent reduces both 

the reaction rate and the degree of branching54.  Compared to adding the silane coupling 
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agent all at once, the drop-wise addition significantly diluted the silane and thus slowed 

the reaction rate.  It was therefore not surprising that the slow addition of the silylating 

agent followed by dialysis to remove the unreacted silane resulted in a thin shell around 

the silica core.  Additional work would need to be done in order to determine the optimal 

addition rate to achieve high surface attachment while minimizing aggregation in ethanol. 

7.3.2 Particle Dispersions in CO2 

The as-received hydrophilic silica particles could not be dispersed in carbon 

dioxide at pressures as high as 340 bar at 23 °C.  Upon addition to CO2, the hydrophilic 

silica particles aggregated and immediately settled to the bottom of the view-cell.  

However, the silica particles could be dispersed readily in liquid CO2 at pressures as low 

as the vapor pressure after modification with the perfluorodecane triethoxy silane.  Even 

at the vapor pressure, no excess silica could be observed on the bottom of the high-

pressure cell after 30 minutes indicating good dispersibility.  It is impressive that the 

core-shell colloidal particles could be dispersed using only a stir-bar whereas the earlier 

study of Dickson et al.40 required the use of a high-pressure homogenizer to provide 

enough mechanical energy to disperse the large aggregates. 

 Although all of the core-shell silica particles listed in Table 7.1 could be dispersed 

in CO2, only the particles modified by adding the silylating agent all at once (SM3.1-R 

and SM6-R) could be dispersed as a dry powder.  The dispersibility of the dry powders 

after vacuum drying depended upon the thickness of the fluoro-silica shell.  Because of 

the low F content achieved through drop-wise addition of the silane couple agent, none of 

the particles modified in this manner could be dispersed in either Freon-113 or CO2 as a 

dry powder at a concentration of 0.1 mg/mL.  During the drying process, the particles 

irreversibly aggregated, and the thin shells were not capable of weakening the van der 

Waals interactions sufficiently to stabilize these large aggregates. 

The addition of the silylating agent all at once (SM3.1-R and SM6-R) resulted in 

the formation of a thick fluoropolymer shell which allowed for the core-shell silica 

particles to be dispersed in both Freon-113 and liquid CO2 as a dry powder.  Before 

drying the core-shell particles, the DLS results for the SM6-R particles showed a bi-



 224

modal size distribution in ethanol with diameters of 31 and 200 nm.  After drying the 

particles, the particles could not be re-dispersed in ethanol due to irreversible aggregation 

and the incompatibility between ethanol and the thick fluorinated shell.  However, the 

core-shell silica particles were easily redispersed in the fluorinated solvent Freon-113.  

Unfortunately, the particles irreversibly aggregated during the drying process, and 

redispersion produced a multi-modal size distribution in Freon-113, with the dominant 

peaks at 400 and 1200 nm.  By intensity, the 400 nm peak was stronger than the 1200 nm 

peak thus indicating a higher number concentration of the 400 nm aggregates.  Before 

dispersing the particles in CO2, the large 1200 nm aggregates were removed by 

centrifugation. 

 Figure 7.2 shows the sizes of the SM3.1-S and TM3.1-S core-shell silica particles 

with thin shells formed by drop-wise addition when dispersed in CO2 at 23 °C at a 

particle concentration of ~ 0.1 mg/mL.  Since these core-shell particles aggregated during 

drying and thus could not be dispersed in CO2 as a dry powder, they were added to CO2 

while still dispersed in ethanol.  On the basis of visual observations, the particles were 

dispersible in liquid CO2 at the vapor pressure, without the presence of excess settled 

particles in the high-pressure cell.  The silica dispersions were transparent in ethanol with 

a particle diameter ~ 30 nm, but had a hazy appearance in CO2, indicating modest particle 

aggregation.  The size of the aggregates varied between 280 and 500 nm, depending on 

CO2 density.  Figure 7.3 shows the DLS size distributions for the TM3.1-S core-shell 

particles.  A unimodal size distribution was present with a low degree of polydispersity 

(typically 10-15%) at all three CO2 densities.  Neither the size nor the size distribution 

was observed to change significantly over thirty minutes. 

 It is interesting that, despite the high degree of aggregation of the primary 

particles in CO2, the DLS results showed a unimodal size distribution of the aggregates 

with a relatively low polydispersity.  The formation of a monodisperse dispersion of core-

shell silica aggregates in CO2 may be due to various factors.  According to 

Smoluchowski kinetics, the rate of aggregation due to Brownian motion scales as n2, 

where n is the number concentration of particles55.  As aggregation occurs, the number  
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Figure 7.2 

Particle diameter as a function of CO2 density at 23 ºC for the core shell (▲) TM3.1-S, 

(●) SM3.1-S, and (■) SM6-R silica nanoparticles.  The polydispersity for each condition 

was ~10-15%.  The unmodified sizes for Ludox SM30 and TM50 are approximately 14 

and 24 nm, respectively in ethanol. 
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Figure 7.3 

Representative DLS size distributions for the TM3.1-S core-shell nanoparticles in CO2 at 

23 ºC and various CO2 densities: (A) 0.96 g/mL, (B) 0.91 g/mL, and (C) 0.77 g/mL. 
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concentration of particle decreases and the rate of aggregation will slow down.  For 

uniform, 34 nm primary particles, n was about 2.2 × 1018 m-3 in Figure 7.2 and would 

decrease by a factor of 1000 if all the primary particles formed aggregates 300 in 

diameter.  In addition, further aggregation will also be opposed by the loss of entropy of 

the individual silica particles.  If this entropy loss balances the attractive interactions 

between the aggregates, it may allow for the formation of a “kinetically trapped” 

metastable dispersion of aggregated silica particles with a narrow size distribution.  As 

the size of the aggregates increases, the volume fraction of the voids between the primary 

particles will increase and lower the composite Hamaker constant for the aggregates.  

This reduction in the Hamaker constant will weaken the interparticle attraction. 

 The kinetics of the aggregation of inorganic colloids including silica have been 

investigated using techniques such as static56 and dynamic57,58 light scattering.  Using 

DLS, Gast and co-workers57 examined the aggregation of colloidal silica.  At long times, 

aggregation resulted in extremely broad size distributions.  However, at intermediate 

times, the degree of polydispersity was relatively low despite the increase in the average 

particle size.  This process has also been observed in the aggregation of DNA 

complexes58.  In addition, studies of aerosols have reported situations in which particles 

aggregate to a certain size where growth becomes very slow59-61.  In this “self-

preserving” condition, both the cluster size and polydispersity in size distribution cease to 

depend on time59-61. 

 The unusually low Hamaker constant for CO2 makes it challenging to stabilize 

colloids in this solvent.  The Hamaker attraction between two spherical silica particles 

increases from 0.01 to 0.123 eV as the medium is changed from ethanol to CO2 at 23 ºC 

and 68 bar.  The high-pressure DLS results for the SM3.1-S and TM3.1-S core-shell 

particles indicate the inability of the thin fluorinated shell to fully screen this increased 

Hamaker attraction and prevent aggregation in CO2.  The van der Waals attraction (φvdw) 

between two spherical particles is dependent on the Hamaker constant, A121, for one silica 

particle interacting with another silica particle (subscript 1) across a solvent (subscript 2) 

which may be approximated using the following relationship: 
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 ( )22211121 AAA −=  (7.1) 

where A11 and A22 are the Hamaker constants for silica and the solvent interacting across 

vacuum, respectively.  These values can be estimated using a simplification of Lifshitz 

theory62
 and applied as we reported recently40. 

In order to avoid aggregation between the SM3.1-S and TM3.1-S core-shell 

particles, a thicker shell would be needed on the silica cores.  In the case of the SM6-R, 

core-shell particles with thick shells, the average aggregate size was 400 nm at 23 °C and 

272 bar (ρCO2 = of 0.96 g/mL) (Table 7.1 and Figure 7.2).  Interestingly, this was the 

same size of the aggregates in the good solvent Freon-113 (after centrifugation to remove 

the 1200 nm aggregates).  The fact that the aggregate size was the same in both Freon-

113 and CO2 indicates that the thick fluorinated shell formed by adding the silane 

coupling agent all at once was capable of screening the Hamaker interactions in CO2 as 

well as in Freon-113 to limit the degree of aggregation. 

As shown in Figure 7.2, the aggregate size for all three types of particles 

increased as the CO2 density was lowered.  Here, the solvent strength decreases, resulting 

in decreased steric stabilization39,49,63.  However, in this case, the particles were not 

sterically stabilized in the classical manner since the polymeric shell was cross-linked.  It 

is therefore believed that the increase in aggregate size as the CO2 density was lowered 

was due primarily to increased Hamaker interactions.  The Hamaker constant between 

silica particles increased by a factor of 1.45 as the CO2 density was lowered from 0.96 to 

0.77 g/mL, consistent with the increase in average aggregate size from 280 to 460 nm.  

Upon re-pressurizing the system to ρCO2 = 0.96 g/mL, the aggregate size decreased from 

460 to 310 nm simply by re-circulating the dispersion for a few minutes indicating 

reversible aggregation. 

By slowly depressurizing the dispersion in CO2 to atmospheric pressure, it was 

possible to recover the core-shell particles in ethanol.  Figure 7.4 shows that the original 

TM3.1-S particles dispersed in ethanol were relatively unimodal.  However, redispersing 

the core-shell particles into ethanol after contact with CO2 led to a bimodal size 

distribution with two nearly equal peaks with maxima at 45 and 280 nm.  In DLS, the  
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Figure 7.4 

DLS size distributions for the modified TM3.1-S core-shell nanoparticles (A) dispersed 

in ethanol before contact with CO2, (B) dispersed in CO2 at 23 ºC and 272 bar (ρCO2 = 

0.96 g/mL), and (C) dispersed in ethanol after contact with CO2. 
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intensity of scattered light is dominated by the presence of large particles and is 

proportional to Cr6 where C is the particle concentration and r is the particle radius64.  

Therefore, the fact that the intensities of the two peaks were nearly equal indicates that 

the dispersion consisted primarily of 45 nm particles.  This value is only moderately 

larger than the size of the particles before contact with CO2 (34 nm), again indicating that 

the aggregation process in CO2 due to Hamaker interactions is mostly reversible.  This 

reversibility suggests that interparticle reactions of the silylating agents did not take place 

after the particles were removed from ethanol.  It also suggests that the expected limited 

degree of interpenetration of the cross-linked polymer surfaces with the short 

fluorocarbon side chains did not lead to irreversible flocculation or aggregation.   

7.3.3 Particle stability in CO2 

 To study the stability of the SM3.1-S, SM6-R, and TM3.1-S core-shell silica 

dispersions in CO2, the particle size was measured every five minutes for thirty minutes.  

For these three systems, the DLS results indicated that the particle size changed less than 

10% over this time period; however, the scattered light intensity decreased noticeably.  

Figure 7.5 shows the normalized intensity as a function of time for the TM3.1-S 

dispersion at different CO2 densities.  The normalized average count rate was defined as 

the count rate at any given time divided by the initial count rate.  Since the aggregate size 

was relatively constant, the decrease in the average count rate was due to a decrease in 

the number concentration of particles dispersed in solution, indicating settling. 

 As expected, Figure 7.5 shows higher dispersion stability (slower decay in 

intensity) at higher pressures (higher CO2 densities).  This pressure effect is consistent 

with previous studies of silica dispersions in CO2
39,41 and is due to multiple factors.  First, 

the particle aggregate sizes were smaller at high CO2 densities as a result of increased 

solvent strength and reduced Hamaker interactions.  In addition, increasing the CO2 

density (1) decreased the density difference between the dispersed and continuous phases 

(∆ρ) and (2) increased the CO2 viscosity (µc).  These effects will each lower the 

dispersion settling velocity (us), as described by Stoke’s Law 
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Figure 7.5 

Normalized average count rate (ACR) vs. time for modified Ludox TM3.1-S 

nanoparticles at 23 ºC.  The particle concentration was ~0.1 mg/mL. 
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where r is the particle radius. 

 The TM3.1-S dispersion became somewhat less stable as the density was lowered.  

However, Figure 7.5 shows that the intensity of the scattered light at a CO2 density of 

0.77 g/mL decreased only 20% over thirty minutes, indicating that a majority of the core-

shell silica particles were still dispersed in CO2.  The stability of the silica particles was 

influenced by the porosity of the shell around the silica cores.  Ellipsometry studies in 

CO2
65,66, have shown that CO2 is capable of penetrating and swelling polymer thin films.  

The presence of the porous shells and the ability of CO2 to penetrate and swell the shells 

will increase the colloidal stability by reducing the Hamaker interactions between 

dispersed particles (discussed in greater detail below) and also by reducing the density of 

the dispersed aggregates to increase buoyancy.  In addition to the shell porosity, free 

space between the individual particles in the aggregates will also decrease the aggregate 

density and thus slow down the settling velocity. 

Figure 7.6 compares the stability of various core-shell particles at 23 °C and 68 

bar for a particle concentration of ~0.1 mg/mL.  The TM3.1-S silica dispersion was 

significantly more stable than the SM3.1-S dispersion.  Assuming that the density of the 

two types of particles were the same, the slightly larger SM3.1-S aggregates would be 

expected to settle 1.2 times faster than the smaller TM3.1-S aggregates (equation 7.2).  

Experimentally, the slope of the normalized intensity-time decay for the SM3.1-S was 1.5 

times greater than the slope for the TM3.1-S core-shell particles.  This slight discrepancy 

between experiments and equation 7.2 may be due to the assumption of equal densities 

for the SM3.1-S and TM3.1-S core-shell particles.  As stated earlier, the fluorinated shell 

for SM3.1-S was thinner, and thus was likely less porous, than the shell on the TM3.1-S 

particles.  Consequently, CO2 penetration into the shells of the SM3.1-S particles will be 

less than for the TM3.1-S particles leading to a higher particle density and more rapid 

settling for SM3.1-S. 

Of the three systems shown in Figure 7.6, the SM6-R particles were the largest in 
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Figure 7.6 

Normalized average count rate (ACR) vs. time at 23 ºC and 68 bar for modified 

(▲)TM3.1-S, (■) SM6-R, and (●) SM3.1-S.  The particle concentration was ~0.1 

mg/mL. 
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size (Table 7.1 and Figure 7.2) and would therefore be expected to settle the most quickly 

(equation 7.2).  Assuming the same particle density, the larger SM6-R aggregates would 

be expected to settle 1.2 times faster than SM3.1-S and 1.4 times as fast as TM3.1-S.  In 

contrast, the SM6-R dispersion was more stable than the SM3.1-S dispersion and only 

slightly less stable than the TM3.1-S dispersion.  As indicated by elemental analysis, 

these SM6-R core-shell aggregates had the thickest fluorinated shell.  The porosity of the 

shell could offset the increased aggregate size by reducing the particle density and by 

allowing CO2 to penetrate and perhaps even swell the shell, thus weakening the Hamaker 

interactions of the composite system. 

7.3.4 Density-Dependent Interparticle Interactions 

 Density-dependent interparticle interactions have previously been measured in 

CO2 using various scattering techniques, such as static light scattering (SLS)67, dynamic 

light scattering (DLS)67, small angle neutron scattering (SANS) 15,68,69, and small angle x-

ray scattering (SAXS)16.  DLS may be used to investigate the interparticle interactions by 

measuring the diffusion coefficient (Dc) as a function of particle concentration as 

follows67,70 

 ( )CkDD Dc += 10  (7.3) 

where C is the particle concentration, kD is the diffusional second virial coefficient, and 

D0 is the translational diffusion coefficient of the particle at infinite dilution.  The 

diffusional second virial coefficient contains both hydrodynamic and thermodynamic 

interactions and may be expressed as70-72 

 vkMAk fwD 22 2 −−=  (7.4) 

where kf is the frictional coefficient, v is the partial specific volume of the particles in 

solution, and A2 is a thermodynamic parameter related to the relative strength of the 

polymer-polymer versus polymer-solvent interactions. 

 Whereas SLS can be used to measure A2 directly, DLS can only be used to 

determine kD.  Although not identical, multiple studies have shown that the sign of kD 

depends primarily on the sign and size of A2
67,70.  In a recent study by Andre et al.67, the 

interactions between CO2 and polydimethyl siloxane (PDMS) was measured using both 
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DLS and SLS.  The two separate experiments were consistent in showing that CO2 is a 

“poor” solvent for PDMS, i.e. both A2 and kD were negative.  In addition, both 

coefficients became less negative (weaker attraction) as the temperature (thermal energy) 

was increased at constant CO2 density.  These SLS and DLS results agreed well with a 

previous study68 which reported a negative second virial coefficient using SANS for 

PDMS in CO2 at the same conditions. 

Figure 7.7 shows the diffusion coefficient multiplied by the CO2 viscosity 

(Walden product) as a function of particle concentration for SM3.1-S at 23 °C.  Plots 

similar to Figure 7.7 were generated for both TM3.1-S and SM6-R and can be found in 

Appendix B.  In the case of no interactions between particles and diffusion coefficients 

described by the Stokes-Einstein equation, the Walden product would be a constant.  The 

slope of each plot of Dc vs. C may be utilized to determine kD through equation 7.3 as 

shown in Table 7.2 and Figure 7.8.  For the two particles with the thin shells, TM3.1-S 

and SM3.1-S, kD changed significantly as the system pressure was decreased from 272 to 

170 to 68 bar.  At 272 bar, the diffusion coefficient was relatively independent of the 

particle concentration, indicating weak interactions.  However, as the pressure was 

decreased to 170 bar, the plot of Dc vs. particle concentration clearly showed a negative 

slope (kD < 0) and “poor” solvent conditions, indicating attractive interactions.  As the 

pressure was further lowered to 68 bar, the slope became even more negative due to 

increased attractive interactions.  For the SM6-R particles with a much thicker shells, the 

magnitude of kD was similar to those of the two types of particles with thin shells TM3.1-

S, and SM3.1-S, at the highest CO2 density, but it remained much smaller at the lowest 

density.  For the “poorest” solvent conditions, the thicker and more porous shell 

weakened the van der Waals interactions more effectively as expected. 

Figure 7.8 shows that the relative strength of the attractive interactions increased 

(kD becomes more negative) as the CO2 density was lowered from 0.96 to 0.77 g/mL.  At 

high CO2 densities, i.e. 0.96 g/mL, the interactions between the dispersed silica particles 

were only weakly attractive.  However, as the CO2 density was lowered, the interactions 

become increasingly more attractive due to an increase in both the Hamaker constant, 
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Figure 7.7 

Diffusion coefficient multiplied by the CO2 viscosity as a function of particle 

concentration for modified SM3.1-S at 23 ºC. 
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Table 7.2 

Experimentally determined Do and kD for various core-shell particles 

 

Colloid CO2 Density 
(g mL-1) 

Do 
(107 cm2 s-1) 

kD 
(mL mg-1) 

0.96 1.16 -0.72 
0.91 1.03 -1.12 SM6-R 
0.77 1.49 -1.36 
0.96 1.33 -0.51 
0.91 2.14 -3.67 SM3.1-S 
0.77 4.12 -6.22 
0.96 1.43 -0.12 
0.91 1.34 -0.38 TM3.1-S 
0.77 2.34 -4.32 
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Figure 7.8 

Diffusional second virial coefficient plotted as a function of CO2 density at 23 ºC for 

core-shell silica nanoparticles. 
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A121, and in aggregate size.  Each of these factors will result in stronger van der Waals 

attraction between the dispersed silica particles.  This trend of increased colloidal 

attraction at lower CO2 densities is consistent with theoretical predictions11,18,19 and 

studies of interparticle interactions of water microemulsion droplets studied by SANS15 

and of gold nanocrystals stabilized with perfluoropolyether in CO2 at 35 °C and various 

pressures using SAXS16.  Both the SANS and SAXS studies clearly showed increased 

attractive interactions, which ultimately led to flocculation, as the CO2 density was 

lowered. 

Figure 7.9 illustrates the effect of the CO2 density on the Hamaker constant at 23 

ºC for unmodified silica along with the three types of core-shell particles shown in Figure 

7.3.  A121 was calculated as described previously for the simple case of a uniform sphere 

with the same overall composition as the core-shell particles, assuming that the shells are 

non-porous40.  The Hamaker constant is significantly weakened by the presence of the 

fluorinated shell, and this reduction in A121 for the fluoro-silica particles facilitates 

dispersibility in CO2.  For simplicity, the effect of shell porosity and CO2 penetration into 

the porous cross-linked fluorinated shells on the Hamaker constant has been ignored.  

CO2 penetration into the porous shells would further weaken the Hamaker interactions 

between dispersed particles by lowering the refractive index and dielectric constant for 

the fluoro-silica aggregates.  Therefore, the Hamaker constants for the core-shell silica 

particles plotted in Figure 7.9 over estimate the interparticle attraction. 

 As illustrated in Figure 7.8, the SM3.1-S core-shell particles experienced stronger 

attractive interactions relative to the TM3.1-S core-shell particles.  Both of these particles 

possessed thin shells.  However, on the basis of elemental analysis, DLS, and TEM, the 

fluorinated shell was thinner for SM3.1-S than for the TM3.1-S particles.  As a result of 

this thinner shell, the Hamaker constant for SM3.1-S was greater than for TM3.1-S 

(Figure 7.9).  It is therefore not surprising that the SM3.1-S particles aggregated to a 

further degree at low CO2 densities (Figure 7.2). 
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Figure 7.9 

Calculated Hamaker constant at 23 ºC and various densities for (■) SM6-R, (▲) TM3.1-

S, (●) SM3.1-S, and (♦) pure silica. 
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Figure 7.8 also indicates that the attractive interactions between the SM6-R 

particles were weaker than those between both the TM3.1-S particles and the SM3.1-S 

core-shell particles.  The thin fluorinated shells for the SM3.1-S and TM3.1-S particles 

were not capable of screening the stronger Hamaker interactions between the larger 

aggregates at lower CO2 densities.  Consequently, kD became increasingly more negative 

for these two dispersions as the CO2 density was lowered.  The presence of a thick 

fluorinated shell for the SM6-R core-shell particles resulted in a weaker Hamaker 

constant, as illustrated in Figure 7.9, consistent with the weaker attractive interactions. 

 Despite the formation of a porous, fluorinated shell around the silica cores, all 

three systems showed increased attraction as the CO2 density was lowered.  This effect 

may be due to multiple factors.  First, the Hamaker constant increased for all three 

systems as the CO2 density was lowered (Figure 7.9).  In addition, previous studies of 

polymer thin films in CO2 have reported a decrease in the polymer swelling as the CO2 

density is lowered65,66.  A reduction in the swelling of the fluoropolymer shell would 

shorten the separation distance between dispersed aggregates and also increase A121, both 

of which would result in increased van der Waals attraction. 

 

7.4 Conclusions 

 Density-dependent interparticle interactions between dispersed core-shell silica 

nanoparticles were quantified in terms of diffusional second virial coefficients measured 

by dynamic light scattering.  By modifying monodisperse colloidal silica with a tri-

functional silylating agent, (heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxy silane, 

relatively uniform dispersions of core-shell particles could be formed in liquid CO2.  The 

cross-linked porous polymeric shell around the silica core enabled dispersibility by 

weakening the Hamaker interactions between approaching particles.  Whereas core-shell 

particles produced from polydisperse fumed silica40 required a high shear homogenizer to 

form a dispersion at the vapor pressure of CO2, the core-shell silica particles studied here 

were easily dispersible with only a low shear stir bar. 
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The rapid addition of the silylating agent to silica produced a shell thickness on 

the order of 7 nm based on elemental analysis, and the particles aggregated in ethanol.  

After drying to remove ethanol, the thick shells allowed for the particles to be dispersed 

in CO2 as a dry powder.  The drop-wise addition of the silane coupling agent at low 

silane:silica (wt:wt) ratios resulted in thinner less cross-linked shells, and consequently, 

non-aggregated core-shell particles in ethanol.  Unfortunately, the fluorinated shells 

formed in this manner were too thin to allow for the core-shell particles to be dispersed in 

CO2 as a dry powder.  However these particles could be dispersed in CO2 while still 

dispersed in ethanol in order to avoid the drying step.  The DLS results indicated that the 

core-shell particles aggregated in CO2 and that the degree of aggregation increased as the 

CO2 density was lowered.  Despite the extensive aggregation of the primary particles, the 

sizes of the aggregates were fairly uniform with a polydispersity of only 10-15%.  

Neither the aggregate size nor degree of polydispersity were measured to change over 

thirty minutes.  As aggregation proceeded, both the rate of aggregation, as described by 

Smoluchowski kinetics, and the entropy of the dispersed particles were reduced.  

Together, these two effects appeared to allow for the formation of a metastable 

“kinetically trapped” dispersion of relatively uniform aggregates. 

 Regardless of both the silane:silica (wt:wt) ratio and the addition rate of the silane 

coupling agent, all of the core-shell particles studied here had a negative diffusional 

second virial coefficient in CO2, indicating attractive interactions and poor solvent 

conditions for CO2.  The strength of this attraction increased as the CO2 density was 

lowered, as explained by the calculated  Hamaker constants for the various core-shell 

particles.  This effect was greater for the particles with the thinnest shells. 

The porous cross-linked shells offer a variety of advantages for colloid 

stabilization in CO2.  The low Hamaker constants of the porous shells screen the van der 

Waals interactions between the particles and thus provide colloid stability even at the 

vapor pressure of CO2.  They also minimize interparticle contact between polymer chains 

that would otherwise produce flocculation at low pressures.  Furthermore, the cross-

linked polymer chains due not collapse against the particle core as observed by neutron 
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reflectivity50.  Finally, the shells screen the van der Waals interactions between the 

particle cores at much greater distances than the short low molecular weight stabilizers 

which are solvated in CO2 at these pressures.  The ability to stabilize inorganic colloidal 

particles, with diameters on the order of a few hundred nanometers, in CO2 at pressures 

as low as the vapor pressure offers new opportunities in practical applications including 

coatings from liquid CO2. 
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Chapter 8 

 

Contact Angle at the CO2/Water/Solid Interface 

 

  

A novel high-pressure apparatus and technique were developed to measure 

CO2/water/solid contact angles (θ) in situ for pressures up to 204 bar.  The contact angle 

was measured on well-defined glass substrates as a function of both CO2 pressure and 

substrate hydrophilicity.  The estimated SiOH coverage for the two substrates studied 

here was 12% and 37%.  The contact angle for water on both substrates was observed to 

increase significantly upon increasing the CO2 pressure from atmospheric pressure to 204 

bar, indicating an increase in the hydrophobicity of the surfaces.  The contact angle for 

the more hydrophobic surface was predicted accurately from the experimental water-CO2 

interfacial tension and an interfacial model which included only long-ranged forces.  As 

pressure was increased, an excess CO2 layer on the surface decreased the surface-bulk 

CO2 interfacial energy and increased the water-substrate interfacial energy.  However, for 

the more hydrophilic surface, short-ranged specific interactions due to capping of the 

silanol groups by physisorbed CO2 resulted in an unusually large increase in the water-

substrate interfacial tension which led to a much larger increase in θ than predicted by the 

model.  Furthermore, capping of silanol groups due to these short-ranged specific 

interactions led to a novel type of hysteresis in which larger contact angles were observed 

during depressurization relative to pressurization even down to ambient pressure.  The 

large effects of CO2 on the various interfacial energies explains the enhanced ability of 

CO2 relative to many organic solvents to dry silica surfaces, as characterized previously 

with FTIR spectroscopy (Tripp, C.P. and Combes, J.R. Langmuir 1998, 14, 7348-7352). 
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8.1 Introduction 

CO2 is a particularly appealing green solvent since it is inexpensive, relatively 

non-toxic, non-flammable, and has a mild critical point.  Since it has a low polarizability 

per unit volume, solubilities are often limited and only a small number of processes may 

be carried out in a homogenous CO2-based phase.  However, CO2 offers many 

opportunities for heterogeneous systems with CO2 at one or more interfaces1.  

Advancements in the field of colloid and interface science in CO2 have led to a 

fundamental understanding of the stabilization of colloidal dispersions2, including 

microemulsions3-5, miniemulsions6,7, macroemulsions8-10, polymer latexes11, and 

inorganic silica12-14 and metal15-17 dispersions in CO2.  Recently, these CO2-based 

systems have been utilized in such novel applications as particle assembly by drop-

casting18, free meniscus coating19, photoresist drying20, surfactant-based cleaning and 

drying of low-k dielectric insulators21, and chemical mechanical planarization (CMP)22,23  

In addition, the low viscosity and interfacial tension of CO2 coupled with its high 

wettability makes it especially applicable for processes such as the infusion of precursors 

into nanometer sized pores for nanoscale casting24 and for the infusion of nanoparticles 

into mesoporous silica25.  Supercritical CO2 with zero surface tension may be used in 

drying to avoid capillary collapse of various materials due to Laplace pressures.  It may 

also be used to facilitate diffusion into block copolymer templates without perturbing the 

template morphology26.  The expansion of CO2 into various new fields involving solid 

interfaces requires a fundamental understanding concerning wetting at the solid/CO2 

interface. 

Using a variety of experimental techniques, the adsorption of CO2 on hard solid 

surfaces including activated carbon27,28, silica29, and zeolites30 has been investigated.  In 

pressure regions where CO2 is highly compressible, large CO2 excess layers are observed 

on solid substrates.  Even at CO2 activities as low as 0.5, the van der Waals interaction 

with the much more polarizable surface can lead to a large excess of CO2 molecules over 

the range of a few molecular diameters.  Unusual behavior has also been observed for 

CO2 in soft surfaces.  For CO2 in polymers, an anomalous maximum in the swelling peak 
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has been observed near the critical pressure in PS latex particles by dynamic light 

scattering31, in PMMA thin films by ellipsometry32, and in styrene-butadiene random 

copolymer films by neutron reflectivity33.  The anomalous maximum was attributed to 

inhomogeneities in the concentration at the free surface of the polymer due to the high 

compressibility32. The presence of this excess CO2 layer near the interface is responsible 

for the unusually rapid dynamics observed in the lowering of the Tg for thin films34, for 

polymer interdiffusion35, and for the welding of PS latex particles to form films36.  The 

measurement of contact angles offers an opportunity to shed further light into the 

equilibrium behavior of these excess layers. 

Of particular interest to a variety of fields, for example, microelectronics 

processing37 is how exposure to CO2 alters the wettability of a substrate.  The wettability 

may be characterized by the contact angle (θ).  In a study of the dewetting of PS thin 

films from 5 to 100 nm thick, the contact angle of PS droplets on SiOx/Si substrates was 

estimated in supercritical (sc) CO2 from the macroscopic dimensions of the PS droplet38.  

The contact angle was considerably higher in CO2 than in air, indicating that CO2 

decreased the wettability, due to effects of CO2 on interfacial potentials38. Yokoyama and 

Sugiyama39 measured the air/water/solid contact angle on various surfaces of fluorinated 

block co-polymers which had been annealed in sc carbon dioxide.  On average, θ for the 

surfaces annealed in sc CO2 were 8º higher than for those annealed in vacuum.  This 

increase in θ was attributed to the ability of sc CO2 to penetrate and swell the block co-

polymer films39. 

Another example involving a solid-CO2 interface is the stabilization of emulsions 

consisting of water and CO2 with solid nanoparticles40.  The stability of these emulsions 

was observed to be highly dependent on the particle hydrophilicity and its subsequent 

contact angle at the water-CO2 interface40.  A schematic of the CO2/water/solid contact 

angle is shown in Figure 8.1.  The relationship between θ and the three interfacial 

tensions shown in Figure 8.1 is given by Young’s equation: 

 ( )
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SWSC

γ
γγ

θ
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=cos   (8.1) 
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Figure 8.1 

Schematic illustrating the CO2/water/solid contact angle. γWC, γSC, and γSW represent the 

water-CO2, solid-CO2, and solid-water interfacial tensions, respectively. 
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where γSC, γSW, and γWC are the solid-CO2, solid-water, and water-CO2 interfacial 

tensions, respectively.  Of the three interfacial tensions shown on the RHS of equation 

8.1, only γWC can be measured experimentally.  Using various methods, including 

capillary-rise41 and pendant-drop42,43, γWC has been measured as a function of both 

temperature and pressure.  Due to the compressible nature of CO2, modest changes in the 

temperature and/or pressure have been measured to have a pronounced effect on γWC. 

 Previously, Chi et al.44 measured the contact angle for CO2/water/coal systems as 

a function of CO2 pressure.  The results showed an increase in θ from 84º to 120º as the 

CO2 pressure was increased from atmospheric pressure to 62 bar at room temperature.  In 

liquid CO2, the contact angle increased further to 145º.  The measured contact angles 

helped provide insight into the applicability of using liquid CO2 in a new process for 

cleaning coal.  However, the observed increase in θ was not rigorously discussed in terms 

of γSC, γSW, and γWC, as this was outside the scope of the study.  A fundamental discussion 

concerning the effect of CO2 pressure on the relevant surface energies was also limited by 

the heterogeneous nature of the coal substrate. 

  The objectives of this study were to measure CO2/water/solid contact angles on 

well-defined glass substrates of varying hydrophilicity and to understand how long-

ranged interactions and specific short-ranged interactions with the silanol groups 

influence the relevant interfacial energies and θ.  The contact angle was measured as a 

function of both CO2 pressure and substrate hydrophilicity using a novel specially 

designed high-pressure cell.  In a compressible fluid, the cohesive energy density of the 

solvent may be changed simply by varying the pressure without changing the chemical 

structure of the solvent.  The substrates were glass slides which had been hydrophobically 

modified with dichlorodimethyl silane (DCDMS).  The hydrophilicity of the glass slides 

was varied by treating the slides with different amounts of DCDMS.  In all cases, 

exposing the glass slides to CO2 resulted in a significant increase in θ, indicating an 

increase in the hydrophobicity of the substrates.  This phenomenon is discussed in terms 

of CO2 adsorption on the substrate surface and the effect of CO2 pressure on the three 

relevant interfacial energies, γSC, γSW, and γWC.  Hysteresis effects were also examined by 
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measuring the CO2/water/solid contact angle upon both pressurizing and depressurizing 

the system.  An interfacial model based only on long-ranged forces is compared with the 

experimental θ  values in order to estimate the role of the short-ranged specific 

interactions as a function of the silanol concentration on the surface. 

 

8.2 Experimental  

8.2.1 Materials 

 The solid substrates used in this study were glass microscope slides (Chance 

Propper Ltd.).  Using a previously described technique45, the hydrophilicty of the glass 

slides was altered through silanization with various amounts of dichlorodimethylsilane 

(DCDMS, Fluka).  The glass slides were first placed in a solution of DCDMS and dry 

cyclohexane (99.7% Prolabo) under a N2 atmosphere for 1 hour.  The supernatant was 

decanted and replaced with pure cyclohexane multiple times to remove any unreacted 

silane.  Finally, the hydrophobically modified glass slides were washed with absolute 

ethanol (Analar grade) and placed in an oven at 110 ºC for 30 minutes.  The 

hydrophilicity of the modified substrates was characterized by measuring the 

air/water/solid contact angle using a drop-shape analysis system (DSA 10, Kruss).  Table 

8.1 summarizes the effect of the DCDMS concentration on the advancing and receding 

contact angles.  The air/water/solid contact angle increased as the DCDMS concentration 

increased.  The advancing θ for the most hydrophobic glass slide, GS102 (10-2 molar), 

was 97±1º, whereas the advancing contact angle for GS103 (10-3 molar) was 69±2º.  As 

discussed below, the silanol (SiOH) coverage for the GS102 and GS103 substrates was 

estimated to be 12% and 37%, respectively.  Deionized water (Nanopure II, 16 µS/cm) 

was used in all experiments, and research grade CO2 (Matheson) was filtered through an 

oxygen trap prior to use. 

 

8.2.2 High-Pressure Contact Angle Measurement 

 A schematic of the apparatus used to measure the CO2/water/solid contact angle is 

shown in Figure 8.2a.  It consisted of a 2.5” OD, 11/16” ID stainless-steel variable- 
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Figure 8.2 

(A) Schematic of the high-pressure apparatus used to measure the CO2/water/solid 

contact angle.  The apparatus, which was adapted from Psathas et al. (ref# 46), consists of 

a light source, a variable-volume high-pressure view-cell, an optical rail, a CCD camera, 

and a computer.  (B) Enlarged front-view of the measurement cell.  The cell was 

equipped with a stainless-steel mounting stage.  The substrate was mounted to the stage 

using two small screws. 
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volume view-cell, an optical rail for proper alignment, a light source (Chiu Technical 

Corporation, Model # HG-DM), a Sony CCD camera (Model # XC-73CE), and a 

computer.  The high-pressure cell was fitted with a moveable piston to allow for the cell 

volume to be varied.  Figure 8.2b shows an enlarged front view of the variable-volume 

view-cell which was equipped with two sapphire windows (5/8” diameter × 1/8” thick) 

mounted on the side of the cell at 180º (Swiss Jewel) and a stainless-steel mounting stage 

with a circular face with a diameter of 3/8”.  The glass slide (approximately 0.31” × 

0.31”) was mounted to the stage using two small screws.  The high-pressure seals for the 

side windows and the mounting stage were achieved using Teflon O-rings compressed 

against a flat surface on the cell.  To verify that the substrate had been mounted parallel 

to the optical rail, the difference in the contact angle between the left and right edges of 

the drop was examined.  Typically, the difference between these values was less than 1º, 

indicating that the substrate was level. 

To measure the contact angle, a water drop, typically 8-10 µL, was first placed on 

the modified glass slide with a 10 µL syringe (Hamilton Co.).  Using the CCD camera, 

the shape of the water drop was then recorded, and the images were analyzed using a 

software package from KSV Instruments Ltd. (Helsinki, Finlad) to estimate the 

air/water/solid contact angle.  The software package used the Young-Laplace method to 

estimate θ by fitting the complete contour of the sessile drop as a function of interfacial 

and gravity forces.  The pure component densities for water and CO2 were used in 

estimating θ.  Altering the densities to account for the mutual miscibility of water and 

CO2 changed θ less than 0.5o.  The measured air/water/solid contact angle for both 

GS102 and GS103 agreed well with the advancing θ shown in Table 8.1. 

With the water drop still on the glass slide, the high-pressure cell was sealed and 

CO2 vapor was slowly introduced into the view-cell using a manual high-pressure syringe 

pump (Ruska).  Before sealing the measurement-cell, a small amount of excess water was 

first placed in the rear of the high-pressure cell to ensure saturation of the CO2 phase.  

The system pressure, measured using a Sensotec pressure transducer, was increased from 

atmospheric pressure to the vapor pressure (61.2 bar at 23 ºC) in equal increments of 3.4  
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Table 8.1 

Effect of Dichlorodimetyl Silane (DCDMS) on the Air/Water/Solid Contact Angle 

 

Substrate DCDMS conc. 
(M) 

Advancing θ a 
(º) 

Receding θ a 
(º) 

θ b 
(º) 

GS103 1 ×10-3 69 ± 2 64 ± 2 71 ± 2 
GS102 1 ×10-2 97 ± 1 94 ± 1 98 ± 2 

 
a – contact angle measured using a Drop Shape Analysis System, DSA 10 (Kruss) 
b – contact angle measured using high-pressure apparatus shown in Figure 8.2 
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bar.  At the vapor pressure, the back of the high-pressure cell was slowly pressurized 

using the same manual syringe pump in order to condense the CO2 vapor in the front of 

the cell.  It is important to note that the transition from the vapor to liquid phase did not 

disturb the position of the more dense water drop on the glass slide.  At each desired 

pressure, the drop contour was recorded and analyzed to estimate θ.  To investigate any 

hysteresis effects, θ was also measured upon depressurizing the system.  The system was 

depressurized by opening a vent valve and slowly releasing CO2 from the cell.  These 

contact angle measurements were repeated at least three times on multiple slides of the 

same hydrophilicity and the reproducibility was ±2º.  For a given droplet measured 

multiple times, the reproducibility in the contact angle was ±0.5º.  All of the contact 

angle measurements are presented in tabular form in Appendix C. 

 

8.2.3 Binary Water-CO2 Interfacial Tension Measurement 

 The water-CO2 interfacial tension was measured as a function of CO2 pressure 

using high-pressure pendant-drop tensiometry.  The apparatus used to measure γWC is 

discussed elsewhere46.  Briefly, water drops were formed on the tip of a modified silica 

capillary46 (Western Analytical products) (180 µm O.D. and a 50 µm I.D.)  inside a 

variable-volume view cell.  At each pressure, the recorded images of the pendant drop 

were analyzed using a software package from KSV Instruments Ltd. (Helsinki, Finlad) in 

order to solve the Laplace equation for γWC.  The measured γWC values are provided in 

Appendix C. 

 

8.3 Experimental Results 

8.3.1 Effect of CO2 Pressure on θ 

The contact angle for water on both the GS102 and GS103 substrates was 

observed to change significantly upon the addition of CO2 into the high-pressure cell.  

Figures 8.3 and 8.4 are photographs of a water drop on GS103 and GS102, respectively at 

23 ºC and various pressures.  In each case, θ increased significantly as the system 

pressure was increased from atmospheric pressure to 136 bar.  Using the high-pressure  
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Figure 8.3 

Photographs of the CO2/Water/Solid contact angle for GS103 at 23 ºC and (A) 1 bar, (B) 

41 bar, (C) 61 bar, and (D) 136 bar. 
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Figure 8.4 

Photographs of the CO2/Water/Solid contact angle for GS102 at 23 ºC and (A) 1 bar, (B) 

41 bar, (C) 61 bar, and (D) 136 bar. 
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apparatus described above, the contact angle was measured in-situ as a function of CO2 

pressure, as shown in Figure 8.5a.  The contact angles for both substrates increased 

monotonically as the pressure was increased from atmospheric pressure to the vapor 

pressure (61.2 bar at 23 ºC).  In this pressure range, the CO2/water/GS103 contact angle 

increased from 71 ± 2º to 99 ± 2º while θ for GS102 increased from 98 ± 2º to 141 ± 3º.  

Further pressurizing the system above the vapor pressure resulted in only a moderate 

increase in θ.  Once in the liquid region, the CO2/water/solid contact angle was fairly 

independent of CO2 pressure up to 204 bar (Figure 8.5a). 

At pressures of tens of bars, CO2 becomes highly nonideal and fugacity 

coefficients are far from unity.  Thus, although the contact angle was experimentally 

measured as a function of pressure, a more thermodynamically meaningful parameter for 

representing the data is the CO2 activity.  The activity for a pure solvent is related to the 

pressure by: 

 
satsat P

P
a

φ
φ

=  (8.2) 

where φ is the fugacity coefficient at pressure P and φ sat is the fugacity coefficient at the 

vapor pressure (Psat).  Figure 8.5b shows the contact angle vs. CO2 activity for both 

GS103 and GS102 at 23 ºC.  Whereas the contact angle increased significantly as the 

pressure was increased to the vapor pressure (activity = 1), θ was nearly independent of 

the activity in the liquid region. 

 The driving force for the wetting of a surface may be characterized by the 

spreading coefficient47,48.  In its simplest terms, the spreading coefficient (S) represents 

the difference in the surface energy of a dry substrate and the surface energy of a wet 

substrate48. 

 ( ) ( )wetsubstratedrysubstrate EES −=  (8.3) 

Complete wetting, or S > 0, results when the energy of the wet surface is smaller than that 

of the dry surface.  For the replacement of a solid-CO2 interface by a solid-water and 

water-CO2 interface, the spreading coefficient may be written as 

 ( )WCSWSCS γγγ +−=  (8.4) 
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Figure 8.5 

(A) Effect of CO2 pressure on θ for GS103 and GS102.  (B) Effect of CO2 activity on θ 

for GS103 and GS102.  The activity was calculated using equation 8.2. 
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By rearranging equations 8.1 and 8.4, S may also be expressed as47: 

 ( )[ ]1cos −= θγ WCS  (8.5) 

Defined as such, the spreading coefficient can only be zero (complete wetting, θ = 0) or 

negative (partial wetting, θ > 0).  Figure 8.6 illustrates that S is negative for both 

substrates, indicating partial wetting at all CO2 activities at 23 ºC.   In each case, S 

became less negative as the CO2 activity was increased.  Typically, γ between the droplet 

and the vapor phase is constant and a less negative spreading coefficient corresponds to 

an increase in wetting and a decrease in θ.  However, in this study, the CO2/water/solid 

contact angle for GS102 and GS103 actually increased despite the fact that S became less 

negative at higher pressures.  The decrease in the magnitude of S was due to the lowering 

of γWC with increased pressure.  As the pressure was increased from 10 to 200 bar at 23 

ºC, γWC decreased from approximately 65 to 20 mN/m.  This decrease was enough to 

offset the increase in θ (more negative values of cos (θ)) and result in a decrease in the 

magnitude of S.  The spreading coefficient will be discussed in terms of γSC, γSW, and γWC 

in further detail below. 

A large number of wettability studies beginning with Zisman49 have focused on 

measuring the air/liquid/solid contact angle on low energy plastic surfaces.  On a given 

substrate, cos(θ) increased as the surface tension of the wetting liquid (γLV) decreased49-52.  

By extrapolating the curve to cos(θ) = 1, the critical surface tension for the solid, γc, 

could be determined49.  A somewhat related concept may be investigated in CO2.   Figure 

8.7 shows a plot of cos(θ) vs. γWC for both the GS102 and GS103 substrates in CO2.  In 

previous contact angle studies, the development of these plots required measurements of 

θ for multiple liquids on a given substrate.  However, in this study, Figure 8.7 was 

generated by measuring θ at various CO2 pressures, for a given water droplet.  As the 

pressure was increased to 204 bar, γWC decreased from 72 to 20 mN/m (Appendix C).  

This decrease in γWC is consistent with previous studies of the water-CO2 interface41-43.  

Figure 8.7 shows that cos(θ) for both substrates decreased (θ increased) as γWC was 

decreased, opposite to what has been shown previously for air/liquid/solid systems as γLV  
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Figure 8.6 

Spreading coefficient as a function of CO2 activity for GS103 and GS102 at 23 ºC. The 

CO2 activity is related to the pressure through equation 8.2. 
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Figure 8.7 

Relationship between the water-CO2 interfacial tension and cos(θ) for GS103 and GS102 

at 23 ºC. 
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decreased49-52.  A key difference between this study and earlier studies is that the CO2-

based system contained two liquid components whereas the vapor phase in all previous 

studies was air which is a noninteracting component. 

 

8.3.2 Contact Angle Hysteresis in CO2 

 Contact angle hysteresis is a phenomenon of significant interest in wettability 

studies.  Hysteresis arises from various factors as surface roughness, surface 

deformations, and surface heterogeneity and is often characterized by the difference 

between the advancing and receding contact angles47,53.  At ambient pressure, the 

advancing contact angle may be measured while slowly adding liquid to the sessile drop 

using a syringe tip which is in contact with the drop.  This procedure was not appropriate 

for the experimental set-up illustrated in Figure 8.2.  Once the sessile drop was placed on 

the substrate and the high-pressure cell was pressurized, it was not possible to increase 

the volume of the drop to measure the advancing θ. 

We therefore propose an alternative type of contact angle hysteresis in which θ is 

measured upon pressurizing the cell from atmospheric pressure to the vapor pressure 

(activity = 1) and then de-pressurizing back to atmospheric pressure.  For two reasons the 

cell was only pressurized to the vapor pressure before depressurizing.  First, as shown in 

Figure 8.5, most of the change in θ occurred in the vapor region and θ remained 

relatively constant in the liquid region.  Second, depressurizing from the liquid state with 

activity > 1 precipitated a thin water film on the side windows which made analysis of the 

water drop impossible.  As stated earlier, a small amount of excess water was placed in 

the rear of the measurement cell prior to all high-pressure experiments.  Upon 

pressurizing the system above the vapor pressure, this excess water became molecularly 

dissolved in the liquid CO2 phase.  During depressurization, and the resulting cooling 

upon CO2 evaporation, the solubility of water in CO2 decreased, and the water that was 

dissolved in liquid CO2 condensed on the windows. 

 Figure 8.8a shows the CO2/water/GS103 contact angle as a function of CO2 

activity upon both pressurization and de-pressurization.  As the system was pressurized  
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Figure 8.8 

(A) CO2/Water/Solid contact angle for GS103 measured during (●) pressurizing the 

system and (▲) depressurizing the system.  (B)  CO2/Water/Solid contact angle for 

GS103 during (●) first exposure to CO2, (▲) immediately after exposure to CO2, and (■) 

one week after exposure to CO2.  All contact angle measurements were done at 23 ºC.  

For clarity, the error bars are not shown in part B.  Typical error was ± 2º. 
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from atmospheric pressure to the vapor pressure, the contact angle increased from 71 ± 2º 

to 99 ± 2º.  Upon depressurization to atmospheric pressure, the contact angle decreased 

from 99 ± 2º to 79 ± 1º.  Although the contact angle decreased as the system was 

depressurized, it was noticeably higher at all pressures than during pressurization. 

Of particular interest was the observation that θ after depressurization to 

atmospheric pressure was 8º higher than the initial θ.  In order to investigate this 

hysteresis further, a new drop was placed on the same GS103 substrate immediately after 

depressurizing to atmospheric pressure, and θ  was remeasured as a function of CO2 

activity.  Upon repressurization, θ for the second drop was noticeably higher than that for 

the first drop below a CO2 activity of about 0.8 (Figure 8.8b).  However, at higher CO2 

activities, the measured contact angles for the two cases were identical.  Interestingly, 

after placing the same GS103 substrate in a dessicator for a week, θ returned to its 

original value. 

Unlike the case for GS103, the CO2/water/GS102 system did not exhibit 

hysteresis.  As illustrated in Figure 8.9a, θ was essentially identical upon both 

pressurization and depressurization.  To fully verify this lack of hysteresis, the system 

was pressurized to 200 bar and then slowly depressurized back to atmospheric pressure.  

A new drop was then placed on the same substrate, and the contact angle was again 

measured as the CO2 pressure was increased to 200 bar and then decreased to 

atmospheric pressure.  The contact angle for this second drop was identical to that of the 

first drop (Figure 8.9b).  This procedure was repeated three times, and no changes in the 

contact angles were observed. 

 

8.4 Discussion 

For both substrates, large changes in slopes and curvature are observed in S in 

Figure 8.6 for CO2 activities between approximately 0.8 and 1.1. In this activity region, 

the excess adsorption of CO2 is known to be large on hard surfaces, and large anomalies 

are observed in swelling and refractive indices of polymer thin films, as discussed in the 

Introduction Section.  These types of concentration fluctuations in a fluid with high  
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Figure 8.9 

(A) CO2/Water/Solid contact angle for GS102 measured during (●) pressurizing the 

system and (▲) depressurizing the system.  (B) CO2/Water/Solid contact angle for 

GS103 during (●) first exposure to CO2 and (▲) immediately after exposure to CO2.  All 

contact angle measurements were done at 23 ºC.  For clarity, the error bars are not shown.  

Typical error was ± 2º. 
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compressibility and free volume are likely to produce the unusual behavior in S due to 

large excess concentrations of CO2.  These fluctuations have previously been seen to 

cause a large minimum in γWC
42.  It is likely that an excess CO2 layer on the surface 

would cause an unusual decrease in γSC.  However, they do not appear to cause unusual 

changes in curvature in θ despite the unusual behavior for γWC.  Perhaps there is a 

cancellation of these effects for the various three surface energies in the expression for 

cos(θ). 

The increase in the contact angles for GS103 and GS102 shown in Figure 8.5 

indicate that these substrates both became more hydrophobic as the CO2 activity was 

increased.  Despite the similarities in the activity effect, the mechanisms for the increase 

in θ will be shown to be quite different, as suggested by the differences in hysteresis.  

Before presenting separate discussions for each substrate, we begin with a description of 

models for the relevant interfacial energies. 

 

8.4.1 Estimation of Surface Properties in CO2 

In equation 8.1, the only two terms that can be determined experimentally are θ 

and γWC.  There are no direct methods available for measuring γSC and γSW.  However, 

various approaches have been proposed to estimate these two interfacial tension terms.  

One commonly used approach is to use combining rules along with the surface 

component properties for the three interfacial tensions54.  As first proposed by Fowkes55, 

the interfacial tension (usually measured against air) for any phase may be expressed as a 

sum of components which arise due to the various types of intermolecular forces. 

 ...++++= qdihd γγγγγ  (8.6) 

where γd, γh, γdi, and γq are the interfacial tension components due to dispersion forces, 

hydrogen bonding, dipole interactions, and quadropole interactions, respectively.  For 

simplicity, equation 8.6 is often expressed in terms of long range forces, excluding 

specific short-ranged interactions, as: 

 pd γγγ +=  (8.7) 
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where γd is the dispersive component and γp is the polar component of the total interfacial 

tension.  The interfacial tension between any two phases, α and β, may then be expressed 

in terms of the component properties as follows54: 

 ppddpdpd
βαβαββαααβ γγγγγγγγγ 22 −−+++=  (8.8) 

Binks and Clint54 have previously provided a detailed procedure through which 

equations 8.1, 8.7, and 8.8 can be used to predict the dispersive and polar interfacial 

tension components for the substrate, γs
d and γs

p.  Since γs
d and γs

p are related only to the 

physical nature of the surface, these calculated values are independent of the oil phase, as 

verified elsewhere54.  Consequently, once known, γs
d and γs

p can be used to predict the 

oil/water/solid contact angle for any oil.  Using this methodology, Binks and Clint54 

predicted the oil/water/solid contact angle for a range of oils on a given substrate, and the 

theoretical predictions were shown to be in good agreement with experiment. 

 A similar approach to that used by Binks and Clint54 was taken in this study to 

predict the CO2/water/solid contact angle as a function of CO2 activity.  In order to 

determine γs
d and γs

p for GS103 and GS102, the water/solid contact angle was first 

measured under both air and heptane.  Using these experimentally measured contact 

angles (Table 8.2) and the previously determined polar and dispersive components for 

water and heptane (γW
d = 21.5 mN m-1, γW

p = 50.4 mN m-1, γO
d = 19.8 mN m-1, γO

p = 0.0 

mN m-1)54, γS
d and γS

p were calculated from equations 8.1, 8.7, and 8.8.  The surface 

energy components for both GS102 and GS103 along with the calculated values for γSO, 

γSW, and γSA are summarized in Table 8.2.  Based on the hepatne/water/solid contact 

angles, the silanol (SiOH) coverage for GS102 and GS103 was estimated to be 12% and 

37%, respectively54. 

 To estimate the oil/water/solid contact angle, it is necessary to know γo
d, γo

p, γs
d, 

and γs
p.   In the previous study by Binks and Clint54, all of the oils used were liquids at 

atmospheric pressure.  By measuring γOA and γOW, γo
d, γo

p could easily be determined 

from equations 8.7 and 8.8.  In this study, the oil being used is CO2 and is a gas at 

atmospheric pressure.  Consequently, the CO2-air interfacial tension (γCA) cannot be  
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Table 8.2 

Calculated Surface Properties for GS103 and GS102 

 
substrate θAW 

(º) 
θOW 
(º) 

γS
d 

(mN/m) 
γS

p 
(mN/m) 

γSO 
(mN/m) 

γSW 
(mN/m) 

γSA 
(mN/m) 

GS103 71 91 24.5 12.1 12.3 13.2 36.6 
GS102 98 120 16.2 3.0 3.2 29.2 19.2 

 
For the calculations, γWA was taken as 71.9 mN/m with γW

d = 21.5 mN m-1 and γW
p = 50.4 

mN m-1.  The oil used was heptane with γO
d = 19.8 mN m-1 and γO

p = 0.0 mN m-1.  The 

interfacial tension component values were taken from reference #54. 
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experimentally measured.  However, this value can be estimated from its solubility 

parameter56,57.  The total solubility parameter (δ) of CO2 is given rigorously by 

 
ν

ν
δ

PhRThig +−−
=2

1  (8.9) 

where hig is the enthalpy of CO2 at ideal gas conditions and h and ν are the enthalpy and 

molar volume of CO2 at a specified T and P.  The interfacial tension is related to the 

solubility parameter by57 

 3
12νδγ k=  (8.10) 

where k = 1.8 × 10-9 mole1/3 58.  Previous studies have shown that quadrupole-quadrupole 

interactions can account for as much as 20% of CO2’s solubility parameter59,60.  

Therefore, it seems reasonable to assume that 4% (0.22) of γCA is due to polar 

interactions (γC
p) while the remaining 96% corresponds to dispersive interactions (γC

d).  

This approach allowed for both γC
d and γC

p to be estimated at any specified T and P, even 

in the vapor region.  A plot of γCA as a function of CO2 activity is provided in Appendix 

C.  Changing the relative contributions of the dispersive and polar components of γCA had 

only a minimal effect on the predicted contact angles. 

 Once the energy components for both the solid and CO2 were estimated, γSW and 

γSC were calculated using the appropriate form of equation 8.8. 

 p
W

p
S

d
W

d
S

p
W

d
W

p
S

d
SSW γγγγγγγγγ 22 −−+++=  (8.11) 

 p
C

p
S

d
C

d
S

p
C

d
C

p
S

d
SSC γγγγγγγγγ 22 −−+++=  (8.12) 

In this simple model, the calculated value for γSW was independent of the CO2 density, 

since all of the terms in equation 8.11 were constant.  The solid/water interactions may be 

expected to change due to the increasing solubility of CO2 in water with increasing 

pressure.  As more CO2 dissolves in the water drop, the pH will decrease due to the 

formation and dissociation of carbonic acid.  In addition, as discussed in greater detail 

below, γSW may also change due to specific interactions between surface silanol groups 

and water or CO2.  However, for simplicity, this term has been assumed to be constant, 
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and the calculated γSW values for GS103 and GS102 were 13.2 and 29.2 mN/m, 

respectively.  The larger γSW value for the more hydrophobic surface, GS102, is 

consistent with the larger air/water/solid θ. 

Figure 8.10 shows the effect of CO2 activity on the experimentally measured γWC 

and the calculated γSC for both substrates.  Figure 8.10 indicates a decrease in γSC with 

increased CO2 activity on the basis of equation 8.12.  As the cohesive energy density of 

CO2 increases at elevated pressures, the interactions between the solid and CO2 become 

more favorable.  Consequently, γSC decreases.  However, γSC did not decrease as 

significantly as the experimentally measured γWC. 

 Using these surface energies and the experimentally measured γWC, the 

CO2/water/solid contact angle may be predicted as a function of CO2 activity.  Previous 

molecular dynamic simulation studies61 have indicated the complexities of the structure 

of the water-CO2 interface.  Consequently, equation 8.8 was not capable of accurately 

predicting γWC, and thus the experimental values were used in the calculations of θ.  

Figure 8.11 shows the predicted contact angles along with the experimentally measured 

values for both substrates.  Although the predicted and experimental contact angles for 

GS102 agreed quite well, the model was not able to accurately predict the increase in the 

contact angle for GS103, particularly at high activities.  To further examine the wetting 

mechanism, the interfacial energy γSW was calculated as a function of CO2 activity for 

both substrates using the experimentally measured θ and γWC along with the predicted 

values of γSC.  γSW was calculated by rearranging equation 8.1 as follows: 

 ( )θγγγ cosWCSCSW −=  (8.13) 

As shown in Figure 8.12, γSW was relatively constant at ~25-30 mN/m for GS102.  

However, it increased from approximately 12 to 25 mN/m with activity for GS103, 

indicating that the solid/water interactions became increasingly less favorable.  In view of 

these differences, the behavior for each substrate is discussed in detail in the following 

two sections. 
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Figure 8.10 

Estimated γSC as a function of CO2 activity for (●) GS103 and (▲) GS102 and 

experimentally measured (♦) γWC at 23 ºC.  
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Figure 8.11 

Comparison between experimentally measured contact angles for (●) GS103 and (▲) 

GS102 and the (■) theoretically predicted values at 23 ºC. 
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Figure 8.12 

Estimated γSW as a function of CO2 activity for (●) GS103 and (▲) GS102 at 23 ºC.  γSW 

estimated using equation 8.13. 
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8.4.2 GS102 Substrate 

Compared to GS103 (37% silanol), GS102 was more hydrophobic (12% silanol).  

The lower SiOH coverage for GS102 simplified the theoretical description by limiting the 

specific interactions between the water drop and the surface.  Earlier studies of the 

air/liquid/solid contact angle showed that the adsorption of air molecules at the vapor-

solid interface was negligible and that solid-air interfacial tension (γSV) could be assumed 

to be constant for each surface50,51.  In contrast, the physics are much richer for 

hydrophilic silica in the presence of CO2 vapor62.  On the basis of FTIR spectroscopy, 

Tripp and Combes62 reported that CO2 vapor at 50 ºC was capable of physisorbing onto 

the exposed silanol groups on the surface of deuterated silica.  The results also indicated 

increased adsorption at higher pressures62.  This adsorption of CO2 may be expected to 

reduce the hydrophilicity of the substrate by removing sites for specific interactions with 

water. 

 Due to the limited number of silanol groups available on the GS102 substrate, 

only a minimal amount of CO2 may be expected to cap these hydrophilic sites.  With few 

silanol sites, the contact angle is governed primarily by long range forces and not specific 

interactions.  Consequently, it is reasonable to assume that the addition of CO2 has a 

relatively small effect on γSW as was shown above in Figure 8.12.  Instead, the decrease in 

the magnitude in S for GS102 at elevated CO2 pressures (Figure 8.6) may be shown to be 

influenced more strongly by a large decrease in γWC and a smaller decrease in γSC, as 

shown in Figure 8.10.  As summarized in Table 8.1, the air/water/GS102 contact angle 

was greater than 90º.  For a θ > 90º, the decrease in γWC will increase θ and cause cos(θ) 

to become more negative.  In addition, the decrease in γSC and a weakly varying value of 

γSW will make the numerator more negative, which will also make cos(θ) become more 

negative.  Thus, both the numerator and denominator contributed to the experimentally 

observed more negative values of cos(θ) as the CO2 activity was increased. 

 As illustrated in Figure 8.5b, the contact angle increased more rapidly as the CO2 

activity was increased above 0.6.  This phenomenon is due in part to the formation of an 

excess “liquid-like” layer of CO2 on the solid, as discussed earlier, as well as a large 
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decrease in γWC (Appendix C).  The low interfacial energy of liquid CO2, which 

contributes to a decrease in γSC with pressure, promotes dewetting (increase in θ) of the 

surface by water.  Since high energy fluids, for example water, do not tend to spread on 

low energy surfaces, the presence of a low energy CO2 layer on silica will cause the 

water/solid θ to increase in order to decrease contact between these two phases.  In 

addition, the decrease in γWC will cause θ  to increase further above 90o to increase the 

interfacial area between water and CO2.  All of this behavior is captured with good 

quantitative accuracy by the long range model in Figure 8.11.  The predictive model does 

not include specific interactions with silanol groups or utilize any of the contact angle 

data, indicating that the behaviors of γSC and γSW are governed by long ranged forces.  

However, specific interactions between water and CO2 are included by utilizing available 

binary experimental γWC values. 

The limited number of silanol groups on the GS102 surface and the dominant role 

of long ranged forces may be shown to explain the lack of hysteresis in θ (Figure 8.9a) 

for this substrate.  For a small amount of CO2 physisorbed on the silanol sites, there is a 

small probability for CO2 molecules to become kinetically trapped on the surface during 

depressurization.  Since the CO2 molecules were not trapped to cap silanol groups, higher 

values of θ were not observed during depressurization versus pressurization. 

 

8.4.3 GS103 Substrate 

As summarized in Table 8.1, the air/water/GS103 contact angle was less than 90º, 

indicating that the surface was slightly hydrophilic.  From equation 8.1, a contact angle 

less than 90º indicates that γSC > γSW.  In this situation, which took place for all but the 

highest activities of CO2, a decrease in γWC alone would result in a decrease in θ and an 

increase in cos(θ) assuming that the numerator of equation 8.1, ( )SWSC γγ − , remained 

constant.  However, Figure 8.5 shows the opposite trend in θ  for GS103.  The contact 

angle actually increased with activity, as γSC decreased (Figure 8.10) and γSW increased 

(Figure 8.12).  The decrease in γSC was somewhat similar for both substrates as shown in 
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Figure 8.10.  However, a large increase in γSW was observed for GS103 when the activity 

increased from 0 to 0.15 as the CO2 molecules capped the silanol groups and displaced 

water.  Using FTIR, Tripp and Combes62 measured adsorption of CO2 onto surface 

silanol groups at pressures as low as 3.6 bar.  It was the increase in γSW coupled with the 

decrease in γSC and γWC which resulted in a decrease in the magnitude of S at elevated 

pressures for GS103.  Eventually, γSC became smaller than γSW
 and θ  became larger than 

90º.  In this region, a decrease in γWC increased θ in order to increase the water-CO2 

interfacial area. 

The short ranged, specific interactions with silanol groups were also responsible 

for the difference between the predicted and experimentally measured contact angles 

(Figure 8.11).  A slight increase in γSW with an increase in CO2 activity is expected due to 

long ranged forces as was seen for GS102 because of the low surface energy of an excess 

CO2 layer.  However, the increase in γSW for GS103 is even larger than expected from 

long-ranged forces due to the capping of silanol groups by CO2.  Consequently, the 

model underpredicts the contact angle.  Such an increase in γSW was not present for 

GS102 since it had much fewer silanol groups. 

Classic studies by Zisman49 determined the critical surface energy of polymer 

surfaces by determining contact angles for a series of alkanes of decreasing cohesive 

energy density.  For these cases, the interactions between the liquid and the solid were 

purely dispersive and may be characterized by the Hamaker constant (A)63.  For alkanes, 

A has been shown to be directly proportional to γLV
53.  Therefore, a decrease in the liquid-

vapor surface tension of the alkane is accompanied by a decrease in its Hamaker 

constant.  The resulting reduction in the energetic mismatch between the liquid and the 

low energy surface promotes wetting and causes an increase in cos(θ).  In our case, the 

solid/liquid interactions will also include hydrogen bonding of water with the surface 

silanol groups.  The physisorption of CO2 onto the silanol groups makes the surface less 

hydrophilic, and the subsequent increase in γSW resulted in a decrease in cos(θ) despite 

the decrease in γWC. 
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This physisorption of CO2 molecules onto the silanol sites on the surface may also 

explain the contact angle hysteresis observed for GS103 (Figure 8.8a).  In a recent study 

by McCool and Tripp64, IR spectroscopy was used to investigate the desorption of CO2 

from the silanol groups on fumed non-porous hydrophilic silica.  IR spectra for silica 

were taken (1) immediately after contact with CO2 at 50 ºC and 200 bar and (2) 1 month 

after contact.  After a month, the CO2 peak had decreased by nearly a factor of 2 as CO2 

molecules desorbed from the surface.  Although the peak intensity had decreased, the 

peak intensity was still fairly strong indicating that a significant amount of CO2 was still 

adsorbed at the solid surface.     

  The fact that CO2 does not rapidly desorb from silica surfaces explains why the 

CO2/water/GS103 contact angle measured during depressurization was higher than that 

measured during pressurizationn.  Although, some of the CO2 molecules desorbed from 

the surface as the CO2 activity was lowered, a significant fraction remained physisorbed 

on the silanol groups.  These CO2 molecules remaining on the surface produced the 

observed “lag” or hysteresis in the contact angle plot during depressurization.  Even after 

fully depressurizing the system to atmospheric pressure, enough CO2 remained on the 

surface to result in an increase in the air/water/solid contact angle by 8º.  After a week, all 

of the excess CO2 had completely desorbed from the silica surface and the contact angle 

returned to its original value (Figure 8.8b).  Compared to the more hydrophilic silica in 

the previous FTIR study64, the GS103 substrate had fewer surface silanol groups.  It is 

therefore not surprising that it took less than a week, as opposed to a month, for the CO2 

to fully desorb from the surface. 

 

8.5 Conclusions 

 In order to provide a clearer understanding concerning interfacial energies 

involving solids and CO2, the CO2/water/solid contact angle was measured on well-

defined glass substrates.  Using a specially designed high-pressure cell, the contact angles 

were measured in-situ as a function of CO2 pressure and substrate hydrophobicity.  The 

contact angle for water on both the GS102 and GS103 substrates increased significantly 
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as the CO2 pressure was increased from atmospheric pressure to the vapor pressure (61.2 

bar) at 23 ºC.  For GS103 θ increased from 71 ± 2º to 99 ± 2º while for GS102 it 

increased from 98 ± 2º to 141 ± 3º.  For both substrates the change in the surface energy 

was larger for γWC than for γSC or γSW, and the decreases in γSC were similar.  Although 

both substrates exhibited an increase in θ with CO2 pressure, the role of short-ranged 

specific interactions was quite different.  A simple model which addressed only the long-

ranged forces predicted θ for GS102 accurately, as the silanol concentration on the 

surface was small.  In contrast, it under predicted θ for GS103, with a greater silanol 

concentration, as physisorption of CO2 displaced water from the surface silanol groups, 

as seen previously62, and increased γSW to a greater extent than for GS102.  The capping 

of the silanol groups by CO2 led to a novel type of contact angle hysteresis upon 

depressurization.  The ability of CO2 to aid dewetting of surfaces and to prevent wetting 

even after depressurization to ambient pressure is of great practical interest in fields, for 

example, enhanced oil recovery, cleaning and drying of surfaces including low k 

dielectric materials in microelectronics, and processing of polymer thin films.  Further 

studies of the fundamental aspects of wetting in CO2-based systems will aid the 

development of these applications. 
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Chapter 9 

 

Conclusions and Recommendations for Future Studies 

 

 

The main focus of this Ph.D. dissertation was investigating the stabilization of 

colloidal dispersions in liquid and supercritical carbon dioxide.  In particular, this 

research has examined novel approaches to stabilize emulsions and inorganic silica 

dispersions in liquid CO2 at low pressures.  This research has also provided fundamental 

insight into both the water-CO2 and solid-CO2 interfaces.  In this chapter, the key 

observations and conclusions from this research are summarized, and future areas of 

research in CO2 are proposed. 

 

9.1 Conclusions 

9.1.1 Formation and Growth of Water-in-CO2 Miniemulsions 

For the first time, non-flocculated dilute W/C miniemulsions were stabilized for 

greater than 24 hours.  Due to the low viscosity and weak solvation capacity of CO2, all 

previously reported W/C emulsions formed with less than 10 wt% water showed low 

stabilities1-3.  Even using two of the two most CO2-phiilc tails, perfluoropolyether and 

poly(dimethyl siloxane), flocculation of dilute W/C emulsions led to settling in less than 

1 minute1,2.  However, by using the extremely CO2-philic tail, poly(1,1-

dihydroperfluorooctyl methacrylate) (PFOMA), flocculation was minimized and dilute 

W/C miniemulsion were stabilized for hours.  The non-ionic block copolymers PFOMA-

b-PEO were synthesized by atom transfer radical polymerization to manipulate the HCB 

and achieve low values of γ and the proper curvature for the water-CO2 interface.  By 

nearly completely suppressing flocculation, it was also possible to investigate semi-

quantitatively both the droplet formation and growth mechanisms.  Droplet formation 

was characterized as a function of the mechanical energy, and the dominant growth 

mechanism was determined to be Ostwald ripening. 
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9.1.2 Critical Flocculation Density of Dilute Water-in-CO2 Emulsions Stabilized with 

Block Copolymers 

The critical flocculation density (CFD), the density below which flocculation 

occurs, was investigated for W/C emulsions stabilized with PFOMA-b-PEO surfactants.  

This study related the CFD to the balance between the attractive van der Waals forces 

between approaching water droplets and the steric repulsive forces imparted by the 

adsorbed surfactants.  The CFD was measured using turbidimetry as a function of 

PFOMA molecular weight, average core size, temperature, and surface coverage of the 

stabilizer.  To place the CFD in perspective, the phase behavior of the PFOMA 

homopolymer was measured in bulk CO2 as a function of molecular weight and 

temperature.  Compared to a previous study of steric stabilization4, this study clearly 

addressed the importance of core-core attraction on emulsion stability by measuring the 

CFD for emulsions with various diameters stabilized with relatively low molecular 

weight block copolymers.  The experimentally measured CFDs were in good qualitative 

agreement with a simple model, which consisted of both an attractive core-core and 

osmotic, repulsive potential.  The model predicted a decrease in emulsion stability as the 

CO2 density was lowered toward the theta density for the PFOMA ligand in bulk CO2. 

 

9.1.3 Stabilization of Carbon Dioxide-in-Water Emulsions with Silica Nanoparticles 

It is shown for the first time that solid nanoparticles may be used in lieu of 

classical surfactants to stabilize emulsions consisting of water and carbon dioxide.  Using 

hydrophilic silica nanoparticles, it was possible to stabilize C/W emulsions for greater 

than 12 hours.  These emulsions were characterized using optical microscopy and 

turbidimetry to investigate the effect of particle hydrophilicity, CO2 density, particle 

concentration, and dispersed volume fraction on the emulsion stability.  The particle 

hydrophilicity was observed to significantly affect the emulsion stability.  Decreasing the 

particle hydrophilicity from 100% SiOH to 76% SiOH raised the emulsion stability by 

lowering the contact angle and thus increasing the energy of attachment of the particles at 

the water-CO2 interface.  Of particular interest was the observation that these solid-
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stabilized emulsions were stable against flocculation and coalescence at pressures as low 

as 68 bar at 25 ºC (ρCO2 = 0.739 g/mL).  The formation of a stable emulsion at such a low 

density is remarkable and nearly impossible to do with surfactants4,5 due to the weak 

solvation capacity of CO2 at this condition.  In the case of solid-stabilized emulsions, 

stability is not dependent on tail solvation.  Consequently, solid particles may be used to 

impart emulsion stability at much weaker solvent conditions. 

 

9.1.4 Steric Stabilization of Core-Shell Nanoparticles in Liquid Carbon Dioxide at 

the Vapor Pressure 

In this study, a novel approach to stabilize non-dilute dispersions in liquid CO2 at 

pressures as low as the vapor pressure was presented.  By modifying hydrophilic silica 

particles with a trifunctional silylating agent, (heptadecafluoro-1,1,2,2-

tetrahydodecyl)triethoxy silane, a cross-linked polymeric shell was formed around the 

silica core.  The presence of the shell weakened the Hamaker attraction between the 

dispersed fluoro-silica composite nanoparticles and enabled dispersibility at weak solvent 

conditions, i.e. low pressures.  The stability of these dispersions was measured as a 

function of CO2 density using turbidimetry and by visual observations of settling fronts in 

the high-pressure cell.  Even at pressures as low as the vapor pressure, the concentrated 

dispersions were kinetically stable for greater than thirty minutes.  Compared to previous 

studies which reported on metal nanocrystal dispersions at the vapor pressure6,7, the 

particles dispersed in this study were approximately 24x larger and the dispersed volume 

fraction was 100x greater.  The ability to stabilize concentrated dispersions of large (> 

100 nm) nanoparticles at the vapor pressure is of great practical interest in the assembly 

of materials and in separation, coating, and microelectronics processes in CO2. 

 

9.1.5 Interfacial Properties of Fluorocarbon and Hydrocarbon Phosphate 

Surfactants at the Water-CO2 Interface 

Whereas nonionic hydrocarbon surfactants have been utilized to form W/C 

microemulsions8,9, this feat has yet to be accomplished using an ionic hydrocarbon 
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surfactant for reasons that are not well understood at the fundamental level.  The 

objective of this study was to provide a more fundamental understanding concerning the 

relationship between surfactant molecular architecture and interfacial activity.  To 

accomplish this goal, the interfacial properties for a family of ionic surfactants with 

identical phosphate headgroups and varying fluorocarbon and hydrocarbon tail structures 

were investigated at the water-CO2 interface using high-pressure pendant-drop 

tensiometry.  Specifically, the interfacial tension (γ) and surface excess (Γ∞) were 

measured as a function of tail structure and branching, counterion, salt concentration, 

CO2 density, and temperature.  As predicted a priori with the Fractional Free Volume 

(FFV) paradigm10, the surfactant interfacial activity was increased (lower γ and 

higher Γ∞) by increasing the degree of tail branching.  In fact, γ for a double-tail 

hydrocarbon surfactant with a relatively high degree of tail branching was lowered from 

the water-CO2 binary interface value of approximately 20 mN/m at 25 ºC and 340 bar 2 to 

3.7 mN/m.  This reduction in γ was attributed to both a decrease in the free volume 

between the surfactant tails at the interface and reduced tail-tail interactions.  Although 

this interfacial tension of 3.7 mN/m was not low enough to allow for the formation of a 

W/C microemulsion, it was low enough to stabilize a concentrated C/W emulsion for 

greater than one hour.  The results from this study clearly indicate the challenges in 

achieving enough tail solvation in CO2 to balance the hydration of ionic headgroups. 

 

9.1.6 Interactions of Core-Shell Silica Nanoparticles in Liquid Carbon Dioxide  

Determined from Dynamic Light Scattering 

The effects of solvent density on the interparticle interactions between dispersed 

core-shell silica nanoparticles in liquid CO2 were investigated in terms of a diffusional 

second virial coefficient using dynamic light scattering.  By modifying monodisperse 

colloidal silica with a tri-functional silylating agent, (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)triethoxy silane, relatively uniform dispersions of core-shell particles 

could be formed in liquid CO2.  With dynamic light scattering, the particle size and 

degree of aggregation were measured in the solvent used for synthesis of the shells, 
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ethanol, and in CO2 as a function of both the silane:silica (wt:wt) ratio and the silane 

addition rate.  The rapid addition of the silylating agent resulted in the formation of a 

polydisperse dispersion of small and large fluoro-silica aggregates in ethanol, regardless 

of the silane:silica ratio.  However, the presence of the thick fluorinated shells allowed 

for these aggregates to be dispersed in CO2 as a dry powder.  The drop-wise addition of 

the silylating agent at low silane:silica (wt:wt) ratios allowed for the formation of a 

monodisperse dispersion of core-shell particles in ethanol.  Unfortunately, the shells 

formed in this manner were to thin to allow for the core-shell particles to be dispersed in 

CO2 as a dry powder.  Consequently, these particles were dispersed in CO2 while still 

dispersed in ethanol in order to avoid the drying step.  Regardless of either the 

silane:silica (wt:wt) ratio or the addition rate of the silane coupling agent, all of the core-

shell particles studied here had a negative diffusional second virial coefficient in CO2, 

indicating attractive interactions and poor solvent conditions for CO2.  In addition, the 

strength of this attraction increased as the CO2 density was lowered. 

 

9.1.7 Contact Angle Measurements at the CO2/Water/Solid Interface 

 In order to provide a clearer understanding concerning the CO2/solid interactions, 

the CO2/water/solid contact angle (θ) was measured on well defined silica substrates.  

The contact angle was measured in-situ as a function of substrate hydrophilicity and CO2 

pressure.  The hydrophilicity of the silica substrates was varied through silanization with 

different amounts of dichlorodimethyl silane (DCDMS), and the silanol (SiOH) coverage 

for the two substrates studied was approximately 12% and 37%.  The contact angle was 

observed to significantly increase as the CO2 pressure was increased from atmospheric 

pressure to the vapor pressure, indicating that the substrates became more hydrophobic at 

elevated pressures.  Although both substrates demonstrated an increase in θ as the 

pressure was increased, the mechanisms responsible for this increase were determined to 

be completely different.  These differences were investigated through the development of 

a simple model which addressed the long range forces.  In the case of the more 

hydrophobic slide (12% SiOH), the solid-water interfacial tension was determined to be 
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relatively independent of pressure, and the increase in θ was attributed primarily to a 

decrease in the water-CO2 and solid-CO2 interfacial tensions at high pressures.  However, 

the increase in the contact angle for the slightly hydrophilic slide was due primarily to an 

increase in the solid-water interfacial tension at high pressures.  The physisorption of CO2 

onto the surface11 increased this interfacial tension by capping the surface silanol groups 

and thus removing sites for the specific interactions between the water drop and the silica 

substrate. 

 

9.2 Recommendations for Future Studies 

9.2.1 W/C Solid-Stabilized Emulsions  

 One of the major goals of this dissertation was the development of novel 

approaches to stabilize emulsions and colloidal dispersions in liquid CO2 at low 

pressures.  This research successfully demonstrated the ability to utilize hydrophilic silica 

particles in lieu of classical surfactants to stabilize C/W emulsions.  In this situation, the 

hydrophilic silica particles were initially dispersed in water before being added to CO2.  

When forming solid-stabilized emulsions, the phase the particles are initially dispersed in 

typically becomes the continuous phase12.  Therefore, in order to form a solid-stabilized 

W/C emulsion, it would be necessary to first stabilize a fairly concentrated dispersion of 

nanoparticles in CO2 before the addition of water.  As stated throughout this dissertation, 

the stabilization of colloidal dispersions in liquid CO2 is a challenging task.  However, as 

demonstrated in Chapters 5 and 7, dispersions of relatively large fluoro-silica aggregates 

can be easily prepared in liquid CO2 at pressures as low as the vapor pressure.  It is 

therefore proposed to use these fluoro-silica aggregates to stabilize W/C emulsions by 

first dispersing the particles in CO2 and then adding water in small increments.  Since the 

stability of these solid-stabilized emulsions is not dependent on tail solvation12, this 

technique should allow for the formation of stable emulsions at lower densities than can 

be achieved with classical surfactants and polymers. 
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9.2.2 W/C Microemulsions with Ionic Hydrocarbon Surfactants  

 In Chapter 6, the interfacial properties for a family of ionic surfactants with 

identical phosphate headgroups and varying tail structures were examined at the water-

CO2 interface using high-pressure pendant-drop tensiometry.  The hydrophilic-CO2-philic 

(HCB) of these surfactants was varied through changes in the degree of tail fluorination 

and tail branching.  Through tail branching, a fairly low water-CO2 interfacial tension of 

3.7 mN/m was achieved for an ionic hydrocarbon surfactant.  Unfortunately, this γ was 

not low enough to form a W/C microemulsion.  This illustrates one of the key challenges 

in designing ionic surfactants for the water-CO2 interface.  The limited solvation of the 

surfactant tails by CO2 is not able to effectively balance the hydration of the ionic 

headgroups.  The formation of a W/C microemulsion using the phosphate surfactants in 

Chapter 6 will be extremely difficult given the high HLB number for the phosphate 

headgroup.  As shown in Chapter 6, the branched hydrocarbon phosphate surfactant was 

more soluble in water than in CO2, indicating that the proper curvature for a W/C 

microemulsion could not be achieved simply through tail branching.  It is therefore 

proposed to investigate the effect of the ionic headgroup on the HCB and interfacial 

tension for a branched hydrocarbon surfactant.  By systematically changing the 

headgroup from a phosphate to a sulfosuccinate, sulfonate, or carboxylate, the HCB can 

be altered to allow for a low interfacial tension and the proper curvature for a W/C 

microemulsion. 

 

9.2.3 CO2/Water/Solid Contact Angle Measurements near the Critical Point  

 In Chapter 9, the CO2/water/solid contact angle (θ) was measured as a function of 

CO2 pressure at 23 ºC.  The contact angle increased significantly as the pressure was 

increased from atmospheric pressure to the vapor pressure (61.2 bar at 23 ºC).  

Interestingly, the contact angle increased very rapidly as the CO2 activity was increased 

above 0.6.  Using a variety of techniques, the formation of large excess layers of CO2 on 

solid substrates has been observed in the pressure regions where CO2 is highly 

compressible13-15.  The presence of this excess layer is responsible for the unusually rapid 
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dynamics observed in such processes as the welding of PS latex particles to form films16.  

In addition, anomalous swelling in polymers has been observed near the critical point17,18.  

This anomalous swelling was attributed to inhomogeneties in the concentration at the free 

surface of the polymer due to the high compressibility of CO2
18.  As a result of these 

phenomena, it is proposed to measure the contact angle as a function of pressure near the 

critical point.  It will be interesting to note how θ changes with pressure in this region. 
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Appendix A 

 

Synthesis and Characterization of Hydrocarbon and Fluorocarbon 

Phosphate Surfactants

 

 

A.1 Synthesis of Bis-[2-(F-hexyl)ethyl]phosphate, sodium salt 

This synthesis of this surfactant is described in the Supporting Information of a 

previous study1 and shown in Figure A.1.   

A.2 Synthesis of Bis-[2-(F-hexyl)ethyl]phosphate, ammonium salt 

For the ammonium and tetramethylammonium surfactants, a quantitative amount 

of the appropriate base was substituted for sodium hydroxide.  With these materials, the 

mono- and trichained phosphates did not always separate from the salt, which occurred 

with the sodium salt, so further steps were necessary for the purification.  For the 

ammonium salt, all of the steps for the synthesis of DiF8 were followed up to 

neutralization, where a molar excess of concentrated ammonium hydroxide was dissolved 

in ~ 5 mL absolute ethanol, then added dropwise with stirring to the crude oil dissolved 

in 100 mL absolute ethanol and allowed to stir overnight.  The solvent is removed via 

rotary evaporation and the resulting product was dried in vacuo.  The oil is then dissolved 

in ~ 25 mL methanol and ~0.25 g decolorizing carbon was added and allowed to stir for 1 

h.  The carbon was removed by filtration and the solvent was removed via rotary 

evaporation.  The dried material was purified by washing the solid in ~ 20 mL 

trifluorotoluene to dissolve any impurities.  The remaining solid was collected by gravity 

filtration and dried in vacuo.  This step is able to remove the trichained phosphates 

contaminating the sample.  The ammonium salt was then rinsed with 20 mL of 

chloroform to remove any additional impurities.  The remaining solid was collected by 
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Figure A.1 

Synthesis of DiF8 surfactant salts shown with general counterion. 
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gravity filtration and dried in vacuo. 

A.3 Synthesis of Bis-[2-(F-hexyl)ethyl]phosphate, tetramethylammonium 

salt 

A molar equivalent of tetramethylammonium hydroxide (25 wt % in methanol) 

was dissolved in ~ 5 mL absolute ethanol then added dropwise to the crude oil in 100 mL 

absolute ethanol with stirring.  The solution was allowed to stir overnight.  The solvent 

was removed via rotary evaporation and the resulting product was dried in vacuo.  The oil 

was dissolved in 25 mL methanol and ~0.25 g decolorizing carbon was added, allowed to 

stir for 1 h, and then filtered off.  The methanol was removed via rotary evaporation and 

dried in vacuo.  The resulting sticky solid was purified by adding 20 mL trifluorotoluene 

with stirring to dissolve any impurities.  The remaining solid is collected by gravity 

filtration and dried in vacuo.  As the solids tend to stick to the filter paper, the 

trifluorotoluene was decanted.  This step removed the trichained phosphate contaminates.  

To the dry material, 20 mL of chloroform was added to dissolve any impurities.  The 

solvent was removed by filtration, or by decanting the chloroform, followed by rinsing 

the solid ammonium salt with chloroform.  

A.4 Synthesis of Bis-[octyl]phosphate, sodium salt 

Phosphorus oxychloride (1.79 mL, 19.2 mmol) was added via syringe to 30 mL 

anhydrous diethyl ether, under argon.  The mixture was cooled to 0°C and a cold solution 

of 1-octanol (6.05 mL, 38.4 mmol) and triethylamine (5.82 g, 8.0 mL) in 25 mL diethyl 

ether was slowly added via cannula, leading to the formation of white precipitate, 

triethylamine hydrochloride salts.  The solution was allowed to warm to room 

temperature and stirred under argon overnight.  The triethylamine hydrochloride salts 

were filtered and washed with 50 mL diethyl ether.  The solvent and excess triethylamine 

was removed via rotary evaporation, providing a light yellow/orange oil.  This oil was 

dissolved in 40 mL acetonitrile and 1 mL water and allowed to stir overnight at room 

temperature.  The resulting faint yellow-orange solution was concentrated via rotary 
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evaporation.  The solid, identified as the neutral phosphate using NMR, was dissolved in 

40 mL ethanol.  Aqueous NaOH (0.17 mL of 50 wt. % aqueous sodium hydroxide, 3.2 

mmol) was dissolved in 25 mL ethanol and added dropwise to the stirring phosphate 

solution at room temperature.  After stirring overnight, an orange/grey solid was filtered 

and the filtrate was concentrated to a yellow oil.  Acetone was then added to induce 

precipitation of the white salt.  The salt was filtered and rinsed with 30 mL acetone.  

Drying in vacuo provided 3.4 g of the desired product.  A schematic of this process is 

given in Figure A2. 

A.5 Synthesis of Bis-[2,4,4-trimethylpentyl]phosphate, potassium salt 

A flask containing 6.11 mL 2,4,4-trimethylpentanol and 6.0 mL triethylamine 

dissolved in 30 mL diethyl ether was degassed with argon and cooled to 0 °C.  This 

solution was slowly cannulated into an argon degassed solution at 0 °C of 1.79 g 

phosphorus oxychloride in 30 mL diethyl ether, and a white precipitate formed upon 

addition.  This solution was allowed to stir overnight while slowly warming to room 

temperature.  The triethylamine hydrochloride salt was filtered, washed with ~50 mL 

diethyl ether, and then the salt was discarded.  The diethyl ether and the excess 

triethylamine were removed via rotary evaporation, leaving a yellow oil as the product.   

This oil was dissolved in 40 mL acetonitrile followed by slow addition of 3 mL distilled 

water with stirring.  After stirring for approximately 7 h, the excess water and acetonitrile 

were removed via rotary evaporation, providing 4.9 g crude product.  The oil was 

dissolved in 40 mL ethanol, and 37.2 mL of KOH (0.504 N in methanol) was added 

dropwise and allowed to stir overnight.  A tan solid was filtered and discarded, and the 

filtrate was concentrated via rotary evaporation.  The resulting solid was dissolved in 100 

mL methanol with 1 g decolorizing carbon and stirred for 1 h.  The carbon was filtered 

off and solvent removed via rotary evaporation, providing 3.3 g of the white solid after 

drying under vacuum. 
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Figure A.2 

Synthesis of hydrocarbon surfactant salts shown with general counterion. 
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A.6 Synthesis of Bis-[2,4,4-trimethylpentyl]phosphate, ammonium salt 

To synthesize the ammonium salt of this material, the same procedure was used as 

described above.  However, after the acetonitrile and excess water were removed, the 

product was dissolved in chloroform.  This was then purified by running the solution 

through a silica gel column, starting with pure chloroform as the mobile phase and 

changing to a 9:1 chloroform/methanol gradient.  The 5.3 g resulting yellow oil was 

dissolved in 50 mL ethanol, and a solution of NH4OH (0.65 mL of glacial NH4OH in 10 

mL methanol) was added dropwise to the solution, and stirred overnight.  A whitish solid, 

trichained phosphates, was filtered and discarded, and the filtrate was concentrated via 

rotary evaporation.  The resulting solid was dissolved in 100 mL methanol with 1 g 

decolorizing carbon and stirred for 1 h.  The carbon was filtered off and solvent removed 

via rotary evaporation.  The crude product was then dissolved in a minimum amount of 

methanol and acetone was added to precipitate the white gel-solid, providing 2.5 g after 

drying under vacuum. 

A.7 Synthesis of Bis-[2,4,4-trimethylpentyl]phosphate, 

tetramethylammonium salt 

To synthesize the tetramethylammonium salt of this material, the same procedure 

was used as above.  After the acetonitrile and excess water was removed, the product was 

dissolved in chloroform.  This was then purified by running the solution through a silica 

gel column, starting with pure chloroform as the mobile phase and changing to a 9:1 

chloroform/methanol gradient.  The 6.1 g of resulting yellow oil was dissolved in 50 mL 

ethanol, and 6.76 mL of TMAH (25 wt% in methanol) was added dropwise to the 

solution and allowed to stir overnight.  No solids formed with this material and so the 

material was concentrated via rotary evaporation.  The resulting gel-solid was dissolved 

in 100 mL methanol with 1 g decolorizing carbon and stirred for 1 h.  The carbon was 

filtered off and solvent removed via rotary evaporation.  The crude product was then 

dissolved in a minimum amount of methanol and acetone was added to precipitate the 

bright white crystals, providing 2.9 g after drying under vacuum. 
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A.8 Surfactant Characterization 

 

Surfactant 1 Bis-[2-(F-hexyl)ethyl]phosphate, sodium salt (mp > 220 oC; 53% yield) 1H 

NMR: (300 MHz: δ, CD3OD) 4.13 (q, 4H; JHH: 6.6 Hz, JHP: 6.8 Hz; CH2O), 2.55 (tt, 4H; 

JHH: 6.6 Hz, JHF: 19.2 Hz; CF2CH2).  19F NMR: (282 MHz: δ,CD3OD) –83.0 (CF2CF3), -

115.1 (CH2CF2), -123.2, -124.2, -125.0, (3 x CF2), -127.7 (CF2CF3).  31P NMR : (121 

MHz: δ, CD3OD) –0.65 ppm.  Anal. Calcd. : C:23.66, H: 0.99; Found: C: 23.46, H: 

1.00.  
 

Surfactant 2 Bis-[2-(F-hexyl)ethyl]phosphate, ammonium salt (mp = 200 - 205 oC; 42% 

yield) 1H NMR: (400 MHz: δ, CD3OD) 4.14 (q, 4H; JHH: 6.6 Hz, JHP: 7.2 Hz; CH2O), 

2.55 (tt, 4H; JHH: 6.8 Hz, JHF: 19.2 Hz; CF2CH2).  19F NMR: (282 MHz: δ,CD3OD) –

82.9 (CF2CF3), -115.0 (CH2CF2), -123.4, -124.4, -125.2, (3 x CF2), -127.8 (CF2CF3).  31P 

NMR : (121 MHz: δ, CD3OD) 0.35 ppm.  Anal. Calcd. : C:23.81, H: 1.50; Found: C: 

23.83, H: 1.45.  

 

Surfactant 3 Bis-[2-(F-hexyl)ethyl]phosphate, tetramethylammonium salt (mp > 220 oC; 

35% yield) 1H NMR: (400 MHz: δ, CD3OD) 4.14 (q, 4H; JHH: 6.4 Hz, JHP: 6.8 Hz; 

CH2O), 3.17 (s, 12H, N(CH3)4), 2.55 (tt, 4H; JHH: 6.4 Hz, JHF: 19.2 Hz; CF2CH2).  19F 

NMR: (282 MHz: δ,CD3OD) –82.9 (CF2CF3), -115.0 (CH2CF2), -123.4, -124.4, -125.2, 

(3 x CF2), -127.8 (CF2CF3).  31P NMR : (121 MHz: δ, CD3OD) 0.35 ppm.  Anal. Calcd. 

: C:27.83, H: 2.33; Found: C: 27.69, H: 2.46.  

 

Surfactant 4 Bis-[octyl]phosphate, sodium salt (mp > 220 oC; 38% yield) 1H NMR: 

(300 MHz: δ, CD3OD) 3.69 (m, 4H; CH2O), 1.49 (p, 4H; JHH: 6.6 Hz, JHP:  7.1 Hz.; 

CH2CH2CH2O), 1.35-1.05 (m, 20H; 10 x CH2), 1.2-0.76 (t, 6H; JHH: 6.7 Hz.; 2 x CH3.).   
1P NMR: (121 MHz: δ, CD3OD) 2.05 ppm.  Anal. Calcd.: C: 55.80, H: 9.95; Found: C: 

55.80, H: 9.85. 
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Surfactant 5 Bis-[2,4,4-trimethylpentyl]phosphate, potassium salt (mp > 220 oC; 46% 

yield) ;  1H NMR: (300 MHz: δ, CD3OD) 3.64-3.52 (m, 4H; CH2O), 1.68 (m, 2H; JHH: 

6.4 Hz, JHP: 5.6 Hz; CH2CH(CH3)CH2O), 1.23 (m, 4H; JHH: 5.8 Hz,; (CH3)3CCH2CH), 

0.96-0.68 (br m, 24H; 8 x CH3).  31P NMR: (121 MHz: δ, CD3OD) 1.88 ppm.  Anal. 

Calcd.: C: 53.31, H: 9.51; Found: C: 53.81, H: 8.08. 

 

Surfactant 6 Bis-[2,4,4-trimethylpentyl]phosphate, ammonium salt (mp > 220 oC; 33% 

yield) ;  1H NMR: (300 MHz: δ, CD3OD) 3.65-3.36 (m, 4H; JHH: 6.6 Hz, JHP: 7.2 Hz; 

CH2O), 1.69 (m, 2H; CH2CH(CH3)CH2O), 1.23 (m, 4H; (CH3)3CCH2CH), 1.01-0.65 (br 

m, 24H; 8 x CH3).  31P NMR: (121 MHz: δ, CD3OD) 1.64 ppm.  Anal. Calcd.: C: 56.61, 

H: 11.28; Found: C: 56.25, H: 11.28. 

 

Surfactant 6 Bis-[2,4,4-trimethylpentyl]phosphate, tetramethylammonium salt (mp > 

220 oC; 36% yield) ;  ;  1H NMR: (300 MHz: δ, CD3OD) 3.7-3.4 (m, 4H; JHH: 6.6 Hz, 

JHP: 7.2 Hz; CH2O), 1.77 (m, 2H; JHH: 6.4 Hz, JHP: 1.6 Hz; CH2CH(CH3)CH2O), 1.34 

(m, 4H; JHH: 6.4 Hz,; (CH3)3CCH2CH), 1.2-0.76 (br m, 24H; 8 x CH3).  31P NMR: (121 

MHz: δ, CD3OD) 0.08 ppm.  Anal. Calcd.: C: 60.73, H: 11.72; Found: C: 61.33, H: 

11.64. 

 

A.9 References 

 (1) Keiper, J. S.; Simhan, R.; DeSimone, J. M. Journal of the American 

Chemical Society 2002, 124, 1834-1835. 
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Appendix B 

 

TEM and DLS Results for the Core-Shell Silica Particles: 

Supporting Information for Chapter 7 

 
 

B.1 TEM Results  

Figure B.1 shows a representative transmission electron micrograph (TEM) of the 

as-received Ludox TM50 (Grace Davison) particles drop-cast onto a copper grid from 

ethanol.  The TEM image was obtained using a Phillips EM 208 transmission electron 

microscope with a 4.5 Ǻ point-to-point resolution operating with an 80 kV accelerating 

voltage.  As discussed in Chapter 7, the as-received Ludox particles were initially 

dispersed in water and were dialyzed against pure ethanol for 24 hours in order to replace 

the water continuous phase with ethanol.  The TEM image shown in Figure B.1 indicates 

that after dialysis into ethanol, the silica nanoparticles were non-aggregated and fairly 

monodisperse in size with an average size of approximately 25 nm in diameter.  Using 

dynamic light scattering (DLS), the size of the nanoparticles was determined to be 24 nm 

(Table 7.1). 

 As reported in Chapter 7, the drop-wise addition of the silylating agent in low 

silane:silica (wt:wt) ratios resulted in the formation of a monodisperse dispersion of core-

shell particles in ethanol.  Figure B.2 is a representative TEM image of the SM3.1-S core-

shell particles modified in this manner.  The core-shell particles shown in Figure B.2 

appear non-aggregated and fairly uniform in size with an average diameter of ~ 20 nm.  

In ethanol, the core-shell particles were measured to be approximately 24 nm using DLS 

(Table 7.1).  The TEM and DLS results suggest the presence of a thin fluorinated shell 

around the silica nanoparticles. 
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Figure B.1 

Representative Transmission Electron Micrograph (TEM) of unmodified Ludox TM50 

drop-cast from ethanol onto a carbon grid.  Scale bar = 100 nm. 
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Figure B.2 

Representative Transmission Electron Micrograph (TEM) of SM3.1-S core-shell particles 

drop-cast from ethanol onto a carbon grid.  Scale bar = 100 nm. 
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B.2 DLS Results 

 As presented in Chapter 7, the density-dependent interparticle interactions 

between the dispersed core-shell nanoparticles in CO2 were quantified by measuring the 

diffusional second virial coefficient (kD) using dynamic light scattering.  Figures B.3 and 

B.4 show the experimentally measured diffusion coefficient multiplied by the CO2 

viscosity (Walden product) as a function of particle concentration for TM3.1-S and SM6-

R, respectively at 23 °C.  The CO2 viscosity was independent of the particle 

concentration.  In the case of no interactions between particles and diffusion coefficients 

described by the Stokes-Einstein equation, the Walden product would be a constant.  The 

slope of each plot of Dc vs. C may be utilized to determine kD through equation 7.3 as 

shown in Table 7.2 and Figure 7.8.  For both TM3.1-S and SM6-R, the diffusion 

coefficient was relatively independent of the particle concentration at high pressures, 

indicating weak interactions.  For the TM3.1-S core-shell particles, as the pressure was 

lowered, the plot of Dcηs vs. particle concentration clearly showed a negative slope (kD < 

0) and “poor” solvent conditions, indicating attractive interactions.  In the case of SM6-R, 

the slope of Dcηs vs. particle concentration changed very little as the pressure was 

lowered to 68 bar at 23 ºC.  As illustrated in Figures B.4 and 7.9, the diffusional second 

virial coefficient only became slightly more negative as the pressure was lowered. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 309

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.3 

Diffusion coefficient multiplied by the CO2 viscosity as a function of particle 

concentration forTM3.1-S at 23 ºC and (●) 272 bar, (▲) 170 bar, and (■) 68 bar. 
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Figure B.4 

Diffusion coefficient multiplied by the CO2 viscosity as a function of particle 

concentration for SM6-R at 23 ºC and (●) 272 bar, (▲) 170 bar, and (▼) 68 bar. 

0

0.5

1

1.5

2

2.5

0.02 0.04 0.06 0.08 0.1 0.12

D
c η

s  (
10

-8
 c

P
 c

m
2 /s

)

Particle Concentration (mg/mL)

272 bar

170 bar68 bar



 311

Appendix C 

 

Contact Angle and Water-CO2 Interfacial Tension Data: 

Supporting Information for Chapter 8 

 
 
C.1 Contact Angle Data  

One of the goals of this dissertation was to examine the solid/CO2 interactions.  

This goal was achieved by measuring the CO2/water/solid contact angle (θ) on well-

defined silica substrates.  The contact angle was measured as a function of both CO2 

pressure and substrate hydrophilicity, and these results are discussed in full in Chapter 8.  

In this Appendix, θ is given in tabular form.  Table C.1 summarizes the effect of CO2 

pressure on the contact angle for both the GS102 and GS103 substrates.  The contact 

angle was measured using a specially designed high-pressure cell which is described in 

Chapter 8. 

 Contact angle hysteresis is a phenomenon that must be addressed in all wettability 

studies.  In this study, hysteresis was investigated by measuring the contact angle as the 

pressure was increased from atmospheric pressure to the vapor pressure (61.2 bar at 23 

ºC) and then depressurized to atmospheric pressure.  After fully depressurizing to 

atmospheric pressure, a new drop was placed on the slide and θ was immediately 

measured as the system was re-pressurized to 204 bar.  After a week in the dessicator, the 

contact angle was again measured on the same substrate.  The data for these hysteresis 

experiments for GS103 and GS102 are provided in Tables C.2 and C.3, respectively. 
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Table C.1 

Effect of CO2 Pressure on θ for GS103 and GS102 at 23 ºC.  The contact angle was 

measured as the pressure was increased. 

 
Pressure 

(bar) 
CO2 Activity CO2/Water/GS103 θ 

(º) 
CO2/Water/GS102 θ 

(º) 
1.0 0.024 71 ± 2 98 ± 2 
3.4 0.080 74 ± 1 99 ± 2 
6.8 0.157 75 ± 1 99 ± 2 
10.2 0.231 75 ± 1 99 ± 2 
13.6 0.302 75 ± 1 100 ± 1 
17.0 0.371 76 ± 1 100 ± 2 
20.4 0.437 76 ± 1 101 ± 1 
23.8 0.500 76 ± 1 101 ± 2 
27.2 0.560 76 ± 1 102 ± 2 
30.6 0.616 76 ± 1 104 ± 2 
34.0 0.673 77 ± 1 105 ± 2 
37.4 0.725 78 ± 1 107 ± 2 
40.8 0.774 83 ± 2 109 ± 2 
44.2 0.820 86 ± 1 112 ± 2 
47.6 0.864 89 ± 1 116 ± 3 
51.0 0.905 92 ± 1 120 ± 1 
54.4 0.942 93 ± 1 125 ± 2 
57.8 0.975 96 ± 1 134 ± 1 
61.2 1.000 99 ± 2 141 ± 3 
68.0 1.015 102 ± 3 151 ± 4 
102 1.098 102 ± 3 156 ± 4 
136 1.180 102 ± 3 158 ±3 
204 1.352 102 ± 3 158 ± 3 
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Table C.2 

Results of the Hysteresis study for GS103 at 23 ºC. 

 

Pressure 
(bar) 

CO2 
Activity 

Pressurizing 
 (º) 

Depressurizing
(º) 

Second Drop 
(º) 

Week Later 
(º) 

1.0 0.024 71 ± 2 79 ± 1 77 ± 2 72 ± 2 
3.4 0.080 74 ± 1 80 ± 1 78 ± 2 75 ± 2 
6.8 0.157 75 ± 1 81 ± 1 79 ± 2 75 ± 2 
10.2 0.231 75 ± 1 83 ± 2 79 ± 2 75 ± 2 
13.6 0.302 75 ± 1 85 ± 2 80 ± 2 75 ± 2 
17.0 0.371 76 ± 1 87 ± 2 80 ± 2 75 ± 2 
20.4 0.437 76 ± 1 88 ± 2 80 ± 2 76 ± 2 
23.8 0.500 76 ± 1 89 ± 2 80 ± 2 77 ± 2 
27.2 0.560 76 ± 1 91 ± 2 80 ± 2 77 ± 2 
30.6 0.616 76 ± 1 92 ± 2 80 ± 2 77 ± 2 
34.0 0.673 77 ± 1 95 ± 2 80 ± 2 78 ± 2 
37.4 0.725 78 ± 1 97 ± 2 81 ± 2 79 ± 2 
40.8 0.774 83 ± 2 99 ± 2 82 ± 2 82 ± 1 
44.2 0.820 86 ± 1 99 ± 2 85 ± 1 85 ± 2 
47.6 0.864 89 ± 1 99 ± 2 88 ± 1 87 ± 2 
51.0 0.905 92 ± 1 99 ± 2 90 ± 2 91 ± 2 
54.4 0.942 93 ± 1 99 ± 2 92 ± 1 92 ± 1 
57.8 0.975 96 ± 1 99 ± 2 96 ± 1 96 ± 2 
61.2 1.000 99 ± 2 99 ± 2 99 ± 2 98 ± 3 
68.0 1.015   101 ± 3 102 ± 3 
102 1.098   102 ± 2 102 ± 3 
136 1.180   102 ± 2 101 ± 3 
204 1.352   102 ± 3 102 ± 2 
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Table C.3 

Results of the Hysteresis study for GS102 at 23 ºC. 

 

Pressure 
(bar) 

CO2 
Activity 

Pressurizing 
 (º) 

Depressurizing
(º) 

Second Drop 
(º) 

Week Later 
(º) 

1.0 0.024 98 ± 2 97 ± 2 99 ± 2 99 ± 2 
3.4 0.080 99 ± 2 98 ± 2 100 ± 1 100 ± 2 
6.8 0.157 99 ± 2 98 ± 2 100 ± 1 101 ± 1 
10.2 0.231 99 ± 2 99 ± 2 101 ± 1 101 ± 2 
13.6 0.302 100 ± 1 99 ± 2 101 ± 2 101 ± 2 
17.0 0.371 100 ± 2 100 ± 2 101 ± 1 102 ± 2 
20.4 0.437 101 ± 1 100 ± 2 102 ± 2 102 ± 1 
23.8 0.500 101 ± 2 101 ± 2 103 ± 1 103 ± 2 
27.2 0.560 102 ± 2 102 ± 2 104 ± 2 105 ± 2 
30.6 0.616 104 ± 2 103 ± 2 105 ± 2 106 ± 2 
34.0 0.673 105 ± 2 105 ± 2 107 ± 2 108 ± 1 
37.4 0.725 107 ± 2 106 ± 2 108 ± 1 109 ± 2 
40.8 0.774 109 ± 2 109 ± 1 111 ± 2 112 ± 2 
44.2 0.820 112 ± 2 111 ± 1 113 ± 1 114 ± 2 
47.6 0.864 116 ± 3 115 ± 2 117± 2 119 ± 3 
51.0 0.905 120 ± 1 119 ± 2 119 ± 2 121 ± 2 
54.4 0.942 125 ± 2 126 ± 2 124 ± 3 126 ± 1 
57.8 0.975 134 ± 1 135 ± 2 135 ± 2 133 ± 2 
61.2 1.000 141 ± 3 141 ± 3 142 ± 2 145 ± 2 
68.0 1.015   155 ± 2 155 ± 2 
102 1.098   158 ± 3 159 ± 2 
136 1.180   159 ± 3 159 ± 3 
204 1.352   159 ± 3 161 ± 3 
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C.2 Water-CO2 Interfacial Tension Data 

 As illustrated in equation 8.1, the CO2/water/solid contact angle is dependent on 

the water-CO2 (γWC), solid-CO2 (γSC), and solid-water (γSW) interfacial tensions.  Of these 

three interfacial tensions, only γWC can be experimentally measured.  Using the approach 

outlined in Chapter 8, γWC was measured as the pressure was increased from atmospheric 

pressure to 204 bar at 23 ºC, and the data is presented in Figure C.1.  As illustrated in 

Figure C.1, the water-CO2 interfacial tension decreased from 72 mN/m to approximately 

20 mN/m at 204 bar and 23 ºC. 

 In Chapter 8, a simple model was developed to predict the CO2/water/solid 

contact angle as a function of pressure for both GS103 and GS102.  To utilize the model, 

it was necessary to estimate the CO2-air interfacial tension.  Since CO2 is a gas at 

atmospheric pressure, this value could not be experimentally determined.  However, the 

CO2-air interfacial tension (γCA) could be estimated as a function of pressure by treating 

CO2 as a hypothetical liquid and using equations 8.9 and 8.10.  Figure C.2 is a plot of γCA 

as a function of pressure at 23 ºC. 
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Figure C.1 

Experimentally measured water-CO2 interfacial tension as a function of CO2 activity at 

23 ºC. 
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Figure C.2 

Theoretically predicted CO2-air interfacial tension as a function of CO2 activity at 23 ºC.  

The values were predicted using equations 8.9 and 8.10. 
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