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Chapter 1

Introduction

1.1 General introduction

Colloidal interactions in apolar media and how these interactions are influ-

enced by surfactants are the subject matter of this thesis. The two main

aspects covered are surface forces and surfactant self-assembly in low dielec-

tric solvents such as hexane and liquid CO2. The aspects discussed have direct

relations to the application of liquid CO2 as a dry-cleaning medium.

Dry-cleaning is a process of removing soils and stains from fabrics and gar-

ments using a non-aqueous solvent with additives. Traditional dry-cleaning

methods employ organic solvents such as perchloroethylene (PERC), which

is toxic and environmentally harmful. PERC is classified as carcinogenic to

humans (IARC Group 2A classification) and an ozone layer depletant, air

pollutant and a groundwater contaminant. There are increasing legal restric-

tions on the use of PERC or other conventional dry-cleaning solvents, i.e.,

chlorinated fluorocarbons and hydrocarbons. As a result, the present research

on dry-cleaning involves replacement of PERC and similar solvents as the

dry-cleaning medium and looking for an alternative solvent which is environ-

mentally benign, non-toxic, and economical.

Carbon dioxide is a possible candidate. It is non-toxic, non-flammable,

ecologically sound, cheap, and available on a large scale. An important differ-

1



Chapter 1. Introduction

ence between dry cleaning with PERC or other currently used solvents, and

dry-cleaning with CO2 is that carbon dioxide dry cleaning needs a substan-

tially higher pressure (45 - 60 bar) than atmospheric pressure. Therefore, a

new process for dry-cleaning has to be developed. Literature on dry-cleaning

using liquid CO2 revealed that removal of oily soil was comparable or in some

cases better than PERC, however, detergency of small particulate soil (size

less than 20 µm) was inadequate compared to the cleaning performance of

PERC. Higher input of mechanical action could not improve the cleaning per-

formance of particulate soil in liquid CO2 and as a result the perspectives of

liquid CO2 as a dry cleaning solvent remained limited. This is the backdrop

of the research undertaken in this thesis. The aims are summarized below.

1.2 Aim of this Research

Understanding the physico-chemical aspects of dry-cleaning in liquid CO2 is

the overall aim of this thesis. The effects of adding cleaning aids such as water

or alcohol on the soil removal process have been dealt with fundamentally.

Another goal was to investigate the effect of surfactant on these processes.

The final aim was to propose design guidelines for a CO2 soluble surfactant.

1.3 Outline of this thesis

The research carried out to approach the above-mentioned aims can broadly

be classified into two parts. The first part deals with measuring the interac-

tion forces between model surfaces in a model apolar solvent, i.e., n-hexane.

The interaction forces have been measured with colloidal probe atomic force

microscopy and the results are described in Chapters 3 - 5. The second part

(Chapters 6 - 8) contains experiments in liquid CO2. Moreover, the experi-

mental results are complimented with a self-consistent field based theoretical

model. To provide context, a review of current literature and some critical

analysis is presented in Chapter 2 to provide the knowledge on the current

state-of-the-art. At the end of this thesis, a general discussion followed by

2



1.3. Outline of this thesis

a summary is given. The content of the thesis Chapters is briefly outlined

below.

In Chapter 2 we focus on describing the problem definition from colloidal

perspectives. This Chapter contains a review of the dry-cleaning process/

industry followed by a discussion of the complexity of the problem at hand at

various length scales: from macro to micro down to the nano-length scales.

We give an overview of the surface forces that are important and the role of

the additives such as water, alcohol and surfactant in altering these forces.

Chapter 3 experimentally underpins the effects of water in mediating the

surface forces between the interacting model fabric and soil surfaces through

a model apolar solvent. The role of roughness and softness of the interacting

surfaces on the kinetics, magnitude and range of the force have been addressed.

In Chapter 3 it is shown that water results in a higher adhesion force,

by forming capillary bridges, and this could be one of the reasons behind

poor detergency of particulate soil in liquid CO2 dry-cleaning since water is

always present in this process. Hence, we wanted to study if a surfactant can

reduce the capillary forces to increase the soil removal efficiency. To this end,

a surfactant formulation was designed in hexane. This was further tested in

a pilot scale dry-cleaning apparatus. The results have been summarized in

Chapter 4.

Chapter 5 provides further insights into the effects of surfactant meso-

phases, such as reverse micelles and lamellar phases, on the force of interac-

tions between model surfaces. It was argued that the oscillatory force-distance

curves originate from long-range ordering of mesophases between the confined

surfaces.

In Chapter 6, experiments and modeling on the real system, i.e. liquid

CO2, are presented. The surface force measurements on the model (hexane)

system and the detergency experiment in the liquid CO2 have indicated that

cleaning efficiency can indeed be improved by the use of surfactants. How-

ever, finding a surfactant for liquid CO2 is challenging. Liquid CO2 near the

critical pressure and temperature is a poor solvent and hence solubility of sur-

factants in this medium is low. The quest for a suitable surfactant molecule

3



Chapter 1. Introduction

was done following a systematic selection approach based on the hypothesis of

fractional free volume, then testing its solubility first in the model solvent, and

followed by testing in the liquid CO2 system, measuring its interfacial activ-

ity at the water-liquid CO2 interface, and finally studying its self-assembly

in liquid CO2 in the presence of water. The surfactant chosen was a low

molar mass, branched hydrocarbon, polyoxyethylene non-ionic (CiEOj). The

common name of this surfactant is Igepal CA520.

The experimental study of water-liquid CO2 interfaces with or without the

surfactant is difficult: first, the interface is not always readily accessible as it

requires high-pressure instrumentation, and, secondly, even when the system

is accessible, wetting and adsorption studies at such interfaces are difficult to

perform. Hence, gaining molecular insight requires the use of complimentary

methods, such as theoretical modeling. With this vision and to gain molecular

understanding in the liquid CO2 system, from this point onwards we have

taken a combined approach of experiments and modeling.

Understanding interfacial activity of the surfactant at the water-liquid CO2

interface demands knowledge of the pristine water-liquid CO2 interface. Hence

we first discuss in detail in Chapter 6, the interfacial and wetting behaviour of

the water-CO2 biphasic system at various pressures. For the modeling, we em-

ploy the numerical tool of the self-consistent field (SCF) theory of Scheutjens

and Fleer (SF).

These studies were further extended to a surfactant containing system as

described in Chapter 7. This Chapter addresses the interfacial and bulk be-

havior of the surfactant-water-liquid CO2 system. The partial phase behavior

of the surfactant in liquid CO2 as well as in water has been mapped using

the SF-SCF theory. The thermodynamics of self-assembly has also been de-

scribed. The model has been compared with the experimental findings, and is

found to describe the system satisfactorily.

Finally, X-ray scattering was used to study the phase behaviour of Igepal

CA520 in liquid CO2. Water was used to drive the self-assembly. The results,

which unambiguously demonstrate the presence of surfactant aggregates are

presented in Chapter 8.

4



1.3. Outline of this thesis

At the end of the thesis a general discussion is presented where we reflect

on the major findings of this work. Some additional observations have been

added to this chapter, and guidelines for the design of a suitable surfactant

for liquid CO2 are provided. Although the findings are directly linked to the

application of dry-cleaning, the outcome of this thesis can also be extended

to other fields of research, such as tertiary oil recovery, oil based paints and

geological storage of CO2.
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Chapter 2

Colloidal Interactions in Liquid

CO2: A Review a

Liquid CO2 is a viable alternative for the toxic and environmentally harmful

solvents traditionally used in dry-cleaning industry. Although liquid CO2 dry-

cleaning is being applied already at a commercial scale, it is still a relatively

young technique which poses many challenges. The focus of this review is

on the causes of the existing problems and directions to solve them. After

presenting an overview of the state-of-the-art, we analyse the detergency chal-

lenges from the fundamentals of colloid and interface science. The properties

of liquid CO2 such as dielectric constant, density, Hamaker constant, refract-

ive index, viscosity and surface tension are presented and in the subsequent

sections their effect on CO2 dry-cleaning operation are delineated. We show,

based on theory, that the van der Waals forces between a model soil (silica)

and model fabric (cellulose) through liquid CO2 are much stronger compared

those across water or the traditional dry-cleaning solvent perchloroethylene

(PERC). Prevention of soil particle redeposition in liquid CO2 by electrostatic

stabilization is challenging and the possibility of using electrolytes having large

anionic parts is discussed. Furthermore, the role of different additives used

aThis chapter is published as: Soumi Banerjee, Stevia Sutanto, J. Mieke Kleijn, Maaike.
J.E. van Roosmalen, Geert-Jan Witkamp, Martien A. Cohen Stuart, Adv. Colloid Interface
Sci., 175, 2012, 11-24.
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Chapter 2. Colloidal Interactions in Liquid CO2

in dry-cleaning, such as water, alcohol and surfactants, is reviewed. Water is

used as an aid to remove polar soils, but it also enhances adhesion between

fabric and soil by forming capillary bridges. Its role as a minor component

in liquid CO2 is complex as it depends on many factors, such as the chemical

nature of fabrics and soil, and also on the state of water itself, whether present

as molecular solution in liquid CO2 or in phase separated droplets. The phe-

nomena of wicking and wetting in liquid CO2 systems are predicted from the

Washburn-Lucas equation for fabrics of various surface energies and pore sizes.

It is shown that nearly complete wetting is desirable for good detergency. The

effect of mechanical action and fluid dynamic conditions on dry-cleaning are

analysed theoretically. From this it follows that in liquid CO2 an order of

magnitude higher Reynolds number is required to exceed the binding forces

between fabric and soil than in PERC or water, mainly due to the strong

van der Waals forces and the low viscosity of CO2 at dry-cleaning operational

conditions.

2.1 Introduction

Liquid and supercritical (sc) carbon dioxide are gaining importance as an al-

ternative to toxic organic solvents in various industrial processes such as dry-

cleaning1 , dying of polyester,2 extraction of natural materials,3 emulsion poly-

merization,1 nanoparticle synthesis,4 enzymatic catalysis,5 photo-resist dry-

ing6 and metal extraction.7 CO2 is environmentally benign, non-flammable,

inexpensive, does not leave any traces in the products and is available on a

large scale. An important difference with respect to the currently used solvents

is that CO2 needs a substantially higher pressure than atmospheric. In dry-

cleaning this has the advantage that it is quite easy to separate the CO2 from

the detergent formulation and the soil after the cleaning process; in addition,

the CO2 spontaneously evaporates from the fabrics during depressurization,

so no additional energy intensive drying step is needed (and no heat damage

occurs).

Carbon dioxide has a relatively low critical point, at 304 K and 73.8 bar.

8
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Figure 2.1: The pressure-temperature phase diagram of CO2. The critical pressure
and temperature are 73.8 bar and 304 K, respectively. Above the critical point, CO2

is in the supercritical state. The black dot on the gas - liquid boundary represents the
pressure and temperature usually applied in dry-cleaning, i.e. ca 45 bar and 283 K.
(Adapted from Leitner8)

Above the critical temperature and pressure it is in the supercritical state (see

Figure 2.1), where it displays liquid like density and gas like viscosity.1

In dry-cleaning operation, the liquid state of CO2 is preferred over the

supercritical state. During the washing process, the pressure and temperature

combination is maintained at values such that the system always stays at the

two-phase boundary line (Figure 2.1), i.e. the liquid CO2 stays in equilibrium

with the saturated CO2 gas. The presence of the gas-liquid interface has

been reported to be beneficial for cleaning as soil particles can be trapped

at the high energy gas-liquid interface. In addition, the gas-liquid biphase is

necessary to achieve mechanical action in the washing process in a rotating

system; we will come back to this in Section 2.3.

Research on dry-cleaning with liquid CO2, replacing the traditionally used

harmful and toxic cleaning agent perchloroethylene (PERC, Cl2C=CCl2),

started in 1973.9 Chemically, liquid CO2 and PERC are very different mo-

lecules and hence the fluid dynamics and the cleaning efficiencies of these

9



Chapter 2. Colloidal Interactions in Liquid CO2

solvents are also very different. The research in CO2 dry-cleaning has been

mainly focused on two areas: the optimization of the cleaning equipment (sol-

vodynamics) to make it most suitable to use with liquid CO2 and the design

of a detergent (including surfactants) to improve the cleaning efficiency in the

liquid CO2 medium.

In the context of textile cleaning in a given liquid, it is useful to distinguish

between three kinds of dirt (soil) that have to be removed:

(i) Substances that are soluble in the pure solvent (ii) Substances that are

insoluble but can be solubilized with the help of additives (iii) Particulate soil:

particles attached to or trapped in the textile matrix.

The removal of (i) is obviously a solubility issue: which molecules are

soluble in the given liquid and why, and what influence do pressure and tem-

perature have? For (ii), substances are needed that improve the solvent quality

(co-solvents) or that form pools that remain suspended in the liquid and in

which the dirt can dissolve. These pools include small stabilised droplets of

a second liquid immiscible with the main one, or micelles formed by suitable

amphiphiles. Liquid and additive together form the wash liquor. In order to

successfully remove (i) and (ii), it is needed that the wash liquor can reach

the dirt on the textile surface, i.e. full penetration (wicking) into the porous

textile material has to occur readily.

For the successful removal of (iii), the forces that keep particles bound to

a fibrous material have to be modified or overcome. Trapping forces originate

from the elasticity of the textile fibres; friction forces originating from the

roughness of the fabric and particle surfaces; surface forces acting between

particle and textile surfaces and can have various contributions, such as H-

bridges, dispersion (van der Waals) forces and electrostatic forces. Surface

forces can be modified by changing the state of the surfaces, e.g., by adsorption

of suitable additives, or by changing the pressure or temperature. However, as

long as the surface forces remain attractive, particles can only be removed by

the action of external forces, such as viscous drag by bulk liquid or by a moving

three-phase contact line. A discussion of particle removal therefore involves

a discussion of many physicochemical aspects: fibre swelling and elasticity,

10



2.2. State of the art: dry-cleaning with liquid CO2

surface forces in solutions and two-phase systems, viscous drag, and capillary

forces exerted by bubbles and droplets. Hence, various interfaces play roles,

so that we have to consider interfacial tensions and adsorption on all of these,

but friction forces are also important, implying that we also must discuss the

flow of liquid and the motion of contact lines and the effects of additives on

these.

For the further development of CO2 dry-cleaning (i.e., finding suitable

additives as well as optimizing the machine design), a thorough understanding

of the interaction forces between colloidal bodies in apolar media is needed.

We think that there is a gap between the currently employed technology and

the fundamental understanding of the dry-cleaning and hence a dovetailing is

necessary to increase the cleaning performance of liquid CO2. Keeping this

in mind, in this review we focus on different aspects of the science behind

dry-cleaning: first we identify the challenges associated with liquid CO2 in

relation to the interaction forces between soil particles and fabric. We explore

the roles of water and additives often found associated with the dry-cleaning

formulation. We discuss current surfactant design concepts and show that

most of these have been borrowed from water-based cleaning formulations,

which may not be beneficial to have a breakthrough. Finally, the effects of

mechanical action and fluid dynamic conditions on dry-cleaning are analysed

theoretically.

2.2 State of the art: dry-cleaning with liquid CO2

Substantial efforts have been made by both the academic and industrial com-

munity to employ CO2 in the cleaning of clothing, mechanical parts, the sur-

face of microelectronics components, membranes and filters.10–12 Understand-

ing the problems associated with liquid CO2 dry-cleaning requires knowledge

of the detergency process in general. Historically, washing processes were de-

veloped and optimized for water, the most often employed cleaning medium.

Extensive research, both fundamental and applied, has been carried out by

various groups of scientists and many scientific reviews can be found in the

11



Chapter 2. Colloidal Interactions in Liquid CO2

literature focusing on various aspects of detergency in aqueous systems.13–19

Research indicated that in water-based systems the main challenge lies in

removing the apolar soil from the fabric. The main components in body soil

(also called sebum) are fatty acids, triglycerides, cholesterol, wax esters and

squalene, which are medium to high molecular weight apolar components.20,21

It is also known that fatty acids like oleic acid, which remain after each cycle of

cleaning, can polymerize and then become higher in molecular weight, thereby

increasing the difficulties in removing them from the garment in subsequent

cycles.22 The approach here is to add an amphiphilic component (surfactant),

which tends to accumulate on interfaces between water and apolar materials,

and can also solubilise apolar molecules in water. Particulate soil (e.g. clay,

soot) is often also quite readily detached by surfactants. Detached (dispersed)

particles have to be kept away from the fabric during the wash by means of

anti-redeposition agents.

Understanding of dry-cleaning in CO2 is far less developed. Only a few

papers and reports can be found on dry-cleaning in liquid CO2.23–28 Studies

by van Roosmalen et al.24–27 indicate that the removal of non-polar soils in

CO2 is comparable to that in PERC, whereas the removal of particulate soil

in CO2 is lower. Particles are bound to the textile surface by various forces

such as electrostatic and/or van der Waals forces. In addition, they may be

mechanically bound by being trapped between fibres. Particle removal can be

improved by applying mechanical action, exceeding the binding forces between

the particles and the fibres without damaging the textiles. The binding forces

may be decreased by the addition of surfactants. For the removal of relatively

large particles (e.g. sand), mechanical action is the most important factor

whereas for small particles (<20 µm, e.g. carbon black and clay) a combination

of mechanical action and surfactants is probably required.24

The European DETECTIVE (2000-2004 LIFE) project28 evaluated the

feasibility of liquid CO2 as a replacement of PERC. Numerous CO2 textile

washing experiments were conducted in full scale machines with different com-

mercial detergents, pre-spotting agents and mechanical agitation levels. Sev-

eral advantages of liquid CO2 textile cleaning compared to PERC dry cleaning

12



2.2. State of the art: dry-cleaning with liquid CO2

were identified with respect to textile behaviour, like less dimensional change

of sensitive fabrics, less color loss of the fabrics, less direct bleeding of color

from one fabric to the other, and less loss of textile fibers during the cleaning

cycle leading to a longer garment lifetime. It was reported that the washing

performance of CO2 was lower compared to that of PERC and other solvents

(hydrocarbon, cyclosiloxane and water); CO2 textile dry-cleaning alone could

not remove all the soils, especially the insoluble particulate ones. The com-

mercially available detergents for liquid CO2 textile cleaning do increase the

cleaning performances, but the results depend on the type of stain. One of

the reported drawbacks was redeposition.

Despite all these studies, the mechanism of detergency in liquid CO2 is at

best partly understood. The proposed mechanism for removal of apolar soils,

mainly fats, oils and greases, is dissolution. For removal of CO2 insoluble

soils (polar soils, mainly sugars and salts) the mechanism is probably solu-

bilisation by surfactants with the addition of a co-solvent or water or using a

pre-spotting agent. Pre-spotting agents are chemical mixtures that are used in

all dry-cleaning processes and are brought into contact with the stained area

before the washing process. Finally, insoluble particles have to be removed by

detachment and dispersion and this turns out to be problematic.

Another challenge in particulate soil cleaning in liquid CO2 is the problem

of redeposition of the soil particles during the wash. If after the detachment

the soil particles are not stabilized in the washing liquor, they often get de-

posited elsewhere on the garments.29 In water-based cleaning, the problem of

redeposition is solved by the incorporation of anti-redeposition agents in the

formulation. Anti-redeposition agents are surfactants or water soluble poly-

meric stabilizers such as sodium carboxymethyl cellulose, polymeric cellulose

acetate and polyvinyl alcohol compounds.29 The principal modes of action of

these anti-redeposition agents are stabilization by increasing the electrostatic

repulsion between soil particles and steric stabilization. In dry-cleaning with

CO2, charge stabilization of particulate soil is almost impossible, because of

its low dielectric constant. Moreover, steric stabilization is difficult, as most

polymers are insoluble in CO2 unless the density of the CO2 and hence the

13



Chapter 2. Colloidal Interactions in Liquid CO2

pressure is sufficiently high. The stabilization of particles in dense CO2 is dis-

cussed in Section 2.6.3 and possible solutions to prevent redeposition in CO2

dry-cleaning are given in Section 2.9.

2.3 Properties of liquid CO2

The environmentally benign dry-cleaning solvent liquid CO2 has many ad-

vantages which have been described in the introduction section of this review.

However, there are several disadvantages associated with liquid CO2 that make

dry-cleaning a difficult job. Dry-cleaning with CO2 employs a pressure and

temperature at which the CO2 is in the liquid state (Figure 2.1). Given the

proximity of the critical point, CO2 is a strongly compressible fluid. Its density

changes with pressure, as shown in Figure 2.2a. The variation of its physi-

cochemical properties with density, i.e. dielectric constant, refractive index,

Hamaker constant, viscosity and interfacial tension, is depicted in Figure 2.2b.

CO2 molecules are linear and symmetric. They have no dipole moment

and a low polarizability30 (∼ 2.6 ×10−24 cm3), resulting in a low zero fre-

quency dielectric constant and a low Hamaker constant (Figure 2.2b). The

low cohesive energy density of CO2
31 close to its critical temperature, even

at reasonable pressure, is responsible for its poor solubilizing capacity. For

this reason dry-cleaning using CO2 is a challenging task. However, CO2 is not

entirely inert: it has a quadrupole moment32 (−4.1 ×10−26 e.s.u.) and can

act as H-acceptor in hydrogen bonds. Therefore, hydrogen bond donors have

a modest solubility in liquid CO2

The density of CO2 is 850 - 900 kg m−3 at the operating conditions for

dry-cleaning. Apart from the properties mentioned so far, CO2 also has a very

low viscosity: about 10−4 Pa s at 45 bar and 10 ◦C (cf. at 1 bar and room

temperature, water has a viscosity of 0.001 Pa s). As a result the momentum

transfer in liquid CO2 is low and attainment of sufficient mechanical action

in liquid CO2 cleaning is a challenge. In addition, in textile cleaning the

mechanical action is created by the drum rotation (the paddles on the inside

of the drum lift the wash load to the top of the drum from where it falls
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Figure 2.2: (a) Density of liquid CO2 as a function of pressure at various temperatures
as indicated. Data taken from Diller et al.33 (b) Physico-chemical properties of CO2

with increasing density. The dielectric constant and refractive index values have been
calculated using the equations of states for CO2 after Ely et al.34 The viscosity (Pa s)
data has been derived from the data of Diller et al.33 The surface tension (mN m−1)
data has been plotted from the data reported by Quinn.35 The Hamaker constants
(Aii) is expressed in the units of kT . The highlighted region indicates the industrially
relevant density range of liquid CO2 for dry-cleaning. The variation of CO2 density
as a function of pressure and temperature is given in (a).

to the bottom) and the mechanical energy generated is proportional to the

difference in density between the liquid and gas in the cleaning machine. The

difference in density for CO2 is 720 kg m−3 at 10 ◦C (strongly depending on

temperature) as opposed to PERC, for which the density difference is 1600 kg

m−3 (rather independent on temperature). This means that the mechanical

energy employed during CO2 textile cleaning at 5 ◦C is less than half of that

employed during PERC dry-cleaning (neglecting any differences in drum size).

This effect leads to a lower cleaning performance of CO2 in comparison to that

of PERC.28

Knowledge of the interfacial properties of liquid CO2 is also important

for dry-cleaning applications. Although surface tension and wettability play

a major role in fluid transport along the interfaces, these properties are less

explored and the information available in the scientific literature is scarce.

We could not find any information on contact angles of liquid CO2 on typical

fabric surfaces and data on surface tension are limited as well. The variation
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of surface tension with the density of liquid CO2 has been reported by Quinn35

and is shown in Figure 2.2. The surface tension of liquid CO2 has been reported

to vary from 16.5 to 0.59 mN m−1 in the temperature range of -52 to 25 ◦C.35,36

Jianxin et al.36 compared their experimentally measured values to values

calculated from semi-empirical and statistical theories based on the equation

of state. Their measurements and calculations are limited because the effect

of pressure on the surface tension of liquid CO2 was ignored. From Figure

2.2 it can be seen that the surface tension of liquid CO2 in the pressure and

temperature range of dry-cleaning operation is ∼ 3−4 mN m−1 which implies

that liquid CO2 should be a completely wetting solvent for most surfaces,

which is advantageous for dry-cleaning.

2.4 Particle-fibre interaction forces

In this section we examine the forces that are important for the removal of soil

particles from fabric in liquid CO2 dry-cleaning and where possible, we com-

pare with such forces in water and PERC. We consider in particular dispersive

(van der Waals) and electrostatic interactions, the so-called DLVO (Derjaguin,

Landau, Verweij and Overbeek) forces.37 Other interactions between soil and

fabric, such as H-bonding and specific interactions (chemical affinity), may ex-

ist but are difficult to assess. First, we calculate the dispersive forces between

a soil particle and fabric in liquid CO2, water and PERC.

2.4.1 Dispersive interactions

The van der Waals interaction energy between soil (component 1) and fabric

(component 2) interacting through solvent (component 3) has been calculated

from the sphere-plate model using the following equation:38–41

V =

[
−A132

6

(
2R(R+ d)

d(d+ 2R)
− ln

d+ 2R

d

)][
1

1 + 14 d
λL

][
1

1 + B
d

]
(2.1)
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2.4. Particle-fibre interaction forces

where R is the radius of the soil particle and d is the distance between the soil

and the fabric surface, λL is the London wavelength (assumed 100 nm)42 and

B is the roughness parameter, the value of which is assumed to be 2 nm.39,40,42

The composite Hamaker constant41 (A132) is calculated from the equation,

A132 =
(√

A11 −
√
A33

)
−
(√

A22 −
√
A33

)
(2.2)

In the above equation, the individual Hamaker constants interacting through

vacuum are represented as Aii and have been calculated from the Lifshitz ap-

proximation41 as,

Aii =
3

4kBT

(
εi − εvac
εi + εvac

)2

+
3hϑe

16
√

2

(
n2
i − n2

vac

)2(
n2
i + n2

vac

) 3
2

(2.3)

In this equation, ϑe is the maximum electronic ultraviolet absorption fre-

quency41 and εi and ni are the dielectric constant and refractive index, re-

spectively. For CO2, εi and ni have been calculated using the following equa-

tions:34,43

n2 − 1

n2 + 2
= 0.07016ρr + 1.412× 10−4ρ2

r − 3.171× 10−4ρ3
r (2.4)

ρr =
ρ

ρc
(2.5)

ε− 1 = 0.2386ρr + 0.02602ρ2
r (2.6)

In which ρ, ρc and ρr are the bulk, critical and reduced densities respectively.

The values thus obtained agree with the values reported in literature by Keyes

et al.44 and Besserer et al.45 (εi = 1.6 and ni = 1 at 850-900 kg m−3

respectively). For water, PERC, silica (model soil) and cotton (model fabric)

the values of εi and ni were directly taken from literature. For the radius of

the soil particle we used 3 µm.

In Figure 2.3 the van der Waals interaction energy as a function of
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Figure 2.3: Van der Waals interaction energy between a model soil particle (silica,
radius 3 µm) and fabric (cellulose) in PERC, water and liquid CO2.

particle/fabric separation d is compared for the three solvents: in PERC there

is almost no van der Waals attraction between fabric and soil whereas there is a

strong interaction between the two when CO2 is the liquid medium. Probably

this is one of the reasons for poor particle removal in liquid CO2 dry-cleaning.

2.4.2 Electrostatic interactions

Classically, the effect of surface charge on the interaction between particles and

macroscopic surfaces in apolar media has been considered using a generalized

DLVO model.37 In apolar media the surface charge density on any dispersed

particle is low and the potential at the slip plane of the particle (the zeta

potential) is also low. The Debye length,41 which is the characteristic thickness

of the electric double layer around a charged particle, is large (typically on the

order of microns),46 making the overlap of neighbouring double layers likely,

although the repulsive forces are extremely weak. The Debye length (1/κ) can
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be written as,42

1

κ
=

√
εε0kBT

2NAe2I
(2.7)

where e is the elementary charge, ε the relative dielectric constant of the

apolar medium, ε0 the vacuum permittivity, kB the Boltzmanns constant, T

the temperature, NA Avogadros number and I the ionic strength. As can

be seen from this equation, the Debye length in apolar media is large due

to the low electrolyte dissociation (low I) and not directly due to the low

dielectric constant ε of the apolar medium. For liquid CO2, the Bjerrum length

λB, which is the distance of separation at which the electrostatic interaction

between two unit charges is comparable to the thermal energy (kBT ), would

also be large.42,47 This length is given by,

λB =
e2

4πεε0kBT
(2.8)

The typical Bjerrum length47 for a solvent with a dielectric constant of 2

is 25-30 nm compared to 0.7 nm for water with dielectric constant 80. This

means that in liquid CO2 dissolved salts (if any) would hardly dissociate.

The high van der Waals forces and lack of electrostatic stabilization of the

particles lead to the redeposition associated with liquid CO2 cleaning. Electro-

static stabilization of particle suspensions in liquid CO2 may be enhanced by

specific adsorption of ionic species at the particle surface and effective shielding

of individual charges by large moieties (to prevent ion pair formation). The

effect of the size and structure of ions on ion-pair formation and dissociation

can be explained from the Fuoss equation,42 which relates the dissociation

constant (KD) with the radius (a) of the ions and the dielectric constant of

the apolar solvent:

KD =
103

4
3πa

3NA
exp

(
−e2

4πεε0kBT

1

a

)
(2.9)

In the literature one finds the use of aluminium diisopropylsalicylate, tetra

(isoamyl) ammonium picrate and calcium stearylcyclohexyl-benzene sulphon-
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ate as electrolytes for apolar media, owing to their large anionic parts (high

polarizability). However, electrostatic stabilization in CO2 at a pressure of 50

bar, relevant for dry-cleaning, has not been reported till date. A breakthrough

in particle stabilization through the route of electrostatic stabilization would

help to decrease the redeposition.

Addition of water as a minor component together with a suitable surfactant

can play a significant role in liquid CO2 dry-cleaning by providing a route to

reduce the redeposition of soil. Self-association of surfactants in liquid CO2

would lead to the formation of reverse micelles. The polar cores of the reverse

micelles are known to solubilize water as mentioned earlier. Water trapped

inside the reverse micelles can carry additional ions.48 We will come back to

this in Section 2.6.

2.5 Structural and mechanical properties of fabric

In general, fibre surface irregularities and cross-over points play a role in the

collection of dirt. If surface roughness would have a great influence on soil re-

tention, one would expect polyester fabrics with their smooth surfaces to retain

less soil and thus easier to clean than cotton and wool fabrics with scales.18

However, for wool better cleaning results have been obtained in liquid CO2

than for cotton and polyester.24 Apparently, the effect of surface roughness

of the fibres on the washing results is limited and other characteristics, like

chemical nature, flexibility and porosity, are more important. In water-based

cleaning it is known that cotton gets plasticized in water and swells, leading

to a fast diffusion of water inside the fibres. A study by Beltrame et al.49

has indicated that cotton and polyester (polyethylene teraphthalate, PET)

behave in completely different ways when dipped in sc CO2, cotton behaving

in a much more glassy way, making the dyeing of cotton in sc CO2 technically

challenging. The state of fabrics (glassy or rubbery) seems to be relevant for

dry-cleaning as well, but the effect has not been reported anywhere in liter-

ature so far. Like in sc CO2, in liquid CO2 cotton fabrics are expected to be

less flexible than in water. The effect of the viscoelasticity of fabrics could
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be crucial for particle removal depending on the time scales involved in the

detergency process and should be investigated in future.

What has been investigated to some extent is the effect of the CO2 dry-

cleaning process on the physical and mechanical properties of fabrics. Rom-

baldoni et al.50 investigated the change in properties of six different wool and

wool/cashmere fabrics. Their results showed that the combined effect of CO2,

surfactant, small quantities of water and isopropyl alcohol resulted in loss of

tension of the fabrics, swelling and changes in their structure. The swelling

of the fibres resulted in thicker and fuller fabrics. A significant modification

of the shear hysteresis was measured, i.e. the CO2 dry-cleaning process res-

ulted in a loss of elasticity of the fabrics under shear. However, no particular

modifications were noted for bending and tensile properties or crease press-

ing performance and the changes in the properties of the fabrics were within

acceptable limits for dry-cleaning applications. In the DETECTIVE final re-

port28 it was mentioned that in general fabrics exhibit less shrinking in CO2

dry-cleaning compared to washing with PERC and water (38 different textile

materials were investigated). The effect was attributed to the lower mechanical

action in the CO2 process.

2.6 Role of additives in liquid CO2

So far we have discussed the three basic components involved in dry-cleaning:

soil, fabric and solvent. Apart from these, a number of additives are commonly

used in dry-cleaning, such as water, surfactants and alcohol. These additives

will interact with the other three components in intricate ways and contribute

somehow to the overall cleaning performance. In this section, we will delineate

the role of some individual additives in dry-cleaning.

2.6.1 Water

In the dry-cleaning industry water is deliberately added to help increase the

removal of polar soils.25 Moreover, some water will always be present in the

liquid CO2 phase, introduced by the textile material itself since textiles absorb
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moisture from the atmosphere and water can be introduced together with

(body) soils as well. Water as a co-solvent has been hypothesized to increase

the dielectric constant of liquid CO2 and thereby enhancing the removal of the

polar soils. However, only molecular dissolved water would contribute to this

increase and the amount of water which can be solubilized in liquid CO2 is

small (in the order of 1000 ppm).51 Water amounts exceeding this solubility

limit can remain either as free water droplets or adsorbed by the textiles. An

account on the equilibrium distribution of water in sc CO2 can be found in

reference 51. Estimation of the increase of the dielectric constant as a result

of dissolved water-based on the linear mixing rule shows that it is negligible

(from ε = 1.6 to 1.7 at the most). A more straightforward explanation for

the beneficial effect of water is that in the presence of water droplets polar

components of the soil can simply dissolve in these droplets. In addition, water

present at the surfaces of particles or fibres can promote the dissociation of

surface groups thereby providing stability against flocculation of particles and

preventing redeposition.42 However, van Roosemalen et al.52 have shown that

above a certain water content, the detergency process in liquid CO2 becomes

less effective. To understand this observation we first have to understand the

interactions of water with the soil-fabric-liquid CO2 system.

So far we have only focused on the DLVO type of interactions between the

components, i.e., van der Waals and electrostatic interactions (Section 2.4).

However, when water is introduced in the system other interactions such as

capillary and hydrophobic interactions can become important.53 For example,

water can form capillary bridges between soil particles and fabric,54 which

makes detachment of particles more difficult and can increase redeposition of

soil particles on the garments. Such a capillary bridge is schematically depicted

in Figure 2.4.

When a homogeneous phase, in which one of the components is near its

saturation point, is confined between two surfaces, a new phase can be formed

by condensation. Condensation of water from a supersaturated mixture of

water and apolar liquid is commonly discussed in terms of the classical the-

ory of nucleation and growth.55,56 The change in free energy (∆G) due to
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Figure 2.4: Schematics of a capillary bridge between a soil particle (sphere) and a
fabric surface (plate). The two radii of curvature of the capillary bridge are represented
by r1 (< 0) and r2 (> 0); θ1 and θ2 are the contact angles of water with the fabric
and the soil surface, respectively, and is the filling angle; ψ0

1 and ψ0
2 are the surface

potentials of the fabric and soil respectively. The van der Waals forces will be governed
by the composite Hamaker constants A132 and A13′2. The former represents van der
Waals interactions between particle and fabric through the apolar medium while the
latter represents the interactions of the same bodies through the condensed water.

condensation of water (denoted by W ) in the confined space between cellulose

and silica from an apolar liquid (C) can be expressed as57

∆G = −v∆Gv +AWCγWC −AW−Cellulose (γW−Cellulose − γC−Cellulose)

+AW−Silica (γW−Silica − γC−Silica)
(2.10)

where v is the volume of the water nucleus and 4Gv is the free energy change

due to the creation of new volume (water), the γ’s and A’s are the interfacial

tensions and areas of the interfaces between water and apolar liquid (WC),

water and cellulose (W -Cellulose), water and silica (W -Silica), apolar liquid

and cellulose (C-Cellulose), and apolar liquid and silica (C-Silica), respect-
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Figure 2.5: (a) Energy balance for a water drop (W ) nucleated from a water-saturated
apolar liquid on a cellulose surface having a contact angle θ1 (b) Schematic repres-
entation of soil and fabric modelled as a sphere and a plate immersed in liquid CO2;
at both surfaces a layer of thickness δ of a release agent is adsorbed.

ively. Considering the energy balance at the three-phase contact point formed

by the nucleated water drop, the cellulose surface and the apolar liquid (Figure

2.5), we get:

γWC cos θ1 = γcellulose−C − γW−cellulose (2.11)

with θ1 the contact angle of water on the cellulose surface. Similarly, for the

silica surface we arrive at

γWC cos θ2 = γC−silica − γW−silica (2.12)

θ2 is the contact angle of water on the silica surface. Combining Equations

2.11-2.12 we get,

∆G = −v∆Gv + γWC (AWC −AW−cellulose cos θ1 −AW−silica cos θ2) (2.13)

From this equation it follows that above a certain critical v∗ the bridge

will grow spontaneously; if θ1 and θ2 are smaller than 90◦ capillary bridge

formation is already for small values of v thermodynamically favourable.

Capillary bridges can also form between soil particles in the bulk medium

and if the free energy of adhesion mediated by the capillary bridge formation

is strong (� kBT ), the particles may irreversibly coagulate. The parts of the
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soil and fabric surfaces that are in contact with water may get charged by

dissociation of surface groups, which is thermodynamically favourable. This

can lead to even stronger wetting by water giving rise to an enhanced ca-

pillary condensation. This may be one of the reasons behind the previously

mentioned deterioration observed in soil removal efficiency by the addition of

extra water.52 However, there is still no experimental proof that capillary

bridges occur in the fabric-soil system.

It is interesting - if not mandatory - to quantify the capillary forces. The

expression for the capillary force (Fc) between a sphere (radius R) and a plate

of the same material in a water-saturated medium is given by,58

Fc = 4πRγWC cos θ (2.14)

where θ is the contact angle of water on both the surfaces. An order of estimate

calculation (assuming R = 10−6 m, γWC = 0.04 N m−1, a bridge length of

10−8 m and complete wetting, i.e. cosθ = 1) reveals that the capillary energy

can be as high as 106 kBT . Equation 2.11 should be modified to account for

the fact that in the real system of fabric and soil, water may have different

contact angles with fabric and soil (Figure 2.4). The wettability or the contact

angle will very much depend on the surface energy of the materials. Orr et al.

have shown that there are certain combinations of these two contact angles θ1

and θ2 for which the capillary force may become repulsive.58

In a recent paper by Dickson et al.59 it was reported that the water contact

angle on glass surfaces in CO2 increased from 70◦ to 100◦ when the pressure

was increased from 1 to 240 bar. This was attributed to an increase of the

interfacial tension between water and glass, γwater−glass, and a decrease in

γCO2−glass as a result of capping of the silanol groups on the glass surface

by physisorbed CO2. In addition, data on hard solid surfaces60–62 revealed

that CO2 layers with a thickness of a few molecular diameters could remain

bound to surfaces such as silica, activated carbon and zeolites due to van der

Waals interactions between the surfaces and liquid CO2. From these results the

conclusion would be that it is easy to displace liquid water from fabric surfaces
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in liquid CO2. However, further wetting experiments on real and model fabric

surfaces should be performed to determine if CO2 has a similar interaction

with fabric surfaces, whether the behaviour is fabric specific or generic and

how the contact angle would affect the overall capillary force mediated by the

presence of water in liquid CO2.

2.6.2 Surfactants

The need to incorporate cleaning aids or surfactants in the dry-cleaning for-

mulation using liquid CO2 is generally acknowledged and the development of

surfactants for commercial use in liquid CO2 is ongoing. The research routes

adopted so far can be divided into two categories, i.e. (i) synthesis of novel

low cohesive energy density surfactants that can self-assemble in liquid CO2

and (ii) formation of reverse micelles or water/ CO2 microemulsions63–65 us-

ing existing commercial surfactants. The quest for water/CO2 microemulsions

has mainly been inspired by the cleaning concepts applied in water-based sys-

tems. Since liquid CO2 is an apolar medium, appropriate surfactants would

self-assemble in CO2 as reverse micelles or microemulsions (i.e. with a polar

rather than an apolar core). The polar core of these reverse micelles would

solubilize polar components of the soil and hence aid in the overall deter-

gency. Although this route has been adopted by various research groups,63–65

it remains debatable if it is a feasible cleaning concept in CO2 dry-cleaning.

In water-based cleaning, wettability of apolar surfaces (oils, fabric covered

with apolar body soil) by water is an issue. The strong tendency of surfactants

to adsorb at these surfaces improves the wettability by lowering the surface

tension of water (from 72.8 mN m−1 to 30 - 35 mN m−1) as well as that of the

water/apolar compound interfaces. Moreover, the formation of microemul-

sions facilitates the cleaning in water-based systems by causing ultra-low in-

terfacial tension between oil and water (as low as 10−4 mN m−1), thereby

promoting enhanced solubilization of oily soil.66 In contrast, at the operating

conditions of dry-cleaning the surface tension of liquid CO2 is already low (3

- 4 mN m−1, see Figure 2.2). This promotes the wettability of any surface

by liquid CO2. Hence, in liquid CO2 the function of surfactants as interfa-
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cial tension lowering agents is not required. Moreover, one should expect the

interfacial tension between CO2 and oily soil to be low, both being apolar.

Hence the formation of microemulsions rendering ultra-low interfacial tension

between CO2 and oily soil is not necessary either. The polar part of the soil can

be removed by the incorporation of suitable polar additives such as alcohols.25

To conclude, an amphiphile with affinity for the liquid CO2/gas or CO2/water

interface is not necessarily a good detergent for liquid CO2 systems.

From the above our conclusion is that one should aim for a release agent

that can reduce the adhesion between the fabric and soil surfaces rather than

for the development of a typical surfactant. Such a release agent should com-

bine affinity for the solid (soil and fabric) and for CO2 to be able to do the job:

in Figure 2.5 (b) the principle is schematically depicted. Hence a potent re-

lease agent would have a CO2-philic part and a fabric or soil-philic part. This

approach is different from the prevailing routes taken so far encompassing the

research of finding a cleaning aid for dry-cleaning using liquid CO2.

The release agent should be able to creep in between soil and fabric, thus

breaking any specific binding between the two. Another effect of adsorption

of the release agent on both fabric and soil would be a reduction of the van

der Waals attraction. In Figure 2.6 we show the calculated van der Waals

interaction energy between fabric and soil by addition of the proposed release

agent, assuming a 10 to 100 nm thick layer of the release agent at the fabric

and soil surfaces, in comparison with the case that such an agent is absent.

The van der Waals interaction energy in the presence of an adsorbed release

agent layer as shown in Figure 2.6 has been calculated using Equation 2.15.67

The last two terms in Equation 2.15 represent the correction terms for retard-

ation (captured by the parameter λL = 100 nm) and roughness (incorporated
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Figure 2.6: Calculated van der Waals interaction energy between a spherical soil
particle (radius 3 µm) and a flat fabric in liquid CO2 with the addition of a release
agent that adsorbs on both components (layer thickness 10-100 nm as indicated in the
figure), compared to the case in the absence of such a release agent (0 nm).
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where A44 represents the Hamaker constant of the surfactant layer (assumed to

be homogeneous). H14, H42 and H12 are the unretarded geometrical functions

which are given by the following expressions67

Hij = 2 ln
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x
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)
+

(
1

1 + x

)
+

1

x
(2.16)
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for H14 and H42:

x =
d+ δ

2R
(2.17)

and for H12:

x =
d+ 2δ

2R
(2.18)

where the radius of the soil particle R is again taken as 3 µm and d is the

distance between the release agent covered soil and fabric surfaces. The Ha-

maker constants A11 (soil, silica), A22 (fabric, cellulose) and A33 (CO2) were

calculated as before (see Section 2.4.1). A11 and A22 are on the order of 10−20

J and A33 is 10−22 J. The individual Hamaker constant for the release agent

A44 was taken as 10−22 J, so of the same order of magnitude as that of CO2,

based on the argument that the release agent should have a CO2-philic side

for which A44 ≈ A33 is likely. It can be seen from Figure 2.6 that a layer

thickness greater than 10 nm would be required to overcome the strong van

der Waals attraction between fabric and soil in liquid CO2 medium.

In the remaining part of this section we discuss some of the main findings of

the last twenty years of research on surfactants for CO2. The majority of this

research has been focused on surfactants for sc CO2, but are of importance for

liquid CO2 as well, and hence, we have included in this survey the supercritical

state of the CO2.

Earlier research has demonstrated that conventional surfactants used in

water-based formulations are insoluble in liquid and sc CO2.68 It has been

identified that in order to make the surfactants compatible, the cohesive energy

densities of the surfactants should match to that of CO2.69 This should give

rise to effective solvation of the tail portion of the surfactants and weaken

the unfavourable tail-tail interaction,70 so that upon addition of water they

would form either an emulsion or a microemulsion system in CO2. Hence,

the need has been felt to synthesize a new class of molecules and this has

been realized. Fluorosurfactants71–74 and siloxanes75,76 have been identified

as potential candidates. However, a pressure as high as 100 bar is required to

solubilize these surfactants in the CO2 medium and therefore they do not have

much promise as potential surfactants for the dry-cleaning industry. Moreover,
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the use of fluorinated surfactants at an industrial scale is not a viable option

as these are expensive and environmentally unfriendly. Hence, novel synthetic

routes are being tried out by various researchers to synthesize new kinds of

molecules.70,77,78

Recent research has shown that novel hydrocarbons such as poly(ether car-

bonate) copolymers79 and peracetylated sugars78,79 are soluble in liquid and

sc CO2, as well as some commercially available hydrocarbon surfactants.80–82

We will come back to the mechanism of water/CO2 emulsion stabilization

using these novel surfactants later in this section.

Another class is formed by the so-called stubby surfactants that have

methyl branching in the tail region. Several commercial varieties have been

tested, such as Tergitol TMN70 (polyoxyethylene 2,6,8-trimethyl-4-nonyl ether),

and the results were compared to linear chain analogues.

These stubby surfactants form microemulsions in CO2 without the use of a

co-surfactant, and have been shown to solubilize lysozyme. Branching favours

the tail-solvent interaction. The positive effect of branching on the solubil-

ity of stubby surfactants has also been explained in terms of the fractional

free volume (FFV) theory.70 In microemulsions the interfacial tail region of

branched surfactants has a reduced fractional free volume relative to linear

chain analogues, leading to less contact between water and CO2, thereby cre-

ating a lower interfacial tension.70

For Tergitol TMN microemulsion phases in CO2 (with the addition of wa-

ter) have been found at pressures above 200 bar and in the temperature range

from 35 to 70 ◦C.70,83 However, Zhang et al.84 showed that such microemul-

sions do not exhibit good detergency. This seems to corroborate our earlier

argument that instead of focusing on the formation of microemulsions, more

emphasis should be placed on the interactions of the additives (water and sur-

factants) with the solids (fabric and soil). Microemulsions do not necessarily

contribute to the cleaning performance using liquid CO2.

Mohamed et al.85 have reported that custom made branching in anionic

hydrocarbon surfactants such as AOT (sodium bis-(2-ethyl-1-hexyl) sulfosuc-

cinate) can lead to the formation of reverse micelles in sc CO2 without any
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Figure 2.7: Chemical structures of (a) SC4 (b) AOT4 (c) TC4.

co-solvent, whereas linear chain AOT, which is a commercial surfactant, does

not self-assemble in sc CO2. Three different AOT based surfactants were in-

vestigated, namely SC4 (sodium 3,5,5-trimethylhexyl sulfate), AOT4 (sodium

bis- (3,5,5-trimethyl-1-hexyl) sulfosuccinate) and TC4 (sodium 1,5-dioxo-1,5-

bis (3,5,5 trimethylhexyloxy) carbonyl) pentane-2-sulfonate). These surfact-

ants have a 3,5,5-trimethyl-1-hexyl chain in common with single, double and

triple chains, respectively; branching was introduced by methylation of the

chain ends (Figure 2.7). Eastoe et al. showed that triple chain branching

turned out to be the most effective way to increase solubility in CO2.85 Small

angle neutron scattering (SANS) data revealed that the reverse micelles in

these systems are very small (close to 1.4-1.5 nm). One can argue whether

these aggregates can really be called reverse micelles.

In another paper, Hollamby et al.86 reported that when the dissolving

power of CO2 is improved by addition of a hydrocarbon, in particular heptane

(> 30 vol%), AOT (without any branching) can be solubilized in CO2. Al-

though this amount of heptane is much higher than that acceptable by the

dry-cleaning industry, it opens up the opportunity to use commercially avail-

able anionic surfactants in CO2 by improving the solvent quality using read-

ily available hydrocarbons, within the boundaries of environmental demands.

However, the effect on dry-cleaning performance or particle stabilization by

enhancing the solubility of AOT-like surfactants in liquid CO2 has not yet

been shown on either lab or commercial scales. Similar to the approach of

adding alkanes as cosolvents, van Roosmalen et al.24 reported the use of alco-
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hols in liquid CO2 as cleaning aids. Of all alcohols tested, 2-propanol (4 wt.%)

gave the best results. The reason for the increased cleaning performance is

not known.

Recently Bazito et al.77 reported on three sugar based non-ionic surfact-

ants, i.e. penta-O-acetyl-D-gluconamides of ethanolamine (G1A),

N-methylglucamine (G2A) and D-glucosamine (G3A), which show even greater

interfacial activity at the water-CO2 interface in dense CO2 system than their

fluorinated analogues. These compounds are shown in Figure 2.8.

The CO2-philic parts of these novel surfactants are peracetylated chains

and the CO2-phobic parts contain hydroxyl groups. The solubility of these

sugar based surfactants was rationalized in terms of Lewis acid-base interac-

tions between the peracetylated groups and CO2.77

Suitabilities of commercial CiEOj type non-ionic surfactants have been

explored for dry-cleaning application in liquid CO2. The phase behaviour

(solubility) of C8EO3, C8EO5 and C6EO5 in liquid CO2 has been studied

using a Cailletet apparatus between the pressure and temperature range of

2 to 100 bar and -13 to 37 ◦C. These studies indicate that the length of the

EO chain is crucial for the solubility of these surfactants in CO2, a higher

EO chain length leading to phase separation at a lower temperature, whereas,

the solubility remains relatively unaffected by the length of the hydrophobic

tail.87 Similar measurements have been shown to solubilize surfactants such

as Triton X-100 (octylphenol ethylene oxide) and poly(ethylene glycol)-block-

poly (propylene glycol)-block-poly(ethylene glycol) (PEG-PPG-PEG) in liquid

CO2 at pressure less than 100 bar and temperature between 25-30 ◦C.88
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The effect of surfactants on the reduction of the water - CO2 interfacial

tension has also been explored. This interfacial tension is 30-35 mN m−1 at 50

bar and 14 ◦C89 which is 75 % of the typical oil-water interfacial tension90,91

(40 - 50 mN m−1). Hence the tendency of adsorption of a surfactant at the

CO2-water interface would also be lower. da Rocha et al. reported an in-

terfacial tension of 0.2 mN m−1 for a system comprised of the PDMS block

copolymeric surfactant with PEO grafts (PDMS24-g-EO22) in dense CO2.92

However, the effect of lowering the surface tension on CO2 dry-cleaning effi-

ciency has not been investigated.

The authors are not aware of any commercial trials, which were taken to

evaluate the performance of the surfactants mentioned in this section. Indus-

trial CO2 dry-cleaning employs a pressure of 45 - 60 bar and 10 ◦C, which is

much lower than the pressure at which these surfactants have shown promise.

2.6.3 Steric stabilizers

Water-based cleaning formulations usually take care of the problem of rede-

position by incorporating polymers into the formulation which get adsorbed

onto the dirt particles thereby providing steric or electrostatic stabilization

against deposition. Scientists have sought for electrostatic or steric stabilizers

in dense CO2 to stabilize emulsions or dispersions for industrial applications.

Particle stabilization in liquid CO2 using polymers is as challenging as find-

ing a suitable surfactant for CO2, essentially for the same reasons mentioned

earlier. The key criterion for this is the solubility of the polymer in liquid CO2,

requiring solvation of the polymer chain segments by CO2.93 As explained in

the previous sections, the solvent quality of CO2 increases with increasing

density (pressure): see Figure 2.2a and Figure 2.2b. Hence in systems where

particles are stabilized by a polymer layer, a critical flocculation density (CFD)

can be measured, below which the particles aggregate and the dispersion be-

comes unstable.93 The CFD often coincides with the upper critical solution

density (UCSD), where the solvent and the polymer possess similar cohesive

energy. Above the UCSD, the polymer chains are well solvated by CO2 and

the polymer chains attain a random coil configuration. Upon lowering the
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density by decreasing the pressure, polymer-polymer interactions prevail over

the CO2-polymer interaction and a coil to globule transition initiates phase

separation and destabilization of the dispersion. This is essentially an entropy-

driven phase separation, which is related to the differences in compressibility

between the solutes and the solvents and similar to the lower critical solution

temperature (LCST) in conventional solvents.

Application of polymeric stabilizers such as polydimethylsiloxanes, poly-

fluoroethers and polyfluoroacrylates for sc CO2 (pressure > 200 bar) has at-

tained some momentum75,94,95 but their use as soil stabilizer to prevent re-

deposition in CO2 dry-cleaning has not been reported so far and looks quite

challenging.

2.7 Capillary action (wetting/wicking) in liquid CO2 sys-

tems

The physicochemical parameters described above all play a very complex role

in the wettability and penetration of liquid CO2 into the pores of the fab-

rics. Since fabric weaving varies across the fabric type, any generalized qual-

itative or quantitative analysis of liquid CO2 penetration in the fabric pores

will necessarily be an oversimplification. The wicking and wetting of various

fabric types by water during the detergency process have been addressed by

many authors.14,96–98 The plethora of literature stands witness to the fact

that the importance of these phenomena in the detergency process has long

been realized; scientists have attempted to develop qualitative or quantitative

expressions to describe these phenomena.98–100 Although understanding of

thermodynamics and kinetics of wetting, wicking, and redistribution of liquid

CO2 in the fabric pores are important, research in dry-cleaning has not put

emphasis on understanding these processes and their effects on the efficiency of

cleaning. Classically, fabrics have been modelled as a bundle of capillaries,100

though it has been debated if this is a too oversimplified model. Generally,

the characteristic parameters by which the transport kinetics and equilibrium

distributions of liquids in a porous medium are controlled98 are the average
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Figure 2.9: Schematic representation of a capillary of radius r in a porous medium
with a typical dimension δ. Rp and Rd represent the radii of curvature of the pen-
etrating (in our case liquid CO2) and the displaced fluid (air, water or other fluid)
reservoirs of finite size (adopted from Marmur98).

contact angles θp and θd of the penetrating (p) and displaced fluid (d) with

the solid of which the porous medium consists, the radii of curvature of the

liquid reservoirs Rp and Rd, the typical dimension of the porous medium (e.g.

thickness) δ, and the typical pore size r, as shown in Figure 2.9.

The process of liquid flow through porous media has been fragmented into

two processes which happen in tandem, the displacement process and the

re-exposure process.98 The displacement process refers to a situation where

the capillary is full with an immiscible fluid from the beginning. In case of

dry-cleaning with liquid CO2, the immiscible fluid could be air, water or liquid

polar oil. Water can be introduced into the system by various routes, e.g. from

the textile or as an additive, as explained in the previous section. Hence before

liquid CO2 is wicked inside the capillary, it has to displace the liquid already

present. The displaced liquid would come out as a drop with a finite curvature,

as shown in Figure 2.9. The ratio Rp/r determines the criterion of capillary

penetration: the process is driven by a pressure difference in the penetrating

liquid (between the reservoir and the region adjacent to the meniscus in the

capillary). If the liquid reservoir is small, as is the case in Figure 2.9, the

local pressure is relatively high due to the strong curvature of the reservoir.

As a result, the penetration process is enhanced. When the displaced liquid

emerges out of the capillary, a drop is formed (radius Rd). The effect of the

small radius of the displaced drop is opposite to that of the penetrating drop:

the pressure in the displaced drop opposes the displacement process. The

curvature of this drop passes through a maximum, which occurs when Rd/r
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is approximately unity. Only after the point of maximum pressure (maximum

curvature) is passed, displacement can proceed spontaneously.98

The re-exposure process is related to the typical dimension (δ) of the por-

ous medium, i.e. the thickness of the porous walls of the capillary. The term

re-exposure refers to the contact between the penetrating liquid with the fluid

present in these porous walls. This unfavourable interaction may diminish the

gain originating from the favourable contact between solid and penetrating

liquid during the displacement process. The effect of re-exposure98 is particu-

larly important for thin-walled capillaries (δ/r ∼ 10). The re-exposure effect

will be dominant for a fabric with high surface and bulk porosity.

In real systems the pore sizes vary across fabric types and also within one

particular fabric. In general it is known that in case of small pores, the driv-

ing force for penetration is high but the penetration rate is low because of the

increased viscous drag.98 Hence large pores will be rapidly filled up at the

beginning. Eventually, the liquid wicked in the large pores will redistribute

itself into the finer pores albeit slowly. This may negatively affect the deter-

gency process, because soil residing in the small pores will be less accessible

to the washing liquor, which may result in poor removal. Marmur98 summar-

ized the penetration of a liquid drop into a thin porous medium (Figure 2.10)

by a phase diagram (contact angle θ versus δ/r) showing that for δ/r > 0.5

there are only two stable equilibrium states (complete penetration for contact

angles below say 90◦ and no penetration for higher contact angles), whereas

for smaller δ/r values a third state called basal penetration is possible. In this

state the penetration of the drop is stopped by the re-exposure effect when the

radius of the liquid inside the porous medium equals the radius of the base of

the drop (stage 4 in Figure 2.10).

The kinetics of liquid CO2 penetration in horizontal cylindrical capillaries

has been estimated for various fabrics (by assuming different contact angles)

by the Lucas-Washburn equation:100

l2

t
=
γlvr cos θ

2η
(2.19)
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(2)(1) (3) (4) (5) (6)

Figure 2.10: Stages of the penetration of a drop into a thin porous medium. Adapted
from Marmur98

.

Where l is the length of the liquid column at time t, r is the pore radius, θ is

the contact angle between liquid CO2 and the fabric wall and η is the viscosity

of liquid CO2. The slope of the graph l2/t versus r gives the velocity of the

liquid CO2 penetration inside the pores. As can be seen from Figure 2.11, this

velocity strongly depends on the contact angle between liquid CO2 and the

fabric surface. For contact angles of 60 ◦ and higher, the velocity is significantly

reduced. This implies that (nearly) complete wetting is crucial for detergency

action. Following the above argument, dry-cleaning operation should take

place near the critical point, as the gas/liquid interfacial tension of CO2 is

very low near the critical temperature and pressure. This would facilitate fast

penetration (small η) and complete wetting (cos θ = 1). However, the low

contact angle would also mean that the three phase contact line (formed by

liquid and gaseous CO2 and the surface) cannot exert strong forces which could

result in an unfavourable condition for particulate soil removal. In addition,

a too small density difference between the two CO2 phases is detrimental for

the mechanical action in rotating drum washing machines (see Sections 3).

2.8 Particle removal by shear forces

In previous sections the physicochemical aspects of dry-cleaning have been

discussed and the magnitude of adhesion forces between soil particle and fab-

ric in liquid CO2 have been estimated. During dry-cleaning sufficient hy-

drodynamic - or better ”solvodynamic”-force must be generated to achieve

sufficient particle removal from the fabric matrix. In this section we estimate
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Figure 2.11: l2/t versus pore radius calculated from the Washburn-Lucas equation
for penetration of liquid CO2 into horizontal pores. The different curves correspond
to different contact angles between liquid CO2 and fabric. The interfacial tension for
liquid/gas CO2 and the viscosity of liquid CO2 were taken from Figure 2.2 (3.5 mN
m−1 and 1 ×10−4 Pa s, respectively, at operation conditions of dry-cleaning).

the solvodynamic force required for particle removal in liquid CO2 and com-

pare it to that required in PERC and water. Again as a model we consider

silica particles (now with radius R of 2 µm) attached to a cellulose surface. We

assume that in shear flow the particles are mainly held on the fabric by van

der Waals forces (at the primary minimum, the distance d between particle

and surface is taken as 1 nm) and friction force. For particle removal the sol-

vodynamic force must be equal to or greater than the sum of these two forces.

The force balance is shown in Figure 2.12.

The van der Waals force (obtained by differentiating Equation 2.1 with

respect to d) is given by

Fadh = FvdW =
A132R

6d2
(2.20)

The friction force equals µN, in which µ is the friction coefficient and N
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Figure 2.12: Force balance around a particle in a parallel plate flow cell experiencing
a drag/shear force. The particle is held by the van der Waals adhesion force and
frictional force.

is the normal force. The combination of van der Waals and friction forces is

estimated to be approximately twice the adhesion force. The solvodynamic

force is assumed to come from the shear force (Fshear) only; the effects of

gravitational force, lift force and torque are assumed to be negligible. Thus,

the criterion for removal of the particle from the surface is

Fshear = 2Fadh (2.21)

For a spherical particle, the relation between the solvodynamic drag and

the wall shear stress τ is given by101

Fshear = 32τR2 (2.22)

The wall shear stress is related to the wall shear rate γ̇ by the viscosity of

the fluid as

τ = ηγ̇ (2.23)
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and the flow velocity (v) around the particle can be written as

v = γ̇R (2.24)

From Equations 2.21 - 2.24 it follows that

v =
2Fadh

32ηR
(2.25)

The Reynolds number,102 which is the ratio between the inertial force and

the viscous force, is calculated from the flow velocity v, the hydraulic diameter

of the flow channel D, and the density ρ and viscosity η of the fluid as

Re =
Dvρ

η
(2.26)

The hydraulic diameter (D) is the ratio between the cross-sectional area of

the flow and the wetted perimeter and was estimated using a gap and width

of 0.5 mm and 10 mm respectively.

For liquid CO2 the density and viscosity are taken as 900 kg m−3 and

0.0001 Pa s, respectively, corresponding to a pressure of ∼ 50 bar (see Figures

2.2). Since the van der Waals force is related to the dielectric properties of the

material (see Section 2.4), the solvodynamic force needed for particle release

from the surface depends on the dielectric properties or the Hamaker constant

of the fluid/system. This is illustrated in Figure 2.13.

From the plot of the Reynolds number versus composite Hamaker constant

(A132)41 in Figure 2.13, it is apparent that in liquid CO2 a very high Reynolds

number is needed to remove the soil from the fabric. In water the required

Reynolds number is three orders of magnitude less and in PERC there is even

a six orders of magnitude difference compared to liquid CO2. This is due to

(i) the large adhesion force with which the soil is attached to the fabric in

liquid CO2 and (ii) the extremely low viscosity of liquid CO2 at the operating

conditions for dry-cleaning. Hence generation of sufficient force in liquid CO2

by mechanical action is a challenge.
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Figure 2.13: Reynolds numbers required for detachment of a silica particle (2 µm
radius) from cellulose versus the composite Hamaker constant. It is assumed that the
particle in the liquid flow is held on the surface by van der Waals forces and friction
forces only.

2.9 Conclusion

CO2 dry-cleaning technology has undergone significant technical development

since it was invented in 1973. However, its commercialization is still difficult

to be realized because of various problems. Issues include the redeposition

problem, the low amount of mechanical action and the low solvent power

that all lead to low (particulate) soil removal. In addition, the nature of

dense CO2 which requires high pressure equipment leads to high equipment

costs. Nevertheless, CO2 has a high potential to replace PERC for textile dry-

cleaning. Development of effective surfactants and anti-redeposition methods,

increasing the amount of mechanical action without textile deterioration are

thus necessary. For progress a fundamental understanding of the cleaning

principles and mechanisms in liquid CO2 is essential.

Addition of water as a minor component together with a suitable surfact-

ant can play a significant role in liquid CO2 dry-cleaning by providing a route
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to reduce the redeposition of soil. Self-association of surfactants in liquid CO2

would lead to the formation of microemulsions or reverse micelles. Water

trapped inside these structures can carry additional ions. This would be be-

neficial for two reasons, i.e. (i) the counterions can remain shielded inside the

polar core of the reverse micelles and the tendency of forming ion pairs can

be reduced, and (ii) the soil particles and also the fabric can acquire more

charge than what is predicted from the dissociation of the surface groups. In

either case (with or without surfactant) water would contribute towards charge

driven interactions. These interactions could prove to be vital for both clean-

ing and prevention of soil redeposition.29 However, research so far has shown

that finding a surfactant which is capable of forming stable water-in-CO2 mi-

croemulsions close to or below the critical pressure is a challenge. Designing of

surfactants based on the routes which have already been tried has not yet res-

ulted in finding the holy grail. Apart from the search for effective surfactants,

a breakthrough in designing polymers capable of stabilizing particle dispersion

in dense and liquid CO2 will also benefit the dry-cleaning industry, by taking

care of redeposition.

So far no data were found in literature regarding the mechanical move-

ment of fabrics in CO2 and how they behave in this medium. The highest

level of mechanical action is produced in the motor powered rotating basket,

but the washing performance in machines using this agitation method is still

significantly lower than PERC. Thus it is needed to have a better insight into

the dynamics of different agitation methods and their effect on the movement

of garments, so that a higher mechanical action can be produced in a more

efficient way.
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Chapter 3

Effect of Surface Roughness and

Softness on Water Capillary

Adhesion in Apolar Media a

The roughness and softness of interacting surfaces are both important para-

meters affecting the capillary condensation of water in apolar media, yet

are poorly understood at present. We studied the water capillary adhesion

between a cellulose surface and a silica colloidal probe in hexane by AFM

force measurements. Nano-mechanical measurements show that the Young’s

modulus of the cellulose layer in water is significantly less (∼ 7 MPa) than

in hexane (∼ 7 GPa). In addition, the cellulose surface in both water and

hexane is rather rough (6 − 10 nm) and the silica probe has a comparable

roughness. The adhesion force between cellulose and silica in water-saturated

hexane shows a time-dependent increase up to a waiting time of 200 s and is

much (two orders of magnitude) lower than that expected for a capillary bridge

spanning the whole silica probe surface. This suggests the formation of one or

more smaller bridges between asperities on both surfaces, which is confirmed

by a theoretical analysis. The overall growth rate of the condensate cannot

aThis chapter is published as: Soumi Banerjee, Pieter Mulder, J. Mieke Kleijn and Mar-
tien A. Cohen Stuart, J. Phys. Chem. A, 2012, 116, 6481-6488.
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be explained from diffusion mediated capillary condensation alone; thin film

flow due to the presence of a wetting layer of water at both the surfaces seems

to be the dominant contribution. The logarithmic time dependence of the

force can also be explained from the model of the formation of multiple capil-

lary bridges with a distribution of activation times. Finally, the force-distance

curves upon retraction show oscillations. Capillary condensation between an

atomically smooth mica surface and the silica particle show less significant

oscillations and the adhesion force is independent of waiting time. The oscil-

lations in the force-distance curves between cellulose and silica may stem from

multiple bridge formation between the asperities present on both surfaces. The

softness of the cellulose surface can bring in additional complexities during re-

traction of the silica particle, also resulting in oscillations in the force-distance

curves.

3.1 Introduction

Capillary condensation is scientifically intriguing as well as industrially rel-

evant.1,2 Ever since the discovery of the surface force apparatus (SFA) and

atomic force microscope (AFM), measurements of capillary forces and other

solvent related surface forces, such as solvation and structural forces between

surfaces, have been attempted by various research group.3–12 With AFM it

is possible to probe both the equilibrium and time-dependent behaviour of

capillary condensation. As the distance between the tip and sample surface

is decreased beyond a critical distance, a curved meniscus is formed, giving

rise to capillary forces that can be attractive, repulsive or zero13 depending

on the system parameters such as contact angle, filling angle, and radii of

curvature. The sample surface and the AFM tip can be kept in contact or at

close proximity for various times and the growth of the capillary bridge can be

studied quantitatively. Moreover, the distance between the tip and the sample

can be changed at various speeds and the bridge formation or rupture can be

followed in real time. Depending on the time scale of evaporation or condens-

ation of the bridge, equilibrium or kinetic parameters can be extracted using

54



3.1. Introduction

models assuming constant radius of curvature of the capillary bridge (in case

of equilibrium) or constant volume of the bridge (kinetic) at all tip-sample

separations.14

Classically, capillary condensation has been described by the theories of

homogeneous or heterogeneous (i.e. in presence of surfaces) nucleation and

growth.15 It was hypothesized that a dense liquid phase, formed by small to

medium sized molecules such as water or oil or by macromolecules such as

polymers, gets phase separated from a mixture in which the concentration of

the condensing phase is low. The force due to a capillary bridge (fc) has two

components,14 i.e. a surface tension term (Fγ) and a volume term (f∆P ), and

can be written as,

fc = fγ + f∆P = 2πrγ +Ac∆P (3.1)

where r is the radius of the capillary bridge, γ is the interfacial tension

between the condensate and the bulk fluid, Ac is the cross-section area and

∆P is the difference in Laplace pressure across the curved meniscus. The

mechanism of phase separation (capillary condensation) has been reported to

be diffusion controlled following the model of Kohonen et al.,6 with the time

scale of growth in the range of milliseconds to seconds. However, meniscus

formation has also been observed for highly viscous and non-volatile lubricants

where diffusion is virtually excluded. In these cases, growth time scales are of

the order of minutes.14–16 For these cases the kinetics of bridge formation has

been related to the balance between the Laplace pressure and the disjoining

pressure of the films around the interacting bodies. In this chapter we report

the capillary condensation of water from hexane between a cellulose surface

and a silica particle. We discuss our results by taking into consideration various

parameters such as the roughness and softness of the cellulose layer, and the

presence of a wetting water film on the surfaces. The model system chosen

here can be used to gain insight into the process of dry-cleaning of dirty fabrics

in an apolar medium such as liquid CO2. Like hexane, liquid CO2 is a low

dielectric constant medium, which always contains trace amounts of water
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dissolved in it. In previous research it has been shown that a little water helps

in particle removal but adding more water makes the removal more difficult.

We here show that not only the amount of water in these type of organic

solvents plays a crucial role in particle removal, but the surface architecture

of surfaces also is very important in the overall process.

3.2 Materials and methods

n-Hexane (Sigma-Aldrich with purity > 99 %) was dried using copper sulphate

powder and filtered with a syringe filter of 0.2 µm. Water used in all the

experiments was de-ionized and had a resistance of 18.2 MΩ cm. Preparation

of wet hexane was done by saturating the hexane with water. The maximum

solubility of water in n-hexane is 0.01 % (w/w).17 Saturation was ensured by

adding water until excess water was seen at the bottom of the container as

a phase separated layer. Throughout the chapter we follow the terminology

of wet hexane for the water-saturated hexane and dry hexane for the hexane

dried using CuSO4 crystals.

3.2.1 Preparation and characterization of the cellulose layer

Silicon wafers (WaferNet) with a 3 nm surface oxide layer were cut into small

pieces of 0.5 cm × 2 cm using a diamond craft knife. The wafers were sonicated

in water and subsequently in ethanol, each for 15 minutes. After this the wafers

were cleaned using a plasma cleaner for 10 minutes. Cellulose layers were spin-

coated on the wafers following a standard procedure described elsewhere.18

After coating, the layers were oven dried at 373 K for 1 hour to remove any

water from the surface. After drying the layer thickness was measured using

an ellipsometer. The roughness of the layer in air was measured by AFM

imaging (Nanoscope V Multimode SPM, Bruker Corp.) using a V-shaped

contact mode cantilever with silicon nitride tip (NP, Bruker Corp., nominal

spring constant k = 0.06 N m−1).
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3.2.2 Measurement of the Young’s modulus of the cellulose layer

Quantitative measurement of the Young’s modulus of cellulose at nanoscale

was performed using QNM (quantitative nanomechanics, Nanoscope V, Bruker

Corporation). In this mode, the piezo oscillates in the z-direction at 2 kHz

with an amplitude of 150 nm and force curves are recorded at every pixel in

the image. These force curves were analyzed to calculate the force due to

adhesion and the peak interaction force. To obtain the Young’s modulus from

the data, the default model used by the software is DMT (Derjagin, Muller,

Toropov),19 which corresponds to low sample deformation (1 to 10 nm). The

sample deformations in all measurements were between 2 and 5 nm (Appendix,

Figure 3.9a). The DMT model was fitted to the constant compliance region

of the retracting force curves and the reduced Young’s modulus, E∗, which

includes the Young’s moduli of both the tip and the sample, is calculated

from the following relation

ftip =
4

3
E∗
√
Rδ3 + fadh (3.2)

where ftip is the force (peak force) on the tip, fadh is the adhesion force,

R is the tip end radius and δ is the deformation depth. The sample modulus

is related to the measured reduced modulus by

E∗ =
1[

1−ν2
t

Et
+ 1−ν2

s
Es

] (3.3)

where Et and νt are the Young’s modulus and Poisson’s ratio of the tip,

respectively, and Es and νs are the Young’s modulus and Poissons ratio of the

sample. By assuming an infinite Young’s modulus for the tip and knowing the

sample Poissons ratio (0.3 for our samples), the sample modulus is calculated.

The error in the modulus measurement due to the uncertainty in the value

of the Poissons ratio would be between 4 and 25 %. The deflection sensit-

ivity of the tip was measured on a hard surface, i.e. fused silica (FSILICA

sample, Bruker Corp.). The spring constant was measured using the thermal

tune method of Hutter and Bechhoefer.20 To measure the tip radius, we used
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the relative method of calibration using reference samples of known modu-

lus supplied by Bruker Corporation. The relative method was preferred over

the direct method in order to minimize the cumulative error in the modulus

measurement. As reference sample highly ordered pyro graphite (HOPG-15M,

Bruker Corp.) was used for the measurements in air and hexane, and PDMS

gel (PDMS-soft-2, TACK 4, Bruker Corp.) was used for the measurements in

water.

The choice of the probe is crucial for Young’s modulus measurements. For

accurate measurements, the selected probe should be able to produce high

force sensitivity and large enough deformation. In order to select the right

tip, one must have some idea about the sample stiffness. Since in our case

the Young’s moduli of the cellulose layer in various liquids were not known

a priori, the selection of the cantilever involved a trial and error method.

Overall, we followed the tip selection guide provided by the manufacturer. For

this we used the value of Young’s modulus of cellulose reported in literature,21

which is 25 ± 4 GPa for a microcrystalline cellulose with 70 % crystallinity.

The AFM probe chosen for all our measurements was a RTESPA (nominal

spring constant 20 - 80 N m−1, phosphorus doped Si, Bruker Corp.), except in

water, for which a ScanAsyst-Air probe (nominal spring constant 0.4 N m−1,

silicon tip with nitride lever, Bruker Corp.) was used. The measurements

were performed in both air and liquids. In case of measurement in liquids,

the samples were equilibrated for 10 minutes before the measurements were

performed.

3.2.3 Roughness determination of the cellulose layer in n-hexane

and water

The height channel data obtained in the QNM mode (see above) was used

for roughness determination of the cellulose layer in n-hexane and water. The

roughness analysis was performed using WSxM 5.0 Develop 4.1 software. As

a check we also analyzed the roughness by employing the section cut feature

of the Nanoscope Analysis software (version 1.30, Bruker Corp.) and found

comparable values for root mean square (rms) roughness.
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3.2.4 Preparation of the mica surface

A molecularly smooth mica surface was prepared by freshly cleaving the sur-

face using scotch tape just prior to force measurements.

3.2.5 Preparation of the colloidal silica probe

A silica particle of 3 µm radius (Phillips Laboratories) was glued to an AFM

tip (NP10, Bruker Corp., silicon nitride tip with V-shaped cantilever, nom-

inal spring constant of 0.06 N m−1) using an UV curable glue (Norland 61)

following a standard procedure.22 This glue is particularly suitable for apolar

liquids such as n-hexane. After attaching the particle to the tip, the glue was

cured for 10 minutes using an OmniCure LX300 LED lamp.

3.2.6 Roughness determination of the silica particle

Silica particles attached to the AFM tips were imaged (Nanoscope V, Bruker

Corp., ScanAsyst mode) with a Ti-Roughness sample (RS-15M, Bruker Corp.)

as the bottom surface. This particular way of imaging using a substrate with

spike-like structures of nm tip radius on its surface, is known as reverse imaging

technique and has been described elsewhere.23 After attachment to the AFM

tip, the silica particle was plasma cleaned to remove any organic debris from

its surface. At least five different colloidal probes were imaged to see the

reproducibility. We checked the effect of length scales on the roughness by

scanning different scan areas. For each image, the roughness analysis was

performed using the section analysis feature of the Nanoscope analysis software

(version 1.30) after flattening.

3.2.7 Measurement of surface forces

Force measurements were performed in a Nanoscope IIIa Multimode SPM with

PicoForce extension (Bruker Corp.) using a liquid cell. To get a leak proof

system, we used special nitrile rubber O-rings, coated with Teflon. These are

particularly suitable for apolar organic solvents. For each measurement 30
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curves were recorded and the reproducibility was checked by overlaying these

curves. The waiting time of the colloidal probe at the surfaces was varied

between 0 and 200 seconds and during the waiting step a constant force was

applied. The rate of approach and retract in all the experiments was 2 µm

s−1. The deflection sensitivity (nm V−1) was obtained from the slope of the

constant compliance region, where the distance between the tip and sample

is zero, and the deflection data in Volts were multiplied by the deflection

sensitivity and cantilever spring constant (N m−1) to calculate the surface

forces following Hooke’s law. The spring constants were measured using the

thermal tune method as mentioned earlier and were found to be between 0.15

and 0.28 N m−1.

3.3 Results and discussion

3.3.1 Roughness and Young’s modulus of the cellulose surface

The model cellulose layer deposited on the silica plate had a thickness of 95 ±
5 nm in air as measured by ellipsometry. The Young’s moduli of this layer in n-

hexane and water were measured using quantitative nanomechanical analysis

by AFM. As a control the Young’s modulus of the cellulose layer was also

measured in air and was found to be 40 ± 12 GPa. The Young’s moduli of

the cellulose layer in hexane and in water are shown in Figure 3.1a and Figure

3.1b respectively. The histogram data reported here is an average of five

trials in water and four trials in hexane. The figures show that the cellulose

layer is softer in water as compared to hexane. The mean Young’s modulus

of cellulose, as obtained from a Gaussian fit to the data, is 7 ± 4 GPa in

hexane and 7 ± 6 MPa in water. A difference of three orders of magnitude in

the Young’s modulus can be explained from the plasticization of cellulose by

water. The hydroxyl groups in cellulose are able to form H-bonds with water

and hence penetration of water leads to a favourable interaction whereas any

such interaction is clearly absent in hexane. The height images of cellulose in

hexane and water were analyzed for roughness determination. The roughness

parameters are shown in Table 3.1. The rms roughness is 7.6 ± 2.4 nm in
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Figure 3.1: Modulii of cellulose in (a) hexane (b) water.

hexane with a peak-to-peak distance of 69.9 ± 23.1 nm, whereas the cellulose

layer in water has a higher rms roughness of 11.7 ± 5.3 nm with a much higher

peak-to-peak distance of 809 ± 417 nm. As a comparison the rms roughness

of the cellulose layer in air is much smaller (0.5 ± 0.1 nm with a peak-to-peak

distance of 4.1 ± 0.3 nm), see Table 3.2 in the appendix.

Table 3.1: Roughness parameters of cellulose surface measured by AFM.

Roughness (nm)
hexane water

rms roughness 7.6 ± 2.4 11.7 ± 5.3
peak to peak distance 69.9 ± 23.1 809 ± 417

3.3.2 Roughness of the silica probe

The roughness of the silica particle, used as a colloidal probe, was measured

using the reverse imaging technique.23 In this type of imaging a spiked sub-

strate is used and a convolution of the probe and the substrate surface is

captured by the AFM image.

Figure 3.2a shows a 2D image obtained by scanning with the silica probe

over the spiked Ti-Roughness sample over an area of 10.8 × 5.4 µm2. Each

spherical object in the image represents the colloidal probe particle as imaged
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a b

Figure 3.2: AFM images obtained by scanning with a spherical SiO2 colloidal probe of
radius 3 µm over a sharply spiked Ti roughness sample (RS-15M, Bruker Corp.). (a)
2D image (10.8 ×5.4 µm2) where the spherical objects all represent the SiO2 particle
imaged by different sharp spikes on the sample surface; the line along which roughness
analysis was performed is indicated. (b) 2D image of a smaller area (1 ×0.5 µm2)
showing the local roughness of the SiO2 particle.

Figure 3.3: AFM image (3D) obtained by scanning with a spherical SiO2 colloidal
probe of radius 3 µm over a sharply spiked Ti roughness sample (RS-15M, Bruker
Corp., scan area 2.5 × 2.5 µm2.

by individual sharp spikes on the Ti sample. The rms roughness of the colloidal

probe was 6.83 ± 2.06 nm. Figure 3.2b shows a 2D image obtained by scanning

over an area of 1 × 0.5 µm2 and shows a comparable roughness. In Figure

3.3 a 3D image is shown. All features visible in Figures 3.2a, b and 3.3 are

resulting from the reverse imaging and not because of any contamination of

the colloidal probe.

3.3.3 Force-distance curves

Typical force-distance curves for the interaction between a cellulose surface

and a silica particle through wet and dry hexane are shown in Figure 3.4.

Only the retraction part of the curves is plotted, i.e. they show the pull-off
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force during the detachment of the silica particle from the cellulose surface.

In case of interactions through dry hexane (Figure 3.4a), a small attractive

force ∼ 0.5 to 3 nN is recorded, whereas in case of water-saturated hexane,

the adhesion force is significantly larger (∼ 5 times, Figure 3.4b), suggesting a

role of water. The origin of the large adhesion force in wet hexane is therefore

concluded to be the formation of water capillary bridge between the silica

particle and cellulose surface. The driving force for capillary condensation

is the difference in chemical potential of water dissolved in the bulk hexane

phase and in the condensed water phase. Therefore a net flow takes place

from the bulk towards the meniscus. This process continues until the chemical

potentials equalize and equilibrium is established. For a sphere-plate geometry

the force due to capillary condensation (fc) can be written in the following

form14

Fc = πγR0 sinβ

[
2 sin(θ1 + β) +R0 sinβ

(
1

r
− 1

l

)]
(3.4)

where R0 is the radius of the sphere, γ is the interfacial tension between

the condensed water phase and hexane, β is the filling angle, θ1 is the three-

phase contact angle at the particle surface, and r and l are the two radii of

curvature of the liquid meniscus. The first term in Equation 3.4 is due to the

vertical component of the surface tension and the second term is due to the

Laplace pressure. The geometric parameters used in Equation 3.4 are depicted

in Figure 3.5, which also schematically shows the effect of surface roughness.

In the approach curves we observed no or little attractive forces (Appendix,

Figure 3.8. The hysteresis between the approach and retract curves could be

related to the slow kinetics of nucleation12 of water molecules from water-

hexane mixtures due to the high interfacial tension between water and hexane

(∼ 50 mN m−1 at 298 K).24 The maximum adhesion force was independent of

the peak force (ftip) applied, which is evident from Figure 3.9b in the appendix.

The small attractive forces seen in case of dry hexane (Figure 3.4a) might

be due to the presence of traces of water entering the system during the setting

up of the experiment, in absence of a humidity controlled environment. The

average ambient RH was 40 - 60 %.
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Figure 3.4: Interaction curves between cellulose and silica through (a) dry hexane (b)
wet hexane upon retraction, effect of surface delays.

Even though the adhesion force in wet hexane is much larger as compared

to dry hexane, the magnitude of this attractive force is much smaller than

that predicted by the theory of capillary condensation. For example, in case

of complete wetting of water on both cellulose and silica, theoretically one

would expect an adhesion force of around 1900 nN, assuming γ = 0.05 N m−1

and R = 3 µm. Even for partial wetting, assuming an average contact angle of

50 ◦, the attractive force would be around 1200 nN, which is still two orders of

magnitude higher than what is found experimentally. The fact that we record

a much smaller force than what is theoretically expected indicates that the

capillary bridge may not span the whole particle surface and can be explained

either from the roughness of the cellulose and silica surfaces involved in the

bridge formation or due to electrostatic repulsive forces acting in the water

bridge. The radius of the capillary bridge corresponding to the maximum force

that has been measured is only ∼ 1 % of the radius of the silica particle. It

must be noted here that the total amount of water in the cell is much higher

than that required to cover the whole silica particle. The volume of the liquid

cell is around 30 µL and the amount of water in that volume is around 0.18

µL, based on the water solubility of 0.01 % (w/w) in hexane.17 This is much

higher than required for the formation of a capillary bridge that spans the

entire sphere ( 3.3 × 10−7µL).
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Figure 3.5: Schematics of capillary condensation of water between a rough spherical
silica particle and a rough cellulose layer. The dark shade of grey represent the bridges
between the closest asperities on both the surfaces, light shade of grey represents filling
of the whole available surface with water. R0 is the radius of the sphere, l and r are
the two radii of curvature of the meniscus, θ1 and θ2 are the contact angles of water
on the particle and fabric surfaces respectively, β is the filling angle, lrms is the root
mean square roughness, z is the peak-to-peak distance and d is the distance of approach
between the surfaces.

Another interesting feature of the force-distance curves is the time-dependent

behaviour. Both dry and wet hexane display an increase of the adhesion force

with increasing surface delay time, but the increase is much stronger in case

of wet hexane (from ∼ 0.5 nN to ∼ 16 mN m−1) than for dry hexane (from

∼ 0.5 nN to ∼ 3 nN). Apart from the adhesion force, the range of attraction

also increases with increasing waiting time.

3.3.4 Capillary bridge formation

The force-distance curves depicted in Figure 3.4b were analyzed using the

capillary condensation model based on a constant volume of the condensate

at all separations. In this model the force due to capillary condensation is

given by14

f = 4πγκR0

1− d√
V

πR0+d2

 (3.5)
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with

κ =
cos(θ1 + β) + cos θ2

2
(3.6)

where V is the volume of the condensate, d is the distance, and θ1 and

θ2 are the contact angles of water on the silica particle and cellulose surface

respectively. This particular model14 was chosen over the constant radius one,

since at the retraction rate employed (2 µm s−1) the typical break-up distance

of around 1000 nm is reached in 0.5 s. Hence, the experimental time scale of

retraction is much smaller than the typical experimentally observed capillary

condensation time scale of 200 s or more. This situation can be considered as a

constant volume condensate being stretched instantaneously. The solid curve

in Figure 3.4b is a least square fit of Equation 3.5 to the experimental data

using known values for γ and R0 and κ and V as the fitting parameters. We

are aware that this model is not applicable for multiple bridges. Since analysis

in case of multiple bridges is complicated, we restrict ourselves to the case of

single bridge formation to give an estimate of the condensate volume. The

volume of the condensate obtained from fitting to the force curves in Figure

3.4b has been plotted as a function of waiting time in Figure 3.6 (black dots).

If the growth of the capillary bridge during the waiting time at the surface

would result purely from diffusion of water molecules from the bulk hexane

towards the meniscus, the growth rate of the capillary condensate can be

approximated as6

dr

dt
=
DMC0

ρR∗

(
C

C0
− exp(−λK/r)

)
(3.7)

where r is the meniscus radius, D is the diffusion coefficient of water through

hexane, M is the molar mass of water, C0 is the saturation concentration of

water in hexane, C/C0 is the degree of saturation, ρ is the density of water,

and R∗ is the length scale related to the geometry of the system.14 The Kelvin

length, λK ,14 is a function of the interfacial tension between water and hexane
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(λK ) and the molecular volume (νm) of water and is given by

λK =
γνm
kBT

(3.8)

where kB is Boltzmanns constant and T is the absolute temperature. The

exact expression for R∗ can be found in Reference 6. This length scale can be

chosen as effective mean radius of curvature (R∗) given by

R∗ =
R0R1

R0 +R1
(3.9)

where R0 and R1 are the radii of curvature of the two interacting surfaces.

In case of a sphere and a plate R∗ equals R0, the radius of the sphere. The

volume and radius of the bridge are related by6

V ≈ 4πr2R0 (3.10)

From the growth rate, the volume of the capillary bridge as a function of

waiting time can be calculated. The dashed curve in Figure 3.6a represents the

numerical integration of Equation 3.7 by using realistic values: DMC0/ρR
∗ =

161.46 nm s−1, C/C0 = 0.99 and λK = γvm/kT = 0.291 nm using D =

8.9× 10−9 m2 s−1, M = 0.018 kg mol−1, C0 = 3 mole m−3, ρ = 1000 kg m−3,

R0 = 3× 10−6 m, γ = 0.04 N m−1 and T = 298 K and Equation 3.10. As can

be seen from the plot, the diffusion model strongly underestimates the growth

rate of condensate volume. This indicates that there must be an additional

contribution to the growth of the capillary bridge.

In the literature, capillary bridge formation by non-volatile liquids has been

described by thin film hydrodynamics14,16 in which liquid transport from the

film situated adjacent to the capillary bridge can become a dominant mech-

anism. For the present system, water can adsorb and form a thin wetting film

on both cellulose and silica. This thin film of water can be present even before

the surfaces are brought into contact, depending on the wetting characteristics

of the surfaces. These thin films can drain into the condensed meniscus due

to the pressure differences.
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Figure 3.6: (a)Volume of the condensed liquid as a function of waiting time before
retraction. The points (black dots) were obtained by fitting Equation 3.5 to various
force distance curves similar to that shown in Figure 3.4a using κ and V as fitting
parameters. For the data shown in this curve, κ was found to be always between 0.003
and 0.551. The solid curve is calculated from Equation 3.11 (film drainage model)
and the dashed curve is calculated using Equations 3.7 and 3.10 (diffusion model. (b)
Maximum adhesion force versus condensed liquid volume. Condensate volumes were
obtained by fitting Equation 3.5 to the force-distance curves of Figure 3.4b. The solid
line is a power law fit to the data with slope 0.30.

We have used the thin film hydrodynamics model proposed by Bhushan

and Gao16 to see if this mechanism can explain the estimated condensate

volume as a function of waiting time. This model is based on the balance

between the disjoining pressure in the liquid film and the Laplace pressure in

the meniscus. The volume of the capillary bridge is given by

V (t) = Vm

(
1− exp

(
−αh3

Vmη

)
t
)

(3.11)

where Vm is the maximum condensate volume, h is the film thickness, η is

the viscosity and α is a constant with dimension of pressure. The solid curve

in Figure 3.6a is the fit of Equation 3.11 with Vm, which is equal to the volume

of the condensate corresponding to the waiting time of 200 s, η = 0.001 Pa s

and αh3 = 2.7 × 10−5 Pa m3. The film thickness h was estimated from the

disjoining pressure (Π) of the adsorbed film,11 assuming that interactions of

the bulk phase and the substrate through the water film are purely of dispersive
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origin. The relation between Π and h is given by

Π =
A

6πh3
(3.12)

where A is the Hamaker constant. Since at equilibrium the Laplace pressure

in the meniscus will be equal to the disjoining pressure in the film, we can

write

Π =
2γ

r
(3.13)

where r is the effective radius of curvature and γ is the interfacial tension

between hexane and water. We calculated r in the same manner as described

before, i.e. from Equation (10) corresponding to the volume (Vm) at t = 200

s. Using Equation 3.12 with a Hamaker constant of 1 × 10−20 J for water,

we got an estimate of h ≈ 7 nm. Using this value of h in Equation 3.11, α

was estimated to be 7.5 ×1019 Pa. From Figure 3.6a we can see that the film

drainage model describes the rate of increase of volume of the condensate very

well. Hence as soon as the cellulose and silica surfaces come in contact with

the wet hexane, thin films of water may be formed at these surfaces. Following

this analysis it can be stated that the mechanism of the overall growth of the

capillary bridge is mainly due to film drainage with a small contribution of

diffusive mass transport from the bulk. The water film surrounding the silica

and cellulose surfaces can be stabilized by both van der Waals and H-bonding

interactions.

3.3.5 Roughness and capillary condensation: various regimes

Halsey et al.25 have defined three power law regimes for the capillary force as

a function of the bridge volume. For very low volumes, an asperity regime25

is defined, where the capillary force arises due to the condensation of liquid

around a single or a few asperities. In this regime the force scales with con-

densate volume as 1/3. For larger volumes (volume > single asperity), the

system is in the roughness regime in which the force varies linearly with the
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volume of the condensate. For even higher condensate volumes, the capillary

force is independent of the volume and the force is dominated by the macro-

scopic rather than the microscopic curvature of the interacting bodies. This

regime is known as the spherical regime. In order to see if the measured ad-

hesion forces comply with one of these different regimes, we have plotted in

Figure 3.6b the maximum adhesion force against the estimated volume of the

condensed liquid for different waiting times on a log-log scale. We obtain an

exponent of ∼ 0.3, which suggests the asperity regime for the present system

and applied settings in the force measurements. This seems plausible as the

cellulose and silica particles are both rough in water, and hence formation

of small (multiple) bridges is likely between asperities on either surface that

are close to each other. Due to roughness, the volume of the condensate is

small leading to weak adhesion; as shown earlier the adhesion corresponds to

a capillary bridge radius that is only ∼ 1 % of the radius of the particle (40

nm instead of 3 µm).

3.3.6 Oscillations in the force-distance curve

In Figure 3.4b oscillations in the force-distance curves are clearly visible. Their

occurrence could be another consequence of the roughness of the cellulose

and silica surfaces, namely, rupture of multiple capillary bridges having a

distribution of rupture time scales. In case of two approaching rough surfaces,

formation of multiple bridges can take place as the nearest asperities are filled

up followed by more distant asperities. This argument was further investigated

by measuring the adhesion force between a hard and atomically smooth mica

surface and the same silica particle in wet hexane (Figure 3.7a). Indeed,

oscillations were found to be much less visible than in the cellulose-silica case,

which points out the validity of our hypothesis. The absence of any time

dependent increase of the adhesion force furthermore indicates that on the

smooth mica surface the activation barrier for condensation is less or absent

and hence the adhesion force reaches its maximum value at a shorter time

scale than was found for the cellulose-silica system. On a rough surface bridge

formation between asperities for which the gap is smaller, occurs more readily
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than between asperities that are further apart. The bridges for which the

gap is smaller will exhibit a higher resistance towards rupture and will have a

longer rupture time scale compared to the ones, which are already far apart.

In a recent simulation26 it was shown that for a sphere and a particle the

bridges located at the centre of the contact area break later than the ones

which are peripheral. Corresponding to these different time scales there could

be different barriers of rupture, and as multiple bridges with a particular

barrier break, the tip jumps to the next barrier. The thermodynamic stability

of multiple bridges has been described as poor for smooth surfaces; however,

their stability is enhanced for surfaces with wetting barriers.27 For our case

these wetting barriers could be the height of the asperities28 coupled with the

fact that the cellulose surface has both hydrophobic and hydrophilic patches.

Another plausible reason for the observed oscillations could be the pinning

of the three-phase contact line, which occurs on rough surfaces at finite contact

angle. In addition, the oscillations could originate from other dissipative pro-

cesses, such as H-bond formation between water and silica, water and cellulose,

or cellulose and silica. The breakage of H-bonds during the pull-off process

could lead to additional energy barriers. Finally, formation of multiple direct

contacts between the silica probe and the cellulose polymeric chains cannot be

ruled out, especially since hexane is not a good solvent for cellulose: cellulose

might be preferably in contact with silica over hexane. Finally, the Young’s

modulus measurements displayed in Figure 3.1 show that the cellulose is much

softer in contact with water than with hexane and this difference in Young’s

moduli of the cellulose layer can bring in additional complexities during the

retraction of the silica particle from the cellulose surface, which also may result

in oscillations in the force-distance curves.

3.3.7 Water transport over heterogeneous surface as a thermally

activated process

The condensation of liquids on rough surfaces is complex and may lead to

unexpectedly slow kinetics.29 Assuming that capillary condensation is an ac-

tivated first order process, the time scale of condensation of one capillary
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Figure 3.7: (a) Force-distance curves for the interaction between mica and silica
in hexane saturated with water. Mica has an atomically smooth surface resulting in
much less oscillations in the force curves than observed for the cellulose-silica system
(Figure 3.4b).(b) Maximum adhesion force versus ln (time) for the system cellulose
and silica through wet and dry hexane as a function of waiting time before retraction

bridge can be written as30

τact = τ0 exp
∆E
kBT (3.14)

where τ0 is the time needed to condense out one liquid layer and ∆E

is the activation energy. Assuming that because of roughness there would be

multiple bridge formation between asperities at the two surfaces and that these

asperities are separated by distances that have a finite distribution, Bocquet

et al.30,31 have arrived at the conclusion that the activation times for these

bridges to form, will also have a finite distribution. The larger the distance

between asperities, the higher is the resistance to nucleation and growth of a

bridge. These topographical elements have been termed as defects that pose an

additional energy barrier to the condensation process, leading to a logarithmic

dependence of force with time. Following these arguments and realizing that

at a particular time only those liquid bridges will have a chance to form that

have an activation time τact < t, the capillary force will be30

f(t) ≈ 2πR0γ

ωνma2
0

1

ln C0
C

ln
t

τ0
(3.15)
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where w is the typical width of the distribution of distances between the

surfaces and a2
0 is the nucleation area. Plots of the measured adhesion force

with waiting time for wet and dry hexane (f(t) versus ln(t)) are shown in

Figure 3.7b. The straight lines in this figure show the validity of the model

described by Equation 3.15 for our experimental data, i.e. the force depends

logarithmically on time. This corroborates the idea of the formation of mul-

tiple capillary bridges between the rough cellulose and silica surfaces and un-

derpins the slow kinetics of capillary condensation as a result of roughness

alone.

3.4 Conclusions

Capillary condensation of water on soft and rough surfaces is more complex

than on hard and smooth surfaces. The effects of roughness on capillary

condensation can be manifold. Roughness can lead to formation of multiple

bridges and slow kinetics of condensation, which in turn may be responsible for

the oscillations seen in the force distance curves between cellulose and silica in

water-saturated hexane. The cellulose surface is softer and rougher in hexane

or water than in air and these factors could be responsible for the unique

features of the force-distance curves seen in this particular system. The slow

kinetics of condensation could also be rationalized based on film flow as the

dominant mechanism for formation of the capillary condensate.
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[17] B. A. Énglin, A. F. Platé, V. M. Tugolukov, and M. A. Pryanishnikova.
Solubility of water in individual hydrocarbons. Chem. Technol. Fuels
Oils, 1(9):722–726, 1965.
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Appendix

Appendix

Table 3.2: Roughness analysis results for cellulose in air measured by AFM.

Sample rms roughness peak to peak distance

cellulose in air 0.5 ± 0.1 4.1 ± 0.3
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Figure 3.8: Approach curves for the system silica-cellulose through (a) dry and (b)
wet hexane.
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Figure 3.9: (a) Deformation of cellulose during modulus measurement in three fluids.
(b) Maximum adhesion force as a function of peak force (ftip).
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Chapter 4

Towards Detergency in Liquid

CO2 - A Surfactant Formulation

for Particle Release in an Apolar

Medium a

In this chapter we propose, characterize and test a surfactant formulation,

consisting of a branched polyoxyethylene type commercial non-ionic surfact-

ant (Igepal CA520), n-hexane and water, for use in CO2 dry-cleaning to en-

hance the removal of particulate soil. In the formulation lamellar mesophases

Lα coexist in an L2 microemulsion (reverse micellar) phase. We hypothes-

ize that enhanced soil removal would be possible due to the adsorption of

lamellar liquid crystalline phases at the fabric-soil interface, the presence of

water pools, the improvement of the solvent quality of liquid CO2 by the

presence of n-hexane, and the enhanced viscosity due to the presence of the

lamellar mesophases. We have characterized the formulation by optical micro-

scopy with crossed polarizers, confocal microscopy, dynamic light scattering

and shear viscometry to determine the phase behaviour, the size of the reverse

aThis chapter is published as: Soumi Banerjee, Stevia Sutanto, J. Mieke Kleijn and
Martien A. Cohen Stuart, Colloids Surf. A Physicochem. Eng. Asp., 415, 2012, 1-9.
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micelles and the flow behaviour. AFM force measurements in n-hexane show

that large adhesion forces between a model soil particle (silica) and fabric

surface (cellulose) in water-saturated hexane can be reduced by the action of

the surfactant mesophases. In the presence of the surfactant formulation the

interaction forces were found to be decreased from ∼ 15 nN to 0.5 nN. The

formulation, applied as a pre-treatment on standard soil test monitors and

followed by washing in liquid CO2, showed a five times better soil removal

ability than the control.

4.1 Introduction

Traditional dry cleaning is carried out with perchloroethylene (PERC) which

is toxic, harmful, carcinogenic and a depletant of the ozone layer. Therefore

a more sustainable alternative is needed. Liquid CO2 has been identified as

a promising replacement for PERC in dry cleaning, as it is environmentally

benign, non-toxic, and cheap.1 Tests with liquid CO2 as a medium for textile

cleaning have shown that it indeed is capable of removing fatty and greasy

substances, which are sufficiently soluble. Moreover, polar compounds are

also fairly well removed, in particular when a little water (1 - 2 %) is added.1

However, particulate dirt (soil) is poorly removed by liquid CO2. This is

to some extent expected, as the physical properties of liquid CO2 make it a

rather unfavourable medium for particle detachment and dispersion.1,2 At

industrially relevant pressures and temperatures (45 - 60 bar, 5 - 10 ◦C) liquid

CO2 has a very low dielectric constant.1 This implies that particle-textile

interactions (van der Waals forces) are likely to be much stronger than that

in PERC. Moreover, the viscosity of liquid CO2 is low, so that hydrodynamic

forces exerted on attached particles are also expected to be weak.1 Finally,

the search for additives that might take the role of detergent in the cleaning

process has so far had little success, mainly because the low cohesive energy

density of liquid CO2 prohibits dissolution of many candidate surfactants.1 As

a consequence, particle detachment, if successful at all, is prone to be followed

by redeposition because there is no stabilizing dispersant.
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The shift from the traditionally employed toxic, harmful chemical PERC

to the environmentally friendly liquid CO2 is urgent, but unless a suitable

surfactant or surfactant formulation is developed, the numbers of dry-cleaners

using liquid CO2 as the cleaning medium will remain limited. Previous re-

search shows that there are possibilities to improve the cleaning results for

particulate soil in CO2.2 However, far too many parameters play a role to

allow for a trial-and-error method to optimize the process. Instead a combin-

ation of fundamental and practical research is needed.

In this chapter we propose a new surfactant formulation to solve the prob-

lem of insufficient particle detachment and stabilization in liquid CO2, based

on the above presented analysis of that problem and on the existing knowledge

on surfactants used in liquid and supercritical CO2. Therefore, we start with

a short overview of what is known about surfactants for CO2, and then ra-

tionalize our choices for the new surfactant formulation in terms of the desired

properties. The proposed formulation consists of a commercial surfactant (Ige-

pal CA520, see Figure 4.1), n-hexane and water. We hypothesize that the most

important aspect for its detergency action would be the formation of meso-

phases such as reverse micelles and lamellar phases. Thus, we explore the

three-component phase diagram of the Igepal CA520/hexane/water system

and assess the nature, size and composition of the mesophases. Furthermore,

we present the viscosity as a function of total water and surfactant concentra-

tion to investigate the potential use of the formulation as a viscosity modifier

for liquid CO2. Finally, we test the detergency action of the new surfactant

formulation in two different ways: firstly, by directly measuring the effect on

the adhesion force between a model soil (silica) particle and a cellulose sur-

face, and, secondly, by a practical test using the Igepal CA520/hexane/water

system as a pre-treatment formulation in pilot-scale CO2 dry-cleaning experi-

ments. With respect to the first method, atomic force microscopy seems very

appropriate to study the adhesive force profile between silica and cellulose.

Unfortunately, it is still not possible to perform AFM force measurements un-

der high pressure such as needed for liquid CO2. Hence, we decided to first

explore the forces in hexane. Although there are differences, this might give
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some hints as to the strength and range of the forces operating in CO2. We

compare the adhesion forces between silica and cellulose in (wet) hexane in

the absence and presence of the Igepal CA520, and discuss these data in the

context of the phase behaviour.

4.2 Surfactants for liquid CO2 - state-of-the-art

Research on surfactants for liquid CO2 was started by trying out various com-

mercially available surfactants. Consani and Smith3 tried 130 commercially

available surfactants and found that none of them was promising to be em-

ployed as a cleaning aid in liquid CO2. In general, overcoming the surfactant

tail-tail attraction in liquid CO2 was one of the main challenges. To achieve

solubility of surfactants in liquid or supercritical CO2 design of novel mo-

lecules gained momentum. In synthesizing novel surfactants two approaches

were taken: introduction of fluorine in the apolar tail of the surfactant re-

placing hydrogen4–6 and introduction of hydrocarbon branching in the apolar

tail.7 The incorporation of fluorine in the tail was motivated by fluorine and

CO2 having similar cohesive energy densities.4 However, fluorination did not

solve the problem for CO2 dry-cleaning, firstly because one has to increase

the pressure above 150 bar to solubilize these surfactants4–6 and secondly be-

cause the fluorinated surfactants themselves are not environmentally friendly.

The second route, i.e., methyl branching of the tail tip was motivated by the

prediction (using fractional free volume (FFV) theory7) that such branching

leads to low density structures which should dissolve more easily in liquid CO2.

Ryoo et al. used a surfactant called polyoxyethylene 2, 6, 8-trimethyl-4-nonyl

ether (Tergitol TMN) having methyl branching at 2, 6 and 8 positions of the

apolar tail, and compared its solubility with a surfactant having a linear alkane

chain as the tail.7 The surfactant showed a cloud point at ∼ 100 bar, which

is quite good but still higher than the pressure employed by the dry-cleaning

industry.7

Thus, the search for suitable surfactants to enhance particle release in

CO2 dry-cleaning is still going on. In the next section we will describe a
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novel surfactant formulation based on a commercially available surfactant,

and explain step by step the rationale of the design.

4.3 Rationale of the design of the surfactant formula-

tion

Our target properties in designing a surfactant formulation for liquid CO2 were

(i) a strong adsorption or wetting by the surfactant at the fabric-soil interface,

(ii) enhancement of liquid CO2 viscosity, (iii) deployment of a water pool to

improve the removal of polar soils, and (iv) improvement of solvency power

of liquid CO2 by n-alkanes. We hypothesized that a lyotropic lamellar liquid

crystalline phase of a surfactant should have a good adsorption/wetting cap-

ability at the fabric-soil interface: due to its flat structure (packing parameter

≈ 1) it has a strong tendency to adsorb in multilayers.8 Based on the idea of

branching to enhance solubility in liquid CO2, supported by FFV theory, we

looked for a surfactant with branched tail, with a molecular weight restricted

to ∼ 400 - 500 g mol−1. A higher molecular weight would result in low or

no solubility in liquid CO2. Thus, a non-ionic surfactant, polyoxyethylene (5)

iso-octylphenyl ether (Mw = 427 g mol−1, Figure 4.1), which is commercially

available under the name Igepal CA520, was selected.

H3C CH3

O
O

H

5H3C

H3C

H3C

Figure 4.1: Chemical structure of Igepal CA520, branched polyoxyethylene (5) isooc-
tylphenyl ether.

The second idea was to use n-hexane as a solvent in the surfactant formu-

lation. The use of short chain alkanes such as heptane as a co-solvent (30 %

v/v) in CO2 to improve the solvent quality had already been reported by Hol-

lamby et al.9,10 They showed by SANS measurements that it is possible to use

a CO2-heptane blend to drive the self-assembly of AOT in the solvent mixture
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when CO2 is in the supercritical state. The dependence of the aggregation

behaviour on solvent quality for surfactants such as AOT and C12EO5 has

been rationalized by the Snyder polarity parameter, dielectric constant and

Hildebrand solubility parameter.9,10 In our formulation, n-hexane was chosen

since its dielectric constant is close to that of liquid CO2 (1.5 at 60 bar and

283 K),11 so that it is likely to be miscible with that liquid.

Finally, the use of water in the formulation is necessary to drive the form-

ation of lamellar liquid crystalline phases. The hydrophilic ethylene oxide

(EO) groups of the ethoxylated non-ionic surfactant would drive association

in n-hexane, and water would promote the formation of the liquid crystal.12,13

This is schematically presented in Figure 4.2. The addition of water as a

minor component in CO2 dry-cleaning is not unheard of. In dry-cleaning in-

dustry water is deliberately added to improve the removal of polar soil.1,14

Hence, we propose that the presence of water in our formulation could serve

two purposes: it would drive the lamellar phase formation12,13 and in addition

enhance the polar soil removal.14

The effectiveness of the lamellar phase in improving soil removal could also

be conceived from the viscosity modification of liquid CO2 due to the high vis-

cosity of the former, if these mesophases could be formed in liquid CO2 also.

Previous research15 has shown that rod like micelles of fluorinated surfactants

can increase the viscosity of CO2 by ∼ 40 %. As we will show in this chapter,

in our formulation the lamellar phase is dispersed in a reverse micellar phase

which may have aggregate shapes ranging from spheres to rods. Hence, it is

possible that adding the formulation to liquid CO2 leads to an increase in vis-

cosity and to stronger hydrodynamic drag on the particles, thereby enhancing

particle detachment.

4.4 Materials and methods

The surfactant chosen for our study is a branched non-ionic surfactant, Ig-

epal CA520 (Sigma-Aldrich). The chemical structure is given in Figure 4.1.

The mean number of oxyethylene groups n = 5, and the average molecular
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Figure 4.2: Schematics of the surfactant formulation: a biphasic system consisting
of lamellar (Lα) phase dispersed in the continuous medium of reverse micelles (L2).

weight 427 g mol−1. n-Hexane (purity > 99 %, Sigma-Aldrich) was used as a

solvent. Prior to use, n-hexane was dried by adding copper sulphate powder

and filtered by using a syringe filter of 0.2 µm for all experiments except for the

measurements with water saturated hexane. Water used in all the experiments

was de-ionized with a resistance of 18.2 MΩ cm.

Carbon dioxide (grade 2.7, Linde Gas Benelux B.V.) at a pressure of ∼ 50

bar and 283 K was used for the dry-cleaning trial. The standard test monitor

used was clay on polyester (Center for Testmaterials B.V.).

4.4.1 Polarising optical microscopy: phase analysis

Different mesophase compositions were prepared by mixing surfactant and n-

hexane in various weight ratios (70/30, 60/40, 50/50, 40/60, 30/70, 20/80 and

10/90). The amount of water added to these surfactant-n-hexane mixtures

was varied from 0 to 40 % (w/w). Weighed amounts of surfactant and n-

hexane were added to glass containers and mixed by stirring for 10 minutes

on a magnetic stirrer. Weighed amounts of deionized water were added to

these mixtures and stirred for 15 minutes. For equilibration the mixtures were

85



Chapter 4. Surfactant Formulation

kept in a shaker bath for two days at a constant temperature of 298 K. Glass

containers were sealed with Teflon tape to prevent evaporation of the volatile

n-hexane.

A polarising optical microscope (Olympus BX60) was used to study the

phase behaviour of the ternary system. The images were collected using a

camera (Olympus DP70) and processed with AnalySIS image processing soft-

ware. For all samples, an aliquot was withdrawn by a Pasteurized pipette, put

in between a glass slide and a cover slip, and viewed under the microscope. All

the four sides of the cover slip were sealed to prevent evaporation of n-hexane.

Liquid crystals are birefringent and have optical textures that can be used for

their identification under cross polarizers.16 In polarized white light lamellar

phases appear as Maltese cross textures, and the hexagonal liquid crystals ap-

pear as coloured mosaics. The isotropic reverse micelles are non-birefringent

and appear as black.

4.4.2 Rheometry: viscosity as a function of water content

An Anton Paar MCR 300 rotational rheometer with double gap concentric

cylinder geometry was used to measure the bulk viscosities of the samples,

having a fixed surfactant-to-hexane weight ratio of 50/50 and a water content

varying between 0 and 30 % (w/w). A pre-shear was applied for 60 seconds to

eliminate any shear history in the samples. The samples were then allowed to

rest for 10 minutes for equilibration. After equilibration, viscosities were meas-

ured at shear rates from 0.01 to 100 s−1. All measurements were performed

at a constant temperature of 298 K.

4.4.3 Dynamic Light Scattering: size of reverse micelles

Dynamic light scattering (ALV 5000/60X0) with a Cobolt Samba-300 DPSS

laser was used to analyse the Brownian motion of the mesophases with in-

creasing water content, and from that their effective hydrodynamic radius.

The wavelength of the laser was 532 nm and the data were collected at an

angle of 90 ◦. The temperature was fixed at 298 K with an accuracy of ± 0.1
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K using a Haake F8-C35 thermostatic bath. We considered the bulk of the

sample to be continuous in n-hexane with dissolved surfactant monomers and

approximated the viscosity and refractive index of this mixture to be the same

as that of n-hexane. The refractive index of n-hexane was measured using an

Abbe refractometer (Atago Co. Ltd) and was found to be 1.375.

4.4.4 Preparation and characterization of cellulose coated silicon

wafers

Silicon wafers with spin-coated cellulose layers were prepared and used to

study the interactions between a cellulose layer and a model particle (silica,

3 µm radius) by AFM force measurements. The silicon wafers were cut into

small pieces of 0.5 cm × 2 cm using a diamond craft knife and were cleaned

by sonicating in water and subsequently in ethanol, each for 15 minutes, and

dried using N2 gas. After this the wafers were cleaned using a plasma cleaner

(Harrick Scientific Corp., model PDC-32G) for 10 minutes. To ensure a good

anchorage between the silicon wafer and the cellulose layer, a di-block copoly-

mer layer of polystyrene-poly (4-vinylpyridine) (PS-P4VP, 100 ppm in chloro-

form) was deposited on the silicon wafer. The PVP blocks (hydrophilic) are

bound to the wafer and free PS blocks (hydrophobic) remain free for attach-

ment with the cellulose. The cleaned wafers were dipped inside the polymer

solution for 30 minutes and then rinsed with fresh chloroform to exclude any

free polymer at the surface of the wafer, and dried with N2. The spin-coating

of the cellulose layer was done by following a standard procedure described

elsewhere.17 The thickness of the cellulose layers was measured using an ellip-

someter (Multiskop, Optel GBR) with an angle of incidence of 70 ◦ and a laser

wavelength of 632.8 nm. The optical model used for the measurement con-

sisted of four layers: silicon, SiO2, block copolymer (PS-P4VP), and cellulose.

The thickness of the cellulose layer was found to be 97.5 ± 5.8 nm, averaged

over 11 different strips, measured at three different locations and taking the

literature value of 1.51 as the refractive index of cellulose.
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4.4.5 Adhesion force measurements

Force measurements between a model cellulose surface (”fabric”) and a silica

particle (”soil”) were performed in a Nanoscope IIIa Multimode atomic force

microscope provided with a PicoForce module (Bruker Corporation) and using

a liquid cell. A silica particle of 3 µm radius was glued to the AFM tip (NP,

Bruker Corporation) using a UV curable glue (Norland 61, Norland products).

This glue is stable (unsolvable) in low dielectric constant liquids such as n-

hexane. After attaching the particle to the tip, the glue was cured for 10

minutes using an OmniCure LX300 LED lamp. The nominal spring constant of

the cantilevers for all the experiments was 0.06 N m−1, the velocity of approach

and retract was 2 µm s−1 and the force curves reported here correspond to a

waiting time of 200 s at the surface. More detail about the force measurements

can be found elsewhere.18

4.4.6 Pilot scale CO2 dry-cleaning trial

For the dry-cleaning trial, formulations containing Igepal CA520 n-hexane and

water were used as a pre-treatment. Two different formulations were tested

with the same surfactant-to-hexane ratio of 50/50 (w/w) and with 10 or 20

% water (w/w). Soil removal efficacy was tested in a high pressure pilot scale

washing machine using liquid CO2 as the cleaning medium. The schematic

representation of the set-up is given in Figure 4.3. It has a capacity of 25 L

with a rotating inner drum to provide mechanical action.

CO2 from storage is circulated through the closed system by a pump.

During each washing or rinsing cycle, it passes through a heat exchanger which

serves to cool and/or to heat the CO2, and thus regulates the pressure. Before

the fluid from the vessel enters the pump, it passes through a filter with a

pore size of 11 µm in order to remove unwanted particles. The temperature,

pressure, density, and mass flow are monitored. When a washing cycle is

finished, the used CO2 is replaced by fresh CO2 to rinse the fabrics. A detailed

description of the procedure and apparatus is given elsewhere.14 The process

conditions used in the CO2 dry-cleaning experiments are given in Table 4.1.
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Figure 4.3: Schematic diagram of CO2 dry-cleaning set up

Clay on polyester2 (standard soiled fabrics) were used for liquid CO2 dry-

cleaning trials. The soiled monitors made up 20 g of the total 400 g wash load;

the rest was filling material (several sheets of a cotton fabric of 25 cm ×25

cm) to reach the desirable washing load.

The color differences of the monitors were measured before and after the

wash with a spectrophotometer (Data Color 110) using Standard Illuminant

C as light source (average daylight, excluding ultraviolet light). The viewing

angle used was the CIE 10 ◦ Supplementary Standard Observer. The test

Table 4.1: Process conditions of CO2 dry-cleaning

Process condition value Unit

Amount of CO2/cycle 6 kg
Wash load 400 g

Temperature 283 K
Pressure 50 bar

Washing time 20 min
Rinsing time 10 min

Rotational speed of inner drum 75 rpm
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fabrics were measured using the L∗a∗b∗ color space, where L∗ indicates the

lightness, and a∗ and b∗ are the chromaticity coordinates; +a∗ is the red

direction, −a∗ the green direction, +b∗ the yellow direction, and −b∗ the blue

direction. In this color space, the color difference (∆E) is defined by Equation

4.1:14

∆E1−2 =
(

(L∗1 − L∗2)2 + (a∗1 − a∗2)2 + (b∗1 − b∗2)2
)0.5

(4.1)

The soil removal is represented by the Cleaning Performance Index (CPI),

which is defined by

CPI =

[
1− ∆Ewashed−unsolied

∆Esoiled−unsolied

]
.100 (4.2)

The test monitors were presoaked for 5 or 15 minutes in the surfactant

formulation and then put inside the washing machine and cleaned in liquid

CO2. The results obtained using the Igepal formulations as pretreatment were

compared with results obtained in CO2 without any additive.

4.5 Results and Discussion

Part of the phase behaviour of the surfactant/n-hexane/water mixtures is

shown in the phase diagram in Figure 4.4. In n-heptane the surfactant Igepal

CA520 forms lamellar liquid crystalline phases with the addition of water.19

Since n-hexane has only one CH2 group less than heptane, phase diagram of

Igepal CA520/n-hexane/water was expected to be similar. Several mixtures

of n-hexane and Igepal CA520 of various weight ratios were prepared to which

different amounts of water were added. Subsequently, the mixtures were well

stirred and equilibrated.

From Figure 4.4 it is apparent that the phase behaviour is sensitive to the

water content. At high surfactant-to-hexane weight ratios (30/70 to 70/30)

and at 10 - 15 % (w/w) water, the phase is isotropic and oil continuous,

denoted usually by L2 or sometimes also as µE2 (microemulsion of type 2),19

and remains in equilibrium with the free surfactant monomer in n-hexane.
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Figure 4.4: Ternary phase diagram of Igepal CA520, n-hexane and water at 298 K
as partially explored by polarised optical microscopy. Points represent the investigated
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indicates phase separated compositions of L2 and some phase of undetermined struc-
ture, grey indicates phase separated compositions of µE1 and some other unidentified
phase, and black refers to a viscous isotropic monophasic composition of undetermined
structure. The dashed lines indicate approximate phase boundaries.

The Igepal CA520 headgroup consists of five EO groups and has an ap-

proximate area20 of 0.43 nm2. The length of the hydrophobic tail is ∼ 0.8

nm, as estimated from a molecular mechanics simulation. This corresponds

to a tail volume of ∼ 0.51 nm3, leading to a packing parameter of ∼ 1.5. A

packing parameter > 1 indicates that the surfactants promote the formation

of reversed water-in-oil systems. The oxyethylene chains of the surfactants

can form hydrogen bonds with water and remain hydrated.21 Hence, the

formation of reverse surfactant aggregates in an oil continuous phase is en-

thalpy driven.22 In the present system, the L2 phase is a W/O microemulsion

but since the structure of reverse micelles is not as well characterized as for

normal micelles, it is better to denote this phase as oil continuous isotropic

phase. Once the water uptake capacity inside the reverse micelles is exceeded,

addition of more water causes the isotropic phase to rearrange into liquid

crystalline mesophases. This transition gives rise to a coexistence region of

liquid-crystalline phase with the oil-continuous isotropic phase. Upon passing
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through the co-existence region, more liquid crystals are formed as the water

fraction in the samples is increased. In our system we have observed optical

textures under cross-polarized light, typical of lamellar liquid crystals (see Ap-

pendix Figure 4.10a). It must be noted that the identification of a particular

kind of liquid crystalline phase in our samples is solely based on the visual-

ization by polarised optical microscopy of its typical optical texture reported

in literature. For surfactant-to-oil ratios between 10/90 and 40/60 and water

contents between 20 and 40 %, a different microemulsion phase (µE1) in equi-

librium with some unidentified phase is seen. The former is a bicontinuous

microemulsion (see Appendix Figure 4.10b)), unlike the L2, as confirmed by

confocal microscopy (see Appendix, Figure 4.11c). In Figure 4.10b, the red

regions are oil continuous, while the black regions are continuous in water. In

contrast, the L2 (Appendix, Figure 4.10c) has smaller oil and water domains

(typical correlation length scales of ∼ 8 nm as seen by DLS). This clearly

shows that two different microemulsions are formed depending on the oil to

water ratios.

4.5.1 Reverse micelle size

The size of the reverse micelles was determined using dynamic light scattering.

We used a composition having a surfactant-to-hexane ratio of 50/50 (w/w) and

followed the increase of the size of the oil continuous surfactant mesophases

with increasing amount of water, which is shown in Figure 4.5.

At 0 % (w/w) water we observe a hydrodynamic radius of 7.8 nm and this

stays the same with the addition of water. It has been reported earlier that

with the addition of water, the cores of the reverse micelles swell with water.23

However, we did not observe any increase in the typical dimension (size) of the

mesophases upon adding water up to 20 % (w/w) water. This probably implies

that with the addition of water, the volume fraction of the reverse micelles

increases keeping the size of the individual mesophases constant. Lemyre et

al.24 found similar results for the Igepal CO520/cyclohexane/water system up

to 8 % (w/w) water concentration and with a surfactant concentration of 20 or

26 %. From the phase diagram (Figure 4.4) it can be seen that above ∼ 16%
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Figure 4.5: Hydrodynamic radius of the reverse micelles measured by DLS as a func-
tion of water content at 298 K; surfactant-to-hexane ratio 50/50 (w/w), data calcu-
lated using the refractive index and viscosity of n-hexane

.

water (w/w), the system undergoes a phase transition and a coexistence region

appears featuring lamellar phases and L2. Between 25 % and 30 % water the

system forms liquid crystal phases (Figure 4.4) and the size increase is due to

the formation of the larger aggregates with higher water content.

The state of the water inside the core of the reverse micelles is a subject of

argument as it can change depending on the amount of water inside the mi-

celles.25 The polar core can consist of swollen (hydrated by water) headgroups

or can have a separate water pool with or without impregnated hydrophilic

chains, as indicated by recent molecular dynamics simulations.21,25 Water

would form a separate (free) water pool if the radius of the core is larger than

twice the length of the oxyethylene chain.25

For Igepal CA520, the length of the hydrophilic chain is ∼ 0.9 nm, calcu-

lated from the length of one oxyethylene group, 0.18 nm.26 The hydrodynamic

radius (rDLS ) of the reverse micelles as measured by DLS is ∼ 8 nm (Figure

4.5). Since the length of the hydrophobic tail (lhphobe ) is ∼ 0.8 nm, the estim-
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Figure 4.6: Schematics of a spherical reverse micelle with various length scales. The
polar core contains surfactant headgroups and water molecules. Representations of
surfactant molecule, hexane and water are similar as in Figure 4.2.

ated radius of the core is ∼ 7.2 nm. This much larger radius than the length

of the oxyethylene chain implies that a large fraction of the water inside the

surfactant aggregates is free water, i.e. not associated with the EO headgroups

of the surfactants. A schematic representation of the reverse micelle is given

in Figure 4.6.

The existence of free water pools has also been proved using NMR.25,27

Lemyre et al.24 reported for the Igepal CO520/cyclohexane/water system that

the reverse micelles, which have a diameter of about 4 nm, contain more than

20 water molecules per surfactant molecule.

As mentioned earlier, the structure of the reverse micelles is not as well

understood as that of normal micelles. There has been speculation about the

configuration of the oxyethylene chains inside the core.21,24 Lemyre et al.24

have argued that the configurations of the polar chains are very much depend-

ent on the size of the aggregates: for small surfactant aggregates (at low water

content) the oxyethylene chains would be confined and not fully extended,

but as the water content is increased, the micelle size would increase and the
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surfactant headgroups would extend inside the hydrophilic core.24 Further in-

vestigation is needed before we can conclude whether any such transition from

a confined to a fully extended configuration of the oxyethylene chain occurs.

From the size of the reverse micelles, the aggregation number can be estimated

by a simple area-to-volume argument,24

N =
4π

3

(rDLS − lhphobe)
3(

VH2O,total/nsurf,inmicelles

)
+ Vsurf,hphile

(4.3)

where N is the aggregation number, rDLS is the hydrodynamic radius of

the micelles obtained by DLS, lhphobe is the effective length of the hydrophobic

tail of the surfactant, VH2O, total is the total volume of water, nsurf,in micelles

is the total number of surfactant molecules, and Vsurf,hphile is the volume of

the hydrophilic part of the surfactant molecule (Figure 4.6). The effective

length of the hydrophobic tail, lhphobe, depends on its conformation. For ex-

ample, for the case of polyoxyethylene(5)nonylphenyl ether (Igepal CO520),

the maximum length of a fully extended hydrophobic chain of the surfact-

ant24 has been reported to be 1.4 nm, whereas the effective length used for

the calculation of the micelle aggregation number was 1.35 nm, considering

the conformation possibilities at room temperature. In our case lhphobe is

∼ 0.84 nm which is the end-to-end distance of the hydrophobic tail calculated

by a molecular mechanics simulation. The value of the parameter Vsurf,hphile of

0.35 nm3/molecule, has been taken from the literature for polyoxyethylene (5)

nonylphenyl ether (Igepal CO520) which also has 5 EO groups.24 The aggreg-

ation number calculated using Equation (3) is around ∼ 4000 for compositions

having 0 to 10 % water (w/w). An aggregation number of the order of 100

has been reported for polyoxyethylene(5)nonylphenyl ether (Igepal CO520)24

in cyclohexane/water. The fact that we find a considerably larger aggregation

number indicates that formation of rod-like micelles might be favoured in con-

centrated systems such as ours, in which the surfactant concentration varies

between 28.5 and 38.6 % (v/v). An even simpler, rough estimation based on

a surfactant molecular area of 1 nm2 at the hexane-water interface shows that

the lowest estimate of the aggregation number would be 800-1000 for aggreg-
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ates of 8 nm size. In literature, molecular areas between 0.45 and 0.84 nm2

have been previously reported for linear surfactants. We assume a slightly

higher value than reported in literature, as our surfactant tail is branched and

therefore the molecule is likely to occupy a larger area at the oil-water inter-

face due to higher excluded volume interactions. In both cases the numbers of

surfactant molecules per reverse micelles are on the order of ∼ 1000. With the

addition of water the aggregates keep the same hydrodynamic radius (Figure

4.5), implying that the addition of water leads to an increase in the volume

fraction of the aggregates in the constant size zone. Addition of more water

beyond the constant size zone leads to a phase change forming larger liquid

crystal mesophases.

4.5.2 Viscosity as a function of water content

Figure 4.7a shows the effect of water on the viscosity of the composition hav-

ing a surfactant-to-hexane ratio of 50/50. An increase of bulk viscosity with

increasing water content is observed for all the samples. An interesting feature

96



4.5. Results and Discussion

is that the samples mostly exhibit Newtonian behavior beyond shear rates 0.1

s−1, while below this value their behavior is slightly non-Newtonian. This

could be due to the presence of very weak aggregates which are broken down

as the shear rate is increased. Newtonian behavior has been reported in liter-

ature26 for reverse micelles in the shear rate range of 0.1 to 100 s−1.

From Figure 4.7a, we got the Newtonian viscosities by taking the average of

the last 20 - 30 data points. The Newtonian viscosities (η) were divided by the

viscosity of pure hexane (η0) to get the relative viscosity (ηr) of the samples.

From the plot of the relative viscosity against the volume fraction of surfactant

and water (Figure 4.7b), it is evident that as the combined volume fraction

is increased from 0.39 to 0.51, the increase of viscosity is ∼ 13 times. The

increase of viscosity with increasing volume fraction of water and surfactant

correlates well with the phase diagram. At low water content, i.e. at 0 to

15 % (w/w) water (ϕ(s+w) = 0.38 to 0.45), reverse micelles (L2) are present,

while above 15 % water ( ϕ(s+w) > 0.45) lamellar phases (Lα) start to form.

Lα phases are more viscous than the L2 phases and hence the curve is drifting

upwards (Figure 4.7b). We compared the experimental viscosity data with

the curve predicted by the Krieger-Dougherty equation28 with the maximum

packing volume fraction ϕm = 0.51 and the intrinsic viscosity [η] = 4 as fitting

parameters. This maximum packing volume fraction is much smaller than the

random close packing volume fraction for hard spheres (i.e. 0.64). This may

have various causes, such as long range interactions, polydispersity, deviation

from spherical shape etc. For this system [η]ϕm ≈ 2, implies a quadratic

dependence28,29 of the suspension viscosity with the dispersed phase volume

fraction (η ∼ ϕ2
(s+w)).

The strong increase in viscosity with increasing amount of water is prom-

ising for the use of our formulation as a viscosity modifier for liquid CO2. As

mentioned in the introduction section, a viscosity enhancer is highly sought-

after for enhancing the mechanical action in liquid CO2 dry-cleaning. One

order of magnitude increase of viscosity by driving the system towards the

formation of lamellar liquid crystalline mesophases could turn out to be very

beneficial.
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4.5.3 Effect of the surfactant formulation on the adhesion force

The interaction forces between a model cellulose surface and a model soil

particle, silica, with or without surfactant, were quantified using colloidal

probe atomic force microscopy. The control for this experiment was n-hexane

saturated with water (∼ 0.01 %, w/w). The formulation chosen for this study

has a surfactant-to-hexane weight ratio of 40/60 and the water content was

varied between 20 and 25 % (w/w). These formulations have a lower viscosity

compared to the formulations with a surfactant-to-hexane ratio of 50/50 and

hence it was easy to fill the liquid cell of the AFM. This should however not

influence our results, since for both surfactant–to–hexane ratios Lα and L2 are

found at 20 or 25 % (w/w) water.

In case of the control, n-hexane plus water, the interaction force between

cellulose and silica is approximately 15 nN (Figure 4.8). In the presence of

the surfactant formulations, the force of adhesion was significantly reduced (to

about 0.5 nN). In case of the saturated n-hexane, the adhesion force may ori-

ginate from capillary bridge formation by water between cellulose and silica.18

When the two surfaces come at close distance, water may phase separate

between the surfaces and then the condensate grows in volume, resulting in a

large adhesion force.18 This effect is obviously not beneficial in dry-cleaning.
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In dry-cleaning industry water is often added to improve the ability to solu-

bilize polar soils.1 However, it has been reported by Roosmalen et al.14 that

above a certain amount, the presence of water is actually detrimental to the

detergency in liquid CO2. Our results show that the amount of water can be

increased to as high as 25 % (w/w) without increasing the force of adhesion: if

the water is trapped inside the mesophases, either inside the L2 or between the

head-groups of Lα (Figure 4.2 and Figure 4.6), it would have less probability

to form capillary bridges or result in weak capillary forces, yet this water can

be utilized to solubilize polar soils.

4.5.4 Dry-cleaning in liquid CO2 using the

Igepal CA520/n-hexane/water formulations

The cleaning performance using the surfactant formulations containing Igepal,

hexane and water as pretreatment agents is summarized in Figure 4.9. All

the compositions contain Igepal to n-hexane ratio of 50/50 (w/w) with 10 or

20 % (w/w) water. The cleaning performance index (CPI) using the Igepal

formulations is better irrespective of their water content than the control,

which was CO2 without the surfactant formulation (CPI 2.5 %). The best

cleaning performance of Igepal as a pre-treatment agent is 12 % (Figure 4.9).

Moreover, the cleaning performance index displays (pretreatment) time

dependence. For the 10 % water formulation we see that the higher the pre-

treatment time, the higher the CPI. However, for the formulation having a

dispersion of Lα in L2, the CPI of textiles treated for 5 minutes is higher than

those treated for 15 minutes. In addition, the CPI pertaining to the formula-

tion containing 10 % water and treated for 5 minutes is the same as that of

the formulation containing 20 % water and treated for 15 minutes. There is

no clear pattern emerging from these results indicating that the overall clean-

ing is a complex subject, and the parameter cleaning performance index is an

average of the effect of removal and redeposition involved in the process. The

maximum CPI obtained with PERC, which is the benchmark for dry-cleaning

industry, is 15 % for a particular soil and fabric combination. However, the

trial with PERC was conducted by a commercial dry-cleaner with Clip Com-
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Figure 4.9: Detergency results for the Igepal CA520/n-hexane/water formula-
tion(used as a pretreatment)in the pilot scale liquid CO2 setup. The surfactant-to-
hexane ratio was 50/50 (w/w). Soiled monitor: clay on polyester.

fort surfactant from Kreussler in a real dry-cleaning machine using different

hydrodynamic conditions. Hence such a comparison would always be crude

and highly approximate.

Here we mention that in observation cell experiments no enhancement of

turbidity was observed (data not shown) which means that the surfactant

formulation remains soluble in liquid CO2, even at a pressure as low as 45 -

60 bar.

4.6 Conclusions

In this chapter we proposed to exploit lamellar liquid crystalline phases of a

commercially available branched tail surfactant using n-hexane and water for

application in liquid CO2 dry-cleaning, to promote the release of particulate

soil. The approach adopted by us is unique as we have combined four different

concepts in one single formulation and have given the first proof of successful

deployment of a commercially available non-ionic surfactant in liquid CO2

dry-cleaning at a pressure as low as 45-60 bar.

It was shown that an Igepal CA520/n-hexane/water formulation in which
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lamellar mesophases Lα coexist in an L2 microemulsion phase, can bring a

detergency benefit for CO2 dry-cleaning. We adopted the route of forming a

lamellar liquid crystalline dispersion in n-hexane by using water as a liquid

crystal promoter. Lamellar liquid crystals have negligible curvature (packing

parameter ≈ 1) and hence their adsorption on a flat surface such as a fabric

should be more effective than that of reverse micelles. Our AFM force meas-

urements confirm the hypothesis that adsorption of surfactant mesophases on

fabric and soil decrease adhesion forces considerably, making soil removal much

easier.

In addition, the water in the Igepal formulation is mostly present as pools in

the surfactant aggregates, which can help removal of polar soil types. Further-

more, the presence of n–hexane could be beneficial, as claimed in literature for

heptanes. Addition of heptane has been shown to improve the solvent quality

of supercritical CO2 resulting in the formation of surfactant aggregates which

was otherwise impossible in only CO2 as a solvent.

Finally, the viscosity of the formulation is considerably higher (∼ 12 times)

compared to systems containing only the reverse micellar phase and hence it

may be used as a viscosity modifier for liquid CO2. A higher viscosity would

result in higher mechanical action which in turn can benefit the soil removal

process.

From observation cell experiments in which the formulation was mixed

with liquid CO2, it was found that the surfactant remains soluble under dry-

cleaning conditions. Our next step is to study the solubility of Igepal CA520 in

liquid CO2 and the formation of mesophases in this solvent with the addition

of water and n-hexane.
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Confocal microscopy: Phase analysis

Apart from using optical microscopy with cross polarizers, the phase behaviour

of the Igepal CA520/n-hexane/water system was investigated by confocal mi-

croscopy. The confocal microscope (Zeiss 200M Axiovert, LSMS exciter) had

an oil objective of magnification 100x and a laser of wavelength 633 nm. The

images and videos were analyzed by the software ZEN 2008. We used con-

focal microscopy for two purposes: (i) to distinguish between the two different

types of microemulsions that we observed in the phase behaviour, namely a

bicontinuous microemulsion (µE1) and a W/O microemulsion (L2) and (ii) to

confirm the formation of microemulsion phases by investigating their ability

to spontaneously phase invert or emulsify in contact with a large volume of

water.30 The samples were dyed with the oil soluble fluorescent dye Nile red.

To observe the phase inversion a Teflon ring of 1.6 cm internal diameter, fixed

on a glass slide, was filled with water. A tiny drop of the microemulsion was

carefully added to the water, and the subsequent process was observed using

the confocal microscope. The interfacial instability31 at the water-air interface

was monitored by taking a three minute long video.

Spontaneous emulsification

It is known that W/O microemulsions undergo spontaneous emulsification to

produce an O/W emulsion after the addition of an excess of water. This

inversion process is very often associated with convective instabilities at the

air-water interface due to the surface tension gradients (Marangoni effect)

and/or gravitational forces due to density differences.31–34 During the process,

many intermediate phases may be formed such as bicontinuous microemul-

sions, lamellar mesophases, and vesicles. Many such examples are reported in

literature mentioning the importance of the surfactant-to-co-surfactant ratio

and oil type.31 In our experiment, the sample having surfactant-to-hexane ra-
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Figure 4.10: (a) Lamellar Lα phase textures as seen in the composition of surfactant-
to-oil 50/50 (w/w) and 20% (w/w) water; crossed polarisers, magnification 100 x.
(b) Confocal microscope image of the microemulsion µE1, possible a bicontinuous
phase. The oil phase is dyed with Nile Red, the water continuous domains are black.
Magnification 20 x, aperture time 1.8 seconds. (c) Confocal microscope image of the
microemulsion L2, with smaller oil and water domains. The oil phase is dyed with
Nile Red, magnification 20x, aperture time 1.8 seconds.

tio 50/50 and 10 % (w/w) water (L2, Figure 4.10c) was brought into contact

with an excess water phase, and the subsequent process of phase transitions

was observed by confocal microscopy using an oil soluble dye, Nile red. We ob-

served a rapid mass transport through the interface, following a very dynamic

process of formation and breakdown of oil droplets. In our case the surfactant

has considerable solubility in both oil and water (HLB, hydrophilic lyophilic

balance,35 ≈ 10) and hence, when a phase rich in surfactant and oil comes

in contact with water, surfactant transport is bound to take place through

the oil-water interface causing a rapid motion in the underlying liquid. This

hydrodynamic instability (see Figure 4.11), possibly stems from the forma-

tion of a surface tension gradient across the interface as the microemulsion,

having ultralow oil-water interfacial tension, comes in contact with a pristine

water surface having a surface tension of ∼ 72.8 mN m−1. We also probed

the spontaneous phase inversion of the bicontinuous microemulsion (µE1),

and this showed similar phase transitions and hydrodynamic instability when

brought in contact with a large reservoir of water (data not shown). As a

control, we checked the spontaneous emulsifying ability of the liquid crystal

mesophase composition having a surfactant-to-hexane weight ratio of 70/30

and 40 % (w/w) water. This composition did not show interfacial instability

and hence it is concluded that the compositions that spontaneously emulsified

were indeed microemulsions.
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Figure 4.11: Confocal microscope images showing interfacial instability of the W/O
microemulsion immediately after coming into contact with an excess of water; the oil
and water phases have red and black colour respectively (a) t = 3.13 s. (b) t = 8.85 s:
the initial drop gets broken down into many tiny droplets. (c) t = 21 s. (d) t = 33.63
s: the small droplets come in contact due to the turbulence and coalesce to form very
large droplets. (e) t = 92 s: the droplets break down again and get interconnected by
strings of oil droplets. (f) t = 187 s: the process continues till the formation of the
oil in water emulsion.
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Chapter 5

Ternary Fluid Mixture Confined

Between Surfaces:

Surface-Induced Phase

Transition and Long-Range

Oscillatory Forces a

Surface forces between a soft cellulose surface and a hard silica particle were

measured in wet hexane with or without the addition of a surfactant. In the

absence of a surfactant, the adhesion force was enhanced as a result of capillary

condensation of water. The effect of the surfactant in reducing the adhesion

force with increasing water content in a ternary fluid mixture of a surfact-

ant, hexane, and water was systematically studied. Long-range oscillations

of the force-distance curves are discussed in the light of various mesophase

compositions in the bulk.

aThis chapter is based on: Soumi Banerjee, Pieter Mulder, J. Mieke Kleijn, and Martien.
A. Cohen Stuart, Chem. Lett., 2012, 41, 1113-1115.
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5.1 Introduction

Water is often used as an additive to enhance detergency for polar soils in

liquid-CO2 dry-cleaning. However, above a certain amount, the presence of

water is actually detrimental1,2 to detergency in liquid CO2. This is probably

a result of the formation of water capillary bridges,3 resulting in enhanced

adhesion forces between the fabric and soil surfaces. In one of our recent

papers on capillary condensation of water,3 we measured the adhesion force

between a hard silica particle (3 µm radius) and a soft cellulose layer (spin

coated, ∼ 100 nm thickness) in water-saturated hexane, using colloidal probe

atomic force microscopy (AFM). Hexane has a dielectric constant similar to

that of liquid CO2 and appears to be a suitable model solvent.

In this chapter, we show that surfactants can prevent water capillary bridge

formation and reduce the force to almost zero in a model apolar solvent. In

addition, we also show that depending on the mesophase composition, the

force-distance curves contain alternating attractive and repulsive domains,

probably originating from long- and short-range orientations of the surfact-

ant mesophases.

5.2 Materials and methods

A branched polyethoxylated nonionic surfactant (polyoxyethylene (5) isooc-

tylphenyl ether, average molecular weight 427 g mol−1), average number of

oxyethylene groups n = 5, Igepal CA520 (Sigma-Aldrich), was tested for its ef-

fectiveness in reducing enhanced adhesion in hexane/water systems. n-Hexane

(purity > 99 %, Sigma-Aldrich) was used as a solvent. Water used in all the

experiments was de-ionized with a resistance of 18.2 MΩ cm.

5.2.1 Polarising optical microscopy: phase analysis

The surfactant-to hexane ratio was kept constant at 40/60 (w/w), and varying

amounts of water were added to this mixture, i.e., 0, 20, and 25 % (w/w).

Weighed amounts of surfactant and n-hexane were added to glass containers
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and mixed by stirring for 10 minutes on a magnetic stirrer. Deionized water

were added to these mixtures and stirred for 15 minutes. For equilibration the

mixtures were kept in a shaker bath for two days at a constant temperature of

298 K. Glass containers were sealed with Teflon tape to prevent evaporation of

the volatile n-hexane. A polarising optical microscope (Olympus BX60) was

used to study the phase behaviour of the ternary system. The images were

collected using a camera (Olympus DP70) and processed with AnalySIS image

processing software. Liquid crystals are birefringent and have optical textures

that can be used for their identification under cross polarizers.4 In polarized

white light lamellar phases are birefringent and display Maltese cross textures.

The isotropic reverse micelles are non-birefringent and appear as black.

5.2.2 Preparation and characterization of cellulose coated silicon

wafers

Interaction force between a spin-coated cellulose layer on a silicon wafer and

a model particle (silica, 3 µm radius) was studied by AFM force measure-

ments. The silicon wafers were cut into small pieces of 0.5 cm × 2 cm and

were cleaned by sonicating in water and subsequently in ethanol, each for 15

minutes, and dried using N2 gas. The wafers were cleaned using a plasma

cleaner (Harrick Scientific Corp., model PDC-32G) for 10 minutes. To en-

sure a good anchorage between the silicon wafer and the cellulose layer, a

di-block copolymer layer of polystyrene-poly (4-vinylpyridine) (PS-P4VP, 100

ppm in chloroform) was deposited on the silicon wafer. The PVP blocks (hy-

drophilic) are bound to the wafer and free PS blocks (hydrophobic) remain

free for attachment with the cellulose. The cleaned wafers were dipped inside

the polymer solution for 30 minutes and then rinsed with fresh chloroform to

exclude any free polymer at the surface of the wafer, and dried with N2. The

spin-coating of the cellulose layer was done by following a standard procedure

described elsewhere.5 The thickness of the cellulose layers was measured using

an ellipsometer (Multiskop, Optel GBR) with an angle of incidence of 70 ◦ and

a laser wavelength of 632.8 nm. The optical model used for the measurement

consisted of four layers: silicon, SiO2, block copolymer (PS-P4VP), and cel-
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lulose. The thickness of the cellulose layer was found to be 97.5 ± 5.8 nm,

averaged over 11 different strips, measured at three different locations and

taking the literature value of 1.51 as the refractive index of cellulose.

5.2.3 Adhesion force measurements

Nanoscope IIIa Multimode atomic force microscope provided with a PicoForce

module (Bruker Corporation) and using a liquid cell was used to measure

interaction forces between a model cellulose surface (”fabric”) and a silica

particle (”soil”). A silica particle of 3 µm radius was glued to the AFM

tip (NP, Bruker Corporation) using a UV curable glue (Norland 61, Norland

products). After attaching the particle to the tip, the glue was cured for 10

minutes using an OmniCure LX300 LED lamp. The nominal spring constant of

the cantilevers for all the experiments was 0.06 N m−1, the velocity of approach

and retract was 2 µm s−1. More detail about the force measurements can be

found elsewhere.3 Prior to AFM force measurements between the cellulose

surface and the silica particle, the liquid cell was filled with the surfactant

formulation and the system was left to equilibrate for 30 min. The force

curves reported here correspond to a waiting time of 200 s at the surface.

5.3 Results and discussion

A typical example of the force-distance curve is shown in Figure 5.1 (repres-

ented by black circles). A surface waiting time of 200 s was applied, since

previously we found that the adhesion force increases over this time interval.3

The surfactant formulation without any water was isotropic oil continuous

(L2) and all the other formulations were lamellar phase (Lα) dispersions in an

L2 micellar phase6(Figure 5.2).

In the next section, we focus on the individual force-distance curves in the

presence of a surfactant (Figure 5.3). Although the adhesion force is signfic-

antly reduced in the presence of the surfactant mixtures, the force-distance

profiles still show a very weak attraction of ca. 1 nN at a distance between

30 and 160 nm. We think that this small attraction could be either caused
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Figure 5.1: Effect of L2 and Lα dispersion in L2 on the adhesion force between a
cellulose surface and a silica particle (retract curves after 200 s waiting time at the
surface). The curve with the filled symbols is for the case that no surfactant is present
and water only to the saturation limit in hexane. For the other curves the surfactant-
to-hexane ratio is 40/60 (w/w) and the amount of water was varied as indicated.

by wetting of the surfaces by the lamellar phases, followed by condensation of

water from the bulk7 (in addition to the water already present in Lα phases),

or the result of confinement induced transition of micelles (L2) to lamellar

(Lα) structures, followed by water condensation.

In either case, the process should give rise to a small attraction as a res-

ult of wetting of the surfaces and the low interfacial tension between water

and hexane in the presence of the surfactant. Wetting of the surfaces by

the lamellar phases is expected to be favourable as the packing of lamellar

mesophases would be better at any planar surface8 (Figure 5.4) compared to

mesophases for which the packing parameter differs from unity. A transition

of the condensed L3 phase, confined between two mica surfaces, to lamella-

like phases has been reported by Petrov et al. for AOT/brine/water and

C12E5/hexanol/water systems.8

In the case of the control, water-saturated n-hexane, the adhesion force

between cellulose and silica was ca. 15 nN (Figure 5.1). In the presence of the
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Figure 5.2: Ternary phase diagram of Igepal CA520, hexane and water at 25 ◦C
as partially explored by polarized optical microscopy. Points represent the investig-
ated compositions. The points with red crosses are the compositions for which force-
distance curves were recorded. The blue region indicates the coexistence of Lα and L2

phases, green indicates phase separated compositions of L2 and some phase of undeter-
mined structure, gray indicates phase separated compositions of µE1 and some other
unidentified phase, and black refers to a viscous isotropic monophasic composition
of undetermined structure. The dashed lines indicate approximate phase boundaries
based on optical microscopy observations alone. Reproduced from 6.

surfactant formulations, the force of adhesion was significantly reduced (ca.

0.5 nN). Figure 5.1 shows that the amount of water can be increased to as

high as 25 % (w/w) without increasing the adhesion force.

Petrov et al have argued that the interfacial tension between Lα and mica

is lower than that between L3 and mica, and it is the difference in surface free

energies that drives the L3 to Lα transition.8 Apart from the small attractive

force, the force-distance curves in Figure 5.3a (retract cycle) show oscillations

over an extremely long range (800 nm and beyond) for all samples containing

the surfactant, irrespective of the water content. Oscillations seen in the force-

distance curves during the approach cycle is shown in Figure 5.3b.

The oscillations might originate from the orientation and structuring of the

mesophases, not only at or near the surface, but also extending into the bulk.

Similar long-range structuring up to 800 nm in the bulk has been observed for
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Figure 5.3: (a)Effect of L2 and Lα dispersion in L2 on the adhesion force between
cellulose and silica. The numbers indicate the water content of the formulations (%
w/w), all with a surfactant-to-hexane ratio of 40/60 (w/w). For clarity the curves
for 20% and 25% water are shifted on the vertical axis by an offset of 2 nN and 4
nN, respectively. Waiting time at the surface was 200 s. (b) Force-distance curves
between a cellulose surface and silica particle recorded during the approach cycle. All
the compositions show oscillations over an extremely long range, irrespective of the
water content. The surfactant-to-hexane weight ratio is 40/60. The numbers indicate
the water content of the formulations. The curves for 20 % and 25 % water are shifted
on the vertical axis by an offset of 2 and 4 nN, respectively.

lamellar phases of the anionic surfactant AOT9 and for capillary condensation

of nematic liquid crystals.10 Since we also see such oscillations in the case

of the formulation containing only surfactant and hexane, i.e., with no water

(L2 phase), albeit of low amplitude, we hypothesize that confinement-induced

ordering in the bulk is also possible for L2 phases. Such ordering for phases

other than Lα, has been observed before for systems containing micelles of

nonionic surfactants.11

Another interesting feature of the force curves is that the adhesion force

is only visible during retraction of the sample, indicating that the process is

kinetically controlled,3 even though the interfacial tension is expected to be

low. In contrast to most of the existing literature, where the amplitudes of

oscillations have been found to decay exponentially,12 we do not observe any

such decay.

Moreover, with increasing water concentration, the amplitudes of oscil-
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Figure 5.4: Schematics of interactions between cellulose and silica through hexane,
each having an adsorbed lamellar phase of surfactant.

lations and wavelengths remain approximately the same. The oscillation

wavelengths have been correlated to the mesophase or particle number dens-

ities or to dimensions in the bulk.12,13 Moreover, the range of interactions

was found to increase with the volume fraction,12 whereas the wavelength de-

creased with a scaling exponent of -0.33. In our case, the volume fraction

of the mesophases is expected to increase with increasing water concentra-

tion,6,14 but any effect of the increasing volume fraction of the mesophases

was not apparent either in the wavelength or amplitude of the force-distance

curves. These differences show that there could be some other effect occurring

on top of the surface-induced structuring occurring in our system.

Our hypothesis is that as a result of the high amount of surfactant in

the system (30 - 40 %, w/w), during the motion of the sample to the tip,

the mesophases in the bulk are also compressed and pose resistance. This

phenomenon is manifested as oscillations during both the retraction (Figure

5.3a) and approach cycles (Figure 5.3b). These types of oscillations have

been theorized to originate from interaction forces between surfaces containing

lamellar phases in homeotropic alignment.9 During the approach cycle, the

system becomes strained and ejects solvent molecules, which are between the

confined spaces formed by the two approaching surfaces, to keep the layer

thickness constant. During the retraction cycle, solvent molecules are drawn

toward the expanding space.9

We believe that the small attractive force observed during retraction (shown

in more detail in Figure 5.5) could be caused by capillary condensation of a
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Figure 5.5: Detail of the force-distance profile for the composition containing a dis-
persion of lamellar phase in L2 corresponding to surfactant-to-oil ratio of 40/60 and
20 % water (w/w) as shown in Figures 5.2. Experimental data are shown as unfilled
triangles and the dashed line line is the fit according to Equation 5.1.

lamellar phase containing water from the Lα in L2 dispersion. The variation

in the capillary force with distance can be described by8

F = −4πRγ cos θ

(
1− d

2RK

)
(5.1)

where γ is the interfacial tension, R is the radius of the sphere, θ is the three-

phase contact angle, and RK is the Kelvin radius. The plot of Equation 5.1,

assuming complete wetting and with fitted parameters γ = 44 µN m−1 and

RK = 110 nm, is shown in Figure 5.5 (dashed line).

The fit describes the overall decrease in the attraction force with distance

quite well, and the fitted parameters seem reasonable. For example, the inter-

facial tension must be low between the lamellar and the surrounding dispersion

containing a mixture of reverse micelles, surfactant monomers, and L2 phase.

Hence, a value for γ of the order of 50 µN m−1 seems quite a reasonable value.

The value of 110 nm for RK corresponds to a saturated system (saturation of

the condensing phase in the continuous medium) with the fitted value for γ.
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We must point out here that at short distances such as lower than 50 nm,

the contribution of van der Waals forces cannot be ignored. However, to give

an estimate of the van der Waals forces between cellulose and silica coated

with a layer of surfactant mesophases, one would need exact values of several

Hamaker constants15 involved in the multibody interactions between a sphere

and a plate through a mixture of surfactant, hexane, and water. This situation

is quite complicated and no such attempt has been made here.

An estimate of the thickness of the surfactant layer (h, Figure 5.4) adsorbed

between the surfaces can be obtained from the approach curves (Figure 5.3b).

The repulsive force starts from a distance of 4 to 40 nm, so on each surface,

the thickness of the surfactant layer would be between 2 and 20 nm. This

thickness must correspond to a multilayer adsorption of the surfactant at the

silica-cellulose interface, considering the length of one surfactant molecule (1-2

nm).6 Such a thick layer should correspond to an adsorbed multilayer structure

like a lamellar phase, and cannot be the result of an adsorbed monolayer of

the surfactant monomer.

5.4 Conclusion

To conclude, we have shown that the force caused by capillary condensation of

water between solid surfaces in hexane can be minimized by using surfactants.

Long-range oscillatory forces extending up to 800 nm in the bulk are most

probably related to confinement-induced ordering of surfactant mesophases.

However, some additional mechanism could also be operational in an essen-

tially apolar system like ours, where the amplitudes of the oscillations were

not observed to decay as expected, and the wavelengths of the oscillations did

not seem to scale with the mesophase volume fraction in the bulk.

118



Bibliography

Bibliography

[1] S. Banerjee, S. Sutanto, J. M. Kleijn, M. J. E. van Roosmalen, G. J.
Witkamp, and M. A. Cohen Stuart. Colloidal Interactions in Liquid CO2

– a Dry-cleaning Perspective. Adv. Colloid Interface Sci., 175:11–24,
2012.

[2] M. J. E. van Roosmalen, G. F. Woerlee, and G. J. Witkamp. Dry-cleaning
with High-pressure Carbon Dioxide–the Influence of Process Conditions
and Various Co-solvents (Alcohols) on Cleaning-results. J. Supercrit.
Fluids.

[3] S. Banerjee, P. Mulder, J. M. Kleijn, and M. A. Cohen Stuart. Effect of
Surface Roughness and Softness on Water Capillary Adhesion in Apolar
Media. J. Phys. Chem. A, 116:6481–6488, 2012.

[4] G. J. T. Tiddy. Surfactant-water Liquid Crystal Phases. Phys. Rep.,
57:1–46, 1980.
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Chapter 6

Interfacial Tension and

Wettability in Water - CO2

Systems: Experiments and

Self-Consistent Field Modeling a

The chapter presents experimental and modelling results on water - CO2 in-

terfacial tension (IFT) together with wettability studies of water on both hy-

drophilic and hydrophobic surfaces immersed in CO2. CO2 - water interfacial

tension (IFT) measurements showed that the IFT decreased with increasing

pressure and the negative slopes of IFT - pressure isotherms decreased with

increasing temperature. Water contact angle on a cellulose surface (hydro-

philic) immersed in CO2 increased with pressure, whereas the water contact

angle on a hydrophobic surface such as hexamethyl disilazane (HMDS) coated

silicon surface was almost independent of pressure. These experimental find-

ings were augmented by modelling using the self-consistent field theory. The

theory applies the lattice discretization scheme of Scheutjens and Fleer, with

aThis chapter is published as: Soumi Banerjee,Eveline Hassenklöver, J. Mieke Kleijn,
Martien A. Cohen Stuart and Frans A. M. Leermakers, J. Phys. Chem. B 2013, 117,
8524-8535.

121



Chapter 6. Water - CO2 Biphasic System: Experiment and Modeling

a discretisation length close to the size of the molecules. In line with this we

have implemented a primitive molecular model, with just small variations in

the molar volume. The theory makes use of the Bragg-Williams approxima-

tion and has binary Flory-Huggins interaction parameters (FH) between CO2,

water and free volume. Using this model we generated the complete IFT - pres-

sure isotherms at various temperatures, which coincided well with the trends

reported in literature, that is, the water - CO2 interfacial tension decreased

with increasing pressure for pressures ≤ 100 bar and became independent of

pressure > 100 bar. The transition point occurred at higher pressures with in-

creasing temperature. At three-phase coexistence (water - CO2 - free volume)

and at the water - vapour interface (water - free volume) we always found the

CO2-phase in between the water-rich and free volume-rich phases. This means

that for the conditions studied, the water - vapour interface is always wet by

CO2 and there are no signs of a nearby wetting transition. Calculation of the

water contact angle on a solid surface was based on the computed adsorption

isotherms of water from a vapour or from a pressurised CO2-rich phase and

analysis of surface pressures at water - vapour or water - CO2 coexistence. The

results matched reasonably well with the experimental contact angle data. Be-

sides, we also computed the volume fraction profiles of the CO2, H2O and the

V phase, from which the preferential adsorption of CO2 near the hydrophilic

surface was deduced.

6.1 Introduction

Interfacial tension and wettability of water - CO2 (gaseous, liquid or supercrit-

ical) systems are important for many industrial processes, such as Geological

storage,1–3 dry-cleaning,4 oil recovery5 and fluid extractions.6 Hence it is ne-

cessary to understand the molecular origin of CO2 - water interfacial tension

(IFT), influence of pressure and temperature on IFT and contact angles. Sub-

ject to the temperature and pressure range, several interfaces such as gaseous

CO2 - liquid water, liquid CO2 - liquid water and supercritical CO2 - liquid

water come into play at the various stages of the above mentioned processes.
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Experimental CO2 - water IFT data, measured by various research groups1,7–13

and including the present study, show a decrease of IFT with pressure. Con-

tact angle measurements under similar conditions are rare,14 probably because

of the difficulty involved in the measurement, even though wetting plays a sig-

nificant role in all those above mentioned processes. This brings us to the

development of a molecular model for water - CO2 system to gain molecular

insight into the physics of the processes at one hand and on the other hand

deepen the insight about the interfacial properties of CO2/water systems cov-

ering the relevant pressure range.

To date there have been only a few attempts11,15–19 to predict the IFT

and thermodynamic properties of the CO2 - water interface and these are

mainly based on (n, P, T ) and (n, V, T ) molecular dynamics and Monte Carlo

simulations, in which the IFT is computed from integrating the difference

between the normal and tangential pressure components across the interface.

These simulations are still reasonably inexpensive (involving reasonable CPU

time) to compute a particular interfacial tension corresponding to a specific

pressure and temperature condition. However, prediction of IFT subject to a

large pressure range imposes long CPU time for a sufficiently large system size

(for a reasonable accuracy of the calculated IFT, a good system size would

consist of ≥ 106 molecules ). One issue is that the interface will fluctuate

in shape and in simulations it is expensive to allow for this. The interfacial

tension should incorporate these fluctuations. This feature of MD simulation

makes it even more unattractive to study systems consisting of more than

one interface such as the present system. This problem becomes more severe

for multicomponent systems, that is, systems that feature amphiphiles that

may self-assemble in CO2. In this study, we develop an alternative type of

modelling of such systems.

Following the work of van der Waals and Cahn and Hilliard,20 an equation

of state based model in combination with density gradient theory has been

employed recently to model CO2 - water2 and alkane systems.21 In this ap-

proach, the equation of state was employed to calculate the Helmholtz energy

of water - CO2 mixtures and using a so-called influence parameters coupled
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with the density gradients of the two components led to a reasonable fit of the

IFT data.2 However, it should be noted that since the influence parameters

were used as fitting parameters to match the experimental and the theoret-

ical IFT - P isotherms, this method potentially hides problems that should

be traced to the mean field approximation or the approximate models used.

The density gradient theory may be extended to account for more complicated

situations, but then this approach becomes definitely more involved.

In this chapter we focus on an even more primitive mean field model with

a regular solution based equation of state. More specifically we follow the self-

consistent field (SCF) theory making use of the lattice discretization scheme

of Scheutjens and Fleer (SF).22,23 In the model the molecules occupy an in-

teger number of lattice sites. The segments are freely jointed, which allows for

an efficient way of computing entropic contributions resulting from the many

possible configurations of the molecules on the lattice. We chose this approach

because it had been applied before to describe self-assembly of amphiphiles,

so it naturally fits in with our ambition to model, in a follow-up study, am-

phiphiles in water - CO2 systems. Here we focus on systems that do not yet

feature such amphiphiles. We haste to mention that our mean field approach

is subject to the same criticism as for the gradient theory mentioned above.

That is why we have not pushed the fitting to its limits.

Here we will show that the SF-SCF theory can be applied to systems that

have small molecules such as CO2 and water. Again, the lattice approximation

prevents an accurate account for the molecular details, which unavoidably

leads to a qualitative rather than quantitative description. Interfacial tensions

(captured in the grand potential per unit area of an interface) can be computed

in SCF by knowing the volume fractions, the complementary segment potential

profiles and all binary (Flory-Huggins) interaction parameters.24 The water

contact angle on a solid substrate can be extracted from the analysis of the

computed adsorption isotherms of water either from a CO2 - vapour phase, or

from a pressurized CO2 fluid, as explained in more detail below. One of the

goals of this paper is to find a set of interaction parameters, which for the CO2

- water - free volume system reproduces approximately the phase behaviour
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and the interfacial tensions. The same model is then carried further to study

the water contact angle in liquid CO2 (and in future will be used to study

surfactant self-assembly in these systems). Comparison with experimental

data will be informative about the physico-chemical behaviour of the mimicked

surfaces.

The chapter is organized in the following way: we first present the experi-

mental data of water - CO2 IFT and water contact angles on hydrophilic and

hydrophobic surfaces with respect to CO2 activity at pressures and temper-

atures relevant for the dry-cleaning process. This is followed by a description

of the SF-SCF theory, focussing on the (primitive) molecular model that is

used. The experimental and modeling results are presented together in such

a way that we consider systems with increasing complexity. Correspondence

to the experimental data has directed us to particular choices for the various

interaction parameters which we mostly motivate a postiori. As usual, at the

end of the paper we will summarise our conclusions.

6.2 Materials and methods

6.2.1 Preparation of cellulose and HMDS-modified silica surfaces

Silicon wafers (WaferNet) with a 3 nm surface oxide layer were cut into small

pieces of 0.5 cm × 2 cm using a diamond craft knife. The wafers were sonicated

in water and subsequently in ethanol, each for 15 minutes. After this the wafers

were cleaned using a plasma cleaner for 10 minutes and the cellulose layers

were spin-coated on the wafers and hydrolysed.25,26 After coating, the layers

were oven dried at 373 K for 1 hour and their thickness was measured using

an ellipsometer. The hydrophobic silica surfaces were prepared by exposing

silica surfaces to hexamethyldisilazane (HMDS) vapour in a desiccator for at

least 24 hours. Before closing the desiccator, nitrogen was purged to prevent

HMDS to react with the moisture present in the air. The modified strips were

washed with toluene, ethanol and acetone. The strips were finally dried using

nitrogen flow. The IRRAS spectrum of the modified and un-modified surfaces

are given in Figure 6.14 in the Appendix. The modified HMDS surface clearly
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contains methyl rich domains compared to the un-modified surface.

6.2.2 Measurement of Interfacial properties in liquid CO2

Water (deionized) - liquid CO2 (Westfalen Gas, purity 99.5 %) interfacial

tension and contact angle measurements were done using a high pressure view

cell having two transparent windows. A schematic of the instrument can be

found in reference.13 The interfacial tension and contact angles were measured

using the pendant drop and sessile drop methods respectively, where in the

former case a water drop was generated at the end of a steel capillary and in

the latter a water drop was placed on a solid surface of interest. In both cases

a CCD camera recorded the image of these drops and the analyses of drop

shapes were done using the DSA software (Kruss, GmbH). A description of

the pendant drop technique can be found in references.1,10

6.3 Theory

As mentioned in the introduction we used a mean field approach implement-

ing the lattice discretization scheme as proposed by Scheutjens and Fleer.22,23

More precisely we implemented a so-called lattice gas model, similar to regular

solution theory.27 On this lattice molecules are placed, which are composed of

(an integer number of) monomeric units called segments. A segment exactly

fits on one lattice site. Hence, both are characterised by a linear length a.

Degrees of freedom at length scale smaller than a are not taken into consider-

ation. In the lattice we recognise layers, numbered z = 1 · · ·M and each layer

has L sites. Formally L→∞, and fluctuations in composition within a lattice

layer are ignored (mean-field approximation). This allows us to normalize, e.g.

the free energy, by L and thus to focus on the free energy per unit area (that

is per a2) as the leading thermodynamic quantity. On the lattice there are two

molecular species: water (i = 1) and CO2 (i = 2) and there are unoccupied lat-

tice sites. Such a model may be referred to as a two-component compressible

model. It features chemical potentials µi for the molecular components and a

pressure P as the intensive parameters (on top of the entropy). It is possible
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to map this model onto a three-component incompressible model, wherein the

’free volume’ sites are interpreted as being composed of a new (monomeric)

species. In such a three component model the system is incompressible: all

lattice sites are occupied by either water (i = 1), CO2 (i = 2) or free volume

(j = 3). In this system we have three chemical potentials µ̃j , and the system

is incompressible as the volume is not a free variable. The calculations and

the presentation of the SF-SCF theory typically is done in the context of the

incompressible model, but below we will report the results in terms of the

compressible model. The mapping rules are:

µ1 ↔ µ̃1 −N1µ̃3 (6.1)

µ2 ↔ µ̃2 −N2µ̃3 (6.2)

Pa3 ↔ −µ̃3 (6.3)

where N1 is the number of lattice sites occupied by a single molecule water, and

N2 represents the molar volume (in lattice sites) for CO2, as will be elaborated

below.

Volume fractions, ϕi(z), are the natural concentration units of species i in

layer z. These are related to the actual number concentrations, c

ϕi(z) = ci(z)a
3 =

ni(z)

L
(6.4)

where ni(z) represents the number of monomers of type i in layer z. Typically

we use volume fractions and reserve the number of molecules of molecule i to

refer to the system, that is, ni ≡
∑

z ϕi(z)/Ni from which it is understood

that the number of molecules is normalised by L.

For bulk-phase behaviour we have implemented mirror-like boundary con-

ditions. This means that we impose

ϕi(0) = ϕi(1) (6.5)

ϕi(M + 1) = ϕi(M) (6.6)
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or in other words, we assume that there are no gradients in density across the

boundaries of the system.

In some of our calculations we are interested in the interaction of the

molecular species with a substrate. In this case we replace the boundary

condition at the lower bound by setting the volume fractions of all molecular

species equal to zero at layer z = 0. The substrate on the other hand will have

the volume fraction unity in layer z = 0.

6.4 Molecular detail

The molecular description of the three types of molecules is explained in Figure

6.1. Water is represented as a cluster of 5 segments,28 W5, with N1 = 5 to

take into account (admittedly very approximate) H-bonded interactions. The

architecture is such that one central W segment is (permanently) surrounded

by four neighbours. CO2 is represented as a dimer, D2, with N2 = 2 and the

free volume as a single entity, V1, with N3 = 1.

In our adsorption study, we impose the volume fraction of the solid phase

S as follows:

ϕS(z) =

{
1 z = 0

0 z > 0
(6.7)

At this stage it is good to mention that this molecular representation in-

herently brings in asymmetry in the system as the overall interactions are de-

termined by the individual and cross-interactions among three different types

of species, differing in segment numbers Ni as well as in architecture. The con-

formational degrees of freedom are evaluated by the freely jointed chain (FJC)

model29–31 as will be elaborated below, that is, where the SCF machinery is

outlined.

6.5 Interaction parameters

Interactions between CO2, water and free volume give rise to thermodynamic

properties of the system. These interactions are, for incompressible systems,
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z = 0 1 2 . . . . M

a

Figure 6.1: Two-dimensional representation of a lattice filled with three species: (i =
1) water, (filled grey �) represented as clustered pentamers, (i = 2) CO2 as dimer
(filled black �) and (i = 3), free volume as a monomeric unit (unfilled �). The lattice
parameter a is indicated.

conveniently specified by Flory-Huggins (FH) interaction parameters specified

on the segment level. More specifically for segments A and B by

χAB = χBA =
Z

2kBT
[2UAB − UAA − UBB] (6.8)

where Z is the lattice coordination number (Z = 6 for a cubic lattice), and

kBT the thermal energy. It is easily seen that the χ parameter is zero for like

contacts, that is χAA = 0. For J species in the incompressible system, we

need J × (J − 1)/2 different χ values to fully specify the interaction set. Note

that there are J reference values in this case.

In a compressible lattice gas model it is, arguably, more intuitive to choose

the interactions UAB as the natural parameters and take the interactions with

the free volume component to be zero. Then there are J − 1 molecular com-

ponents and thus it suffices again to specify ((J − 1)2 + (J − 1))/2 = J(J − 1)

different parameters. Indeed, we can ’translate’ the set of χ parameters (one-

to-one) into the set which takes the interactions with free volume to be zero.

As the SCF theory is most easily elaborated in the incompressible system, we

choose to report the corresponding FH-parameters.

In Table 6.1 we have summarized the parameters assigned to each unlike

(and like) interaction between the segments. We would like to stress that

with our model we focus more on understanding qualitative trends and mo-
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Table 6.1: Interaction parameters χ between various pairs at 313 K. Here D is the
monomer in CO2, W is the monomer in water, V is the empty site, Sc is the cellulose
and Sm is the HMDS-modified silica.

χ D W V Sc Sm

D 0 1.5 1.5 −3.6 −1.91

W 1.5 0 3.5 −4.5 −0.91

V 1.5 3.5 0 0 0

Sc −3.6 −4.5 0 0 -

Sm −1.91 −0.91 0 - 0

lecular mechanisms rather than exactly matching the experimental data. The

rationale behind the chosen values will be briefly elaborated.

From the Flory-Huggins theory one can find a critical χcr above which in

a system with two molecular components A and B, having a molar volume

NAa
3 and NBa

3, a solubility gap exists:

χcr
AB =

1

2

(
1√
NA

+
1√
NB

)2

(6.9)

Focussing on the parameters for D, W and V , we have to choose χDW , χDV

and χVW above their critical values, being 0.67, 1.46 and 1.05, respectively.

Even then, the question remains how far the chosen χ should be above the

χcr. We can make educated guesses. For example we know that water - free

volume is very far from critical and therefore we used a value of χVW = 3.5.

This value leads to a value of the water - vapour interfacial tension which is

close to the experimental one. Similar considerations apply for the other two

binary parameters. The CO2 - vapour is much closer, indeed relatively close

to critical and we settled for χDV = 1.5 accordingly. The value of χDW was

selected to reproduce the value of the interfacial tension between liquid CO2

and water. Interestingly this gave a value of 1.5. Inspection shows that this

value, even though numerically the same as for CO2 and V , it is reasonably

far from critical.
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So far we have discussed the selection of χ parameters for the CO2 - water

system. To describe the wetting phenomena on hydrophilic and hydrophobic

surfaces we need additional FH parameters. Our choices are also listed in Table

6.1. Basically because the surface component has a fixed and specified volume

fraction profile, one can select one species for which the surface interactions

can be set to zero. Other interactions are then counted with respect to this

reference. For obvious reasons we have chosen to assign the surface - free

volume interaction parameter to zero, leaving two χ parameters, i.e. surface -

CO2 and surface - water, to be specified.

Although data fitting was not intended, we succeeded in reproducing the

correct trends of the CO2 - water interfacial tension and water contact angles

as a function of pressure. We also attempted to understand the effect of

temperature on interfacial tension or contact angle. From comparison with

experimentally found trends, it was decided that parameters in Table 6.1 cor-

respond to T = 313 K. Unless mentioned otherwise, we use Eqn 6.8 to compute

the interactions parameters for other temperatures, implying that we have in-

terpreted the FH parameters as purely enthalpic in nature. This means that

with increasing temperature the interactions become less repulsive.

6.6 SCF equations

Formally, the SCF theory can be introduced by starting with an appropriate

free energy expression that can be written in terms of the volume fraction

profiles ϕi(z) and the complementary segment potential profiles ui(z). The

segment potential may be interpreted as the work needed (in units of kBT ) to

bring a segment form the bulk (where the potential is zero) to the coordinate z.

Optimising the free energy both with respect to the volume fractions and the

segment potentials leads to the mutually dependence of these two profiles: the

volume fractions can be computed from the potentials and vice versa. Clearly,

these two profiles should be consistent with each other and the self-consistent

field solution is found numerically by an iterative procedure. Here we do not

go into these details. Instead we state the resulting equations.
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The segment potentials uA, with A = D,W, V are given by

uA(z) = α(z) +
∑
B

χAB

(
〈ϕB(z)〉 − ϕbB

)
(6.10)

Here the summation over the segments B include the surface component (if

present). The volume fraction in the bulk is denoted by the super index b.

The angular brackets implement a three-layer average:

〈Ξ(z)〉 = (Ξ(z − 1) + Ξ(z) + Ξ(z + 1))/3 (6.11)

for some spatially dependent quantity Ξ(z).

Finally, the contribution α(z) originates from the incompressibility con-

straint ∑
i

ϕi(z) = 1 (6.12)

Physically, the value of α(z) specifies how much work it takes to generate

space for the segment to be located at coordinate z (again with respect to

that in the bulk). In practise, α was made more negative or less positive in an

iterative way when the sum of the volume fractions was less than unity and

the opposite when the volume fractions exceed unity.

The segment potentials are used in Boltzmann-like equations: defining the

weighting factor GA(z) = exp(−uA(z)), again for A = D,W, V . Physically

these weights specify the distribution of segments A if these are not connected

to other segments. Therefore, we name these weights ’free segment distribution

functions’. Accordingly, the distribution of free volume is found from

ϕV (z) = ϕbVGV (z) (6.13)

When the ϕbV is not known, it should be computed from the incompress-

ibility relation in the bulk ϕbV = 1− ϕbW − ϕbD.

The CO2 molecules are composed of two monomers that occupy neigh-

bouring lattice sites on the lattice. This correlation should be accounted for

in the evaluation of the volume fraction profile. The target is to compute the
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end-point distribution function GD(z, 2|1) as the statistical weight of finding

segment s = 2 in coordinate z provided that it is connected to segment s = 1.

We can compute this quantity by realising that the first segment can be either

in layer z − 1, z or z + 1. Averaging over these ”starting” positions we find

GD(z, 2|1) = GD(z)〈GD(z, 1|1)〉 (6.14)

GD(z, 1|1) = GD(z) (6.15)

where GD(z, 1|1) is the statistical weight of a ”walk” starting with segment s =

1 and ending with segment s = 1. As no steps are taken, we can substitute the

free segment distribution function GD(z, 1|1) = GD(z) as specified. We further

realise that the volume fraction distribution of segment s = 2 is proportional

to GD(z, 2|1)

ϕD(z, 2) = CDGD(z, 2|1) (6.16)

The total volume fraction of D should result from the sum of the distribution

of the first and second segment. Realising that for symmetry reasons the two

segments must have the same profile we find

ϕD(z) = 2ϕD(z, 2) = ϕbDϕD(z, 2) (6.17)

where we have used CA = ϕbA/NA which follows from the fact that the poten-

tials are normalised to zero in the bulk. When the bulk volume fraction ϕbD
is not known, we should know the θD =

∑
z ϕD(z) as an input quantity. We

can find a value for CD so that the summation over the profile gives θD.

The water molecules are seen as a star-like cluster of five W segments:

one central segments and four neighbours. Let us denote one of the exterior

segments as s = 1, the central segment as s = 2 and one other exterior segment

as s = 3. Now we have three end-point distribution functions which depend
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recursively on each other

GW (z, 3|1) = GW (z)〈GW (z, 2|1)3〉/GW (z)2 (6.18)

GW (z, 2|1) = GW (z)〈GW (z, 1|1)〉 (6.19)

GW (z, 1|1) = GW (z) (6.20)

The top equation implements the situation that one has to combine three

arms in the center in order to proceed to segment number 3. The division by

GW (z)2 corrects for double counting of the statistical weight for the middle

segment.

It is easily checked that for the star-like architecture the volume fraction

of W follow from

ϕW (z) = CW

(
4GW (z, 3|1) +

GW (z, 2|1)4

GW (z)3

)
(6.21)

where the first term within the brackets gives the combined contribution of the

four exterior segments and the second term is the one for the central segment.

Again CW = ϕbW /5, and when ϕbW is unknown, we do know the θW value and

find the value CW such that the profiles obeys to this.

6.7 Thermodynamic output parameters

6.7.1 Interfacial tension

The primary results of the SCF equations are the volume fraction profiles.

Then there are also the segment potentials. Using these we can accurately

evaluate the Helmholtz energy F of the system. Here our interest is in the

chemical potentials µ̃i of the molecules and the grand potential Ω = F −∑
i µ̃ini of the system, which uniquely follow from the Helmholtz energy. Note

that all these quantities are normalised by L, the number of lattice sites in

each layer.

The chemical potentials can conveniently be expressed using the volume

fractions in the bulk Φi ≡ ϕbi and the relation is known from the Flory-Huggins
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theory:

µ̃i − µ̃∗i
kBT

= ln Φi + 1−Ni

∑
j

Φj

Nj
− Ni

2

∑
A

∑
B

(ΦA − Φ∗Ai)χAB (ΦB − ΦBi
∗)

(6.22)

In this equation Φ∗Ai is the fraction of segments A of molecule i. As we only

have segments of one type in each molecule, this value is either unity (when

molecule i is composed of segments of type A) or zero (otherwise). Note

that the chemical potentials are defined with respect to a reference phase, for

which the pure phases (phases that are composed of only molecule i) are used.

It is customary to make the chemical potentials dimensionless, and thus we

implement µ̃i ≡
µ̃i−µ̃∗i
kBT

. We will do the same, that is normalise by kBT , with

the grand potential.

The grand potential can be written as Ω ≡ Ω
kBT

=
∑

z ω(z), with ω(z)

the dimensionless grand potential density (ω is equivalent with the difference

between (dimensionless) tangential and normal pressures):

ω(z) = −
∑
i

ϕi(z)− Φi

Ni
− α(z)− 1

2

′∑
A

′∑
B

χAB (ϕA(z)〈ϕB(z)〉 − ΦAΦB)

(6.23)

where the prime indicates that in the sum only the mobile species CO2, water

and V are included.

To obtain the interfacial tension γ from the dimensionless Ω, we use,

γ =
ΩkBT

a2
(6.24)

and the pressure is related, as mentioned already, from the dimensionless chem-

ical potential of the free volume component

P = − µ̃V kBT
a3

(6.25)

In order to calculate the IFT - pressure isotherm for a wide pressure range

covering both the gas and liquid, it is necessary to treat the two phases of CO2
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(gas and liquid) separately. For the lower pressure region of the isotherm we

started with a water - free volume interface and we varied the amount of CO2 in

the system, thereby changing the chemical potential of free volume, and hence

the pressure. To generate the liquid branch of the isotherm, P > Psat, we

considered the water - CO2 interface and varied the amount of free volume in

the system (and hence the pressure). The effect of temperature was captured

by varying the χ parameter of the system, as explained before (using Eqn 6.8).

6.7.2 Bulk phase behaviour

In the case of three components, water, CO2 and free volume (V ), we can

have either one homogeneous phase, three two-phase regions, or one three-

phase coexistence region. For a given set of interaction parameters one can

easily map out the phase diagram using the Flory-Huggins (dimensionless)

Helmholtz energy density:

f({Φ}) =
∑
i

Φi ln Φi

Ni
+

1

2

∑
A

∑
B

ΦAχABΦB (6.26)

For phase coexistence, we require that the chemical potentials should not

depend on the spatial coordinate. This means that for a given component the

chemical potential is the same in each phase. This criterion is typically used to

find the phase diagram. The compositions of coexisting phases fully specify all

the so-called binodal values, that is, the (homogeneous) concentrations (we will

use the notation ϕ#
i for this) of all components in all coexisting phases. Our

interest concerns interfacial tensions of the three interfaces, which correspond

to the three possible pairs of coexisting phases. These quantities do not follow

from the Flory-Huggins theory, so that we have to solve the SCF equations

to find them. Interestingly, we obtain as a bonus the bulk binodals, both for

any of the two-phase coexistences as well as for the three-phase coexistence

situation.
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6.7.3 Contact angle

When a macroscopic drop of one phase (liquid), surrounded by a bulk phase

(gas) is placed at a substrate (solid), we may consider two situations. Either

the liquid spreads along the surface and we have just two interfaces, namely

solid-liquid and liquid-gas, or the liquid remains as a drop and we have three

interfaces, a solid-gas, solid-liquid and liquid-gas. To maintain mechanical

equilibrium there is a finite contact angle of the drop, the value of which is

found from the Young equation. In the SCF theory we may study wetting

phenomena, and these are most easily studied using adsorption isotherms.

SF-SCF theory of adsorption

In this case we consider systems that have a substrate placed at z = 0 as

explained above. Here we focus on the adsorption of water onto the substrate.

The bulk phase is either a free volume rich phase or a CO2-rich phase. For

a given amount of water in the system we first generate the volume fraction

profiles (ϕ(z)) and from this compute the excess amount of molecules (Θexc
i ):

Θexc
i =

M∑
z=1

(
ϕi(z)− ϕbi

)
(6.27)

The excess number of molecules, nexc
i , can then be computed by,

nexc
i =

Θexc
i

Ni
(6.28)

Water adsorption isotherms are defined as adsorbed amounts Θexc
i as a func-

tion of the bulk volume fraction of water ϕbW . Of course, the bulk volume

fraction (bulk concentration) is limited by the bulk binodal. For water, we de-

note the bulk binodal by ϕ#
W , where in the context it should be clear whether

this is the saturation value in the free-volume rich phase or in the CO2 rich

phase.

To generate the adsorption isotherms of CO2 at the interface between the

water and free volume rich phase, a similar approach was applied. In this
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context we are interested in the quantity Θexc
CO2

. From Θexc
CO2

it is possible to

calculate the surface excess concentration of CO2 by imagining a mathematical

plane of zero thickness, known as the Gibbs plane (zGibbs) having a zero solvent

(in the present case W ) excess concentration.

zGibbs =
Θexc
W

ϕW (1)− ϕW (M)
(6.29)

The excess concentration of any solute (i) can then be found by,

Γi =
Θexc
i − zGibbs (ϕi(1)− ϕi(M))

Ni
(6.30)

6.7.4 Thermodynamics: Wetting and adsorption

It should be understood that for each value of the excess adsorbed amount

we also have an accurate value for the grand potential in the system. This

applies to all points of the adsorption isotherm of water on a solid substrate.

Informative for wetting studies is the dependence of Ω on ϕbW , or even better

µ̃W . Let us first consider Ω(ϕ#
W ), that is the grand potential for the situation

that the water component is at bulk coexistence. It turns out that when there

is just one value for Ω(ϕ#
W ), the surface is wet by water ( a macroscopic layer

of the adsorbing compound is present on the surface) and when there are two

distinct values, we are dealing with partial wetting. We will refer to the value

of Ω(ϕ#
W ) for the case that Θexc

W is small with Ω(thin) and for the value of

Ω(ϕ#
W ) in the limit of Θexc

W →∞ by Ω(thick).

Following Young’s equation one can write for a solid (S) - water (L) -

vapour (V ) system,

cos θ =
γSV − γSL

γLV
(6.31)

where, θ is the contact angle and γSV is the interfacial tension of the solid with

a thinly adsorbed water film formed at the water saturated vapour pressure,

and (γSL is the interfacial tension for the solid-water interface under the same

conditions. Finally, γLV is the interfacial tension between water and vapour

(which contains CO2). Realising that Ω(thin) = γSV and Ω(thick) = γSL +
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Figure 6.2: (a) Experimental Water - CO2 interfacial tension as a function of pres-
sure at three different temperatures. The lines are guides to the eyes. (b) time de-
pendence of interfacial tension at different combinations of pressure and temperature,
showing equilibration is reached within 200 s.

γLV , we can write

cos θ =
Ω(thin)− Ω(thick)

γLV
+ 1 (6.32)

The difference between the grand potential values of the thin and thick layer

divided by the dimensionless interfacial tension of the water - CO2 yields (cos θ

- 1). From this it is trivial to extract a value for the contact angle. In this

particular case the solid surface corresponds to either cellulose (hydrophilic)

or HMDS (hydrophobic) modified silica surface.

6.8 Results and discussion

6.8.1 Interfacial tension

Experimental interfacial tension (γ) as a function of pressure (P ) for water -

free volume (V ) systems in which CO2 molecules are dispersed at 283 K, 298

K and 313 K are shown in Figure 6.2a. The interfacial tension (γ) decreases

with increasing P for all temperatures. The slope of the γ versus P isotherms

increases with decreasing temperature. The temperature and pressure ranges
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are selected as per the requirements of dry-cleaning and to the best of our

knowledge data in the literature pertaining to these conditions are either not

available or sparse. Here we corrected our data by taking into account the

pure CO2 and CO2 saturated water densities. The densities of the CO2 rich

and CO2 saturated water rich phases at the experimental pressures and tem-

peratures were calculated using the equation of state of Span and Wagner32

and equations (3) and (4) in reference.33 The use of pure density instead of the

water saturated one for the CO2 rich phase is justified because of the extremely

low solubility of water in CO2.33,34 On the contrary the solubility of CO2 in

the water phase is significant, ∼ 3 - 5.5 % at our measurement conditions,35

the density of the water phase is higher in the presence of CO2. Moreover, the

increase in water density was found to be higher in contact with gaseous CO2

as opposed to the liquid CO2.33 There are many research papers dedicated to

the effect of density corrections (pure phase densities versus saturated phase

densities) on the IFT values of water - CO2 mixtures. Recently it has been

concluded that the use of pure phase densities leads to > 10 % error in the

measured IFT values above 200 bar and below 343 K.3 Although we measured

water - CO2 IFT at pressures well below 200 bar we still corrected our data

with the saturated phase densities of the water rich phase. The time required

for the water drop to saturate with CO2 is a subject of debate in literature.3

The effect of equilibration time on the water - CO2 IFT values has been ad-

dressed by Bikkina et al.,7 who had equilibrated a water drop in CO2 for ∼ 24

hours. However, the IFT reached its equilibrium value within 200 s,7,9 similar

to our findings as shown in Figure 6.2b. Coming back to the results of Figure

6.2a, we will, in this section, delineate the molecular phenomena responsible

for the decrease with γ in P . In order to do that we first look at the volume

fraction profiles of W , V or/ and D over the interfaces in the WV , DV and

WVD systems. These are shown in Figure 6.3a, 6.3b and 6.3c respectively.

We see from Figure 6.3a and 6.3b that the W − V interface is sharper as op-

posed to the D−V interface, consistent with γH2O−V � γCO2−V. The volume

fraction profiles of the phases at three phase co-existence is shown in Figure

6.3c. In this figure we see three phases and two interfaces. On the left there
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Figure 6.3: (a) Volume fractions of water and free volume across the binary water -
free volume interface. (b) Volume fraction of CO2 and free volume across the binary
CO2 - free volume interface. (c) Volume fraction profiles of water, free volume and
CO2 at three phase co-existence. The free-volume (V )-rich phase is on the left, the
CO2 rich phase is around z ≈ 100 and the water-rich phase is on the right. The
z-values on the x-axis are arbitrary.

is the V -rich phase, on the right there is the water-rich phase and in between

there is the CO2 phase. We would like to draw the attention to the excess

CO2 adsorption, which shows up at the interface between water and CO2. The

bulk binodal values of the respective components can be read from the ϕ(z)

profiles, in particular, sufficiently far away from the interfaces, e.g. at layers

z = 0, 150 and 300 (Figure 6.3c). These densities are summarised in Table

6.2. As can be seen from Table 6.2 the amount of free volume in the CO2-rich

phase is 0.436, which is much higher than that in H2O (0.016). Moreover,

Table 6.2: Bulk binodal values of CO2, water and free volume vapour in each phase
at 313 K for the system in three-phase coexistence. The phases rich in CO2, water
and V are labelled as CO2, H2O and V , respectively.

ϕ#
CO2

ϕ#
H2O ϕ#

V

CO2 0.563 0.0005 0.436

H2O 0.023 0.961 0.016

V 0.274 4.26× 10−5 0.725
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Figure 6.4: Gibbs excess of CO2 at the water - V interface for the default χ para-
meters, i.e. χDV = 1.5, χWD = 1.5 and χWV = 3.5, showing a macroscopic thick
layer of CO2 between water - vapour interface consistent with complete wetting of the
water - vapour interface by CO2.

the amount of CO2 in H2O is 0.023, which is two orders of magnitude higher

than the amount of H2O in CO2 (0.0005). Qualitatively these results were

anticipated.

The CO2 - water interfacial tension is high and this triggers adsorption of

CO2 (reduction of free volume) as can be seen from Figure 6.3c. The much

lower interfacial tension of the CO2 - vapour interface leads to no clear excess

of CO2 (Figure 6.3a). As long as γH2O−V < γH2O−CO2 + γCO2−V the excess

of CO2 remains finite and macroscopically one can have three interfaces in

the system (namely between water and V , water and CO2, and CO2 and V .

However, in the limit of γH2O−V → γH2O−CO2 + γCO2−V a wetting transition

occurs from whereon a macroscopically thick wetting layer of CO2 appears

between the water and vapour. In this case it is impossible to find a water-

vapour interface. In our model we can easily find a CO2 film in between the

water and vapour as is shown in Figure 6.3c. To judge the thermodynamic

stability of such a CO2 film we need to inspect adsorption isotherms of CO2 at

the water - vapour interface corresponding to the χ parameter set described

in Table 6.1. The adsorption isotherm shown in Figure 6.4 indicates that at

coexistence there is indeed a macroscopic (thick) wetting layer of CO2 at the

water - vapour interface. The shape of the adsorption isotherm corresponds
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Figure 6.5: (a) Volume fraction profile of CO2 across the water - V interface at 283
K and different pressures as indicated showing a Gibbs excess of CO2 at the interface
(b) Volume fraction of CO2 at 283, 298 and 313 K at a fixed pressure of 140 bar at
the water - CO2 interface. The excess is calculated with respect to the Gibbs dividing
plane, which is at ∆z = 0, ∆z being z − zGibbs.

to the complete wetting regime.36 This indicates that there are no nearby

wetting transitions, consistent with the fact that the CO2 - V system is not

too far from the critical point.36

It is of interest to focus briefly on the surface excess of CO2 (D) at the

W − V or W −D − V interfaces shown in Figures 6.5a and 6.5b. Figure 6.5a

was computed by starting with the W − V system and fixing the ϕbCO2
in the

water phase corresponding to the pressure and temperature conditions stated

in the figure. To generate Figure 6.5b we started with a W − D interface

and fixed the ϕbV in water at values corresponding to 140 bar and 283 K,

298 K and 313 K. We see from Figure 6.5a that with increasing pressure,

the Gibbs excess of CO2 increases, even for ϕCO2 � ϕbCO2
. Upon reaching

the saturation condition and thereby having a three-phase coexistence, CO2

continues to accumulate at the H2O - V interface at all the three temperatures

as indicated in Figure 6.5.

The accumulation of CO2 at the water - vapour interface is responsible for

the decrease of γH2O−V with increasing pressure. The calculated interfacial

tension between CO2 and W with increasing CO2 activity or P is shown in

Figure 6.6. The value of ”a”, the lattice parameter, as explained in Figure
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Figure 6.6: Comparison between experimental γwater−CO2 data and theory at 283, 298
and 313 K. The squares represent the present experimental works at 283 K (filled), 298
K (unfilled) and 313 K (half filled) respectively. The cross and plus legends represent
data from literatures at 298 K and 313 K respectively.1 The curves are the interfacial
tension obtained from SF-SCF modeling.

6.1, has been chosen as 2.7 Å, to convert the grand potential (Ω) and chem-

ical potential (µ) to interfacial tension (γ) and pressure (P ) respectively (see

equations 6.24 and 6.25. For comparison, we overlay in Figure 6.6 the experi-

mental γ values from our work and those obtained by other groups.1 Not all

our measured data points can be compared with literature (as the pressure

and temperature ranges at which the experiments were performed were quite

different), nevertheless, for some of the data points (e.g., for 298 K and 313

K), there is reasonable agreement between our measurements and results of

Georgiadis et al.

Figure 6.6 illustrates reasonable semi-quantitative match between experi-

mental and theoretical water - CO2 interfacial tensions at three different tem-

peratures. Although we can predict γ values for the whole pressure range we

only show results up to 500 bar as the γ - P isotherms do not change much

above 500 bar. With our simple mean field model all the established trends,

such as the increasing slope of the γ - P isotherms with decreasing temper-

ature and the shifting of the gas-liquid transition point (vapour pressure of

CO2) to higher pressures with increasing temperature, could be reproduced

quite well even though no detailed data fitting regarding the χ parameters has
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been attempted.
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Figure 6.7: Comparison between experiment and modelling for water contact angle
variation with pressure on cellulose (hydrophilic) and HMDS (hydrophobic) surfaces
immersed in CO2. The lines represent experimental contact angles. The filled black
circles represent experimental data for cellulose at 283 K, the unfilled circles indicate
experiments at 298 K, the filled and unfilled squares represent theoretical water con-
tact angle calculated by SF-SCF theory for cellulose at 283 and 298 K respectively.
Filled and unfilled triangles correspond to experimental water contact angle on HMDS
surface at 283 and 298 K respectively. Unfilled diamond and half filled squares indic-
ate theoretical water contact angle values on HMDS surface calculated using SF-SCF
theory at 283 and 298 K respectively.

6.8.2 Contact angle

Water contact angles on a hydrophilic cellulose surface immersed in CO2 were

experimentally determined as a function of pressure at 283 and 298 K (Figure

(6.7). With increasing pressure, the contact angle increases at both temper-

atures indicating partial wetting of the water drop on cellulose.

The reason for the partial wetting could be related to the adsorption of CO2

onto the surface-OH (hydroxyl) groups of cellulose, thereby making the surface

more hydrophobic. Similar partial wetting by water was observed on glass

surfaces immersed in CO2.14 If this is indeed the reason, then pre-capping of

the -OH groups of hydrophilic surfaces by some alkylsilane group should result

in a constant contact angle as a function of CO2 pressure. This hypothesis

was tested by measuring the water contact angle on an HMDS modified silica
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Figure 6.8: Water drop on a cellulose surface surrounded by CO2. Arrows show
Young’s construction of energy balance at the three-phase contact point.

surface surrounded by CO2. The results are also shown in Figure 6.7. Indeed

no change in contact angle was noted with increasing pressure, thus verifying

our hypothesis.

It is well-known that Young’s equation relates the contact angle to the

respective interfacial free energies (see Figure 6.8), as given in Eqn 6.31 :

From Figure 6.2 it can be seen that γCO2−H2O decreases with pressure, and

provided the difference γcellulose−CO2−γcellulose−H2O remains constant, θ should

decrease. From our data in Figure 6.7 we see the opposite trend, that is, with

increasing pressure, θ increases. So, the difference γcellulose−CO2−γcellulose−H2O

should also be pressure dependent and this we investigated by the SF-SCF

theory again as presented below.

To understand the wetting characteristics of a water drop on a solid surface

in CO2 we resort to SF-SCF theory again. Modelling of contact angles requires

three additional FH parameters and these are also documented in Table 6.1. In

this case the short range interactions with respect to the surface are attractive

and defined with respect to the surface - V interaction, which was set (without

loss of generality) to zero. Again we apply a flat geometry and perform a one-
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Figure 6.9: Calculated adsorption isotherms of water molecules on (a) cellulose and
(b) HMDS surfaces immersed in CO2 containing vapour phase at different pressures
and temperatures as a function of its relative chemical potential. The shaded regions
indicate partial wetting of cellulose surface by the water drop as the area r1 < r2

37

(inset, 40 bar 283 K).

gradient calculation to generate the adsorption isotherms (Figures 6.9a and

6.9b), plotting the excess amount of water on the cellulose surface as a function

of the chemical potential of water. The small oscillations in the isotherms are

due to lattice artefacts.38 Fortunately the oscillations are small and do not

obstruct a systematic analysis.

From the adsorption isotherms it is clear that we are dealing with partial

wetting, as the isotherm crosses the saturation axis at a finite (intersection

between the isotherm and the saturation axis, solid black line in Figure 6.9)

adsorbed amount, corresponding to a thin film in equilibrium with a macro-

scopically thick adsorbed film.37 Moreover, the shaded areas r1 and r2 satisfy

r1 < r2, Figure 6.9a (inset), which also indicates that we are dealing with par-

tial wetting of the cellulose surface by the water drop.37 Inspection of Figure

6.9 reveals that a thin (corresponding to Ω(thin)) and a thick film (correspond-

ing to Ω(thick)) co-exist at equilibrium owing to the same chemical potential

(µH2O). This makes it imperative that the interface is curved, implying that

it exists at the three- phase contact. To extract the contact angle from these

isotherms we re-plot the graph as grand potential (Ω, normalised interfacial

tension) versus chemical potential. The contact angle can be calculated as
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Figure 6.11: Calculated volume fraction profiles of H2O near (a) cellulose and (b)
HMDS surfaces corresponding to a microscopic water film (ΘH2O = 1.0× 10−5).

according to Eqn 6.32.

To model the effect of temperature on contact angle, the χ parameters can

be changed as explained before. Assuming that the FH parameters are en-

thalpic in nature, their absolute values would decrease with temperature (Eqn

6.8). Such a scaling could explain the experimental trends of higher contact

angles at lower temperature and the pressure dependence of θ for both sur-

faces. The modelling data are shown in Figure 6.7. Again we could reproduce

the qualitative trends of increase of θ with pressure for the hydrophilic cellulose

surface and the invariance of θ with increasing pressure for the hydrophobic
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Figure 6.13: Calculated volume fraction profiles of H2O near (a) cellulose and (b)
HMDS surfaces corresponding to a macroscopic water film (ΘH2O = 20).

HMDS surface.

Molecular-level information on how the molecules accumulate at the inter-

face is available in the form of density (volume fraction) profiles of CO2, H2O

and V for various amounts of water in the system. A selection of these profiles

is depicted in Figures 6.10, 6.11, 6.12 and 6.13.

From each of the adsorption isotherms shown in Figure 6.9, two ΘH2O

values were selected namely corresponding to the thin (ΘH2O = 1.0 × 10−5,

Figures 6.10 and 6.11) and thick film ( ΘH2O = 20, Figures 6.12 and 6.13) con-

ditions. In these figures the volume fraction profiles of the three components
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are given as a function of the distance from the surfaces.

Cellulose shows a stronger affinity for CO2 (Figure 6.10a) as opposed to the

HMDS surface (Figure 6.10b), whereas the opposite is noticed for the V phase.

This can be explained from the difference in surface energies between cellulose

and HMDS modified silica surfaces. HMDS being much more hydrophobic

(water contact angle on HMDS modified silica is ∼ 90◦ compared to ∼ 30−40◦

on the cellulose surface) has a stronger affinity for the V phase, whereas,

cellulose having free-OH groups on the surface is capable of capturing CO2

and thereby minimizing the free energy of the system for not having to expose

its hydrophilic-OH groups to the V phase. Note that in the SCF model the

presence of -OH groups is not directly modelled but is effectively incorporated

by the FH interaction parameters.

The affinity of the cellulose surface for the CO2 phase arguably also ex-

plains the increase of contact angle with increasing pressure. As the concentra-

tion of CO2 in the V phase increases, the surface becomes even more covered

with CO2, making the water drop to retract from the surface (dewetting).

Water volume fraction profiles for the cellulose and HMDS surfaces are shown

in Figure 6.11a and 6.11b respectively at ΘH2O = 1.0× 10−5. Even at such a

low water amount, the volume fraction of water near the cellulose surface is

three orders of magnitude higher than that of the HMDS surface.

With an increased amount of water in the system (ΘH2O = 20, which

corresponds to ϕbW ≈ ϕ#
W ), condensation of the water film has taken place

on the surface, which is evident from the volume fraction profiles of water on

both cellulose and HMDS surfaces as displayed in Figure 6.13. Here we focus

on the profile near the solid phase, (small values of z), because the fluid -

fluid interface (between z = 20 & 25 (see Figure 6.12b) far from the surface is

identical to the free water - CO2 interface discussed before (see Figure 6.5a).

Interestingly we see that the volume fraction of water decreases somewhat near

the surface in favour of an increase of the free volume and CO2 densities. This

is completely in line with the finite contact angles. The higher the contact

angle, the more the depletion of water and the enrichment of V and CO2.
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6.9 Conclusions

Measurement of water - vapour interfacial tension with dispersed CO2 in the

vapour phase show that the IFT decreases with increasing pressure. Moreover,

the negative slope of the IFT - P isotherm decreases with increasing temper-

ature. These experimental findings stimulated us to model such a three-phase

system to improve our molecular insight in the processes involved. We in-

voked a simple mean-field based approach and showed that a molecular coarse

grained model based on SCF theory is sufficient for in-depth understanding of

such a complex system. The SCF approach is simpler and arguably preferable

over equation-of-state based models, and computationally orders of magnitude

less expensive than molecular dynamics simulations.

We could semi-quantitatively reproduce the experimental water - V in-

terfacial tension at 283 K, 298 K and 313 K with dispersed CO2 phase by

incorporating suitable FH parameters into the model. Our modelling results

point towards the presence of a surface excess of CO2 at both the H2O - V

interface and at the three phase co-existence region. The adsorption isotherms

of CO2 point towards the existence of a wetting film of CO2 at the W - V

interface for all the conditions. The trends in the water contact angle on

cellulose and HMDS surfaces were also successfully modelled and the volume

fraction profiles of all the three phases near the surfaces and at bulk were con-

structed, which show that the hydrophilic cellulose surface irrespective of the

water amount in the system, prefers to have CO2 molecule on its surface over

the free volume phase. This phenomenon could be responsible for the increase

of contact angle of water with increasing pressure on the cellulose surface.

In the next chapter we will extend this type of mean field model towards

the understanding of phase behaviour of CO2 soluble surfactants in multi

component systems.
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Figure 6.14: IRRAS spectrum of the HMDS-modified and unmodified Si surfaces.

Apart from the water contact angle measurements on the modified and un-

modified surfaces, we have verified spectroscopically the modification of the

Si wafer by HMDS. The technique employed is Infra-red reflection absorption

spectroscopy (IRRAS). We measured the intensity of the reflected infra-red

light on the modified and unmodified surface using IRRAS (Bruker TENSOR

27) equipped with a Harrick Auto SeaguIITM sample holder and a MCT

(mercury, cadmium, telluride) detector. The software used was Auto SeaguII

Pro v1.50. The p-polarized spectra were recorded at a mirror angle of 68 ◦.

We collected 2048 scans at a resolution of 4 cm−1. The spectra were analyzed

using the Opus 6.5 software. The final spectra were background subtracted

using the IRRAS spectrum of a HF (2 % for 5 min) etched reference surface.

All spectra were recorded at room temperature in a dry, nitrogen atmosphere.

The spectra were subjected to linear baseline correction.

The HMDS modified surface displays clear stretching peaks assigned to

CH2, anti-symmetric (2925.9 cm−1) and symmetric (2856.5 cm−1), and CH3

(2962.5 cm−1). Similar peaks in the spectrum of the un-modified Si wafer are

much weaker in intensities. These results corroborate that after the modfic-

ation, the HMDS surface is methyl rich due to the formation of OSi(CH3)3

from SiOH.
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Chapter 7

A Liquid CO2-Compatible

Hydrocarbon Surfactant:

Experiment and Modeling a

Surfactants soluble in liquid CO2 are rare and knowledge on interfacial and

self-assembly behaviour is fragmented. We found that polyoxyethylene (5)

isooctylphenyl ether is interfacially active at the water - liquid CO2 interface.

Water - liquid CO2 interfacial tension was measured at various surfactant con-

centrations at 50 bar and 283 K using the pendant drop method, and a CMC

like cusp was observed at a surfactant concentration of ∼ 50 mM in the bulk

liquid CO2. This system was modelled applying the self-consistent field theory

of Scheutjens and Fleer (SF-SCF). We use a free-volume approach, wherein

the chemical potential of the vacancies was linked to the pressure and the

molecules were described using a freely-jointed chain model on a united atom

level. The model indicates that typically the water - vapour interface is wet

by CO2. Interestingly, a window of partial wetting was identified at the water

- vapour interface as a function of the chemical potential of the surfactant.

The second-order nature of both wetting transitions is attributed to the close

proximity to the critical point of the CO2 - vapour system. Furthermore, the

aThis chapter is accepted as a manuscript in J. Phys. Chem. Chem. Phys.
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SF-SCF theory was used to study the self-assembly of the surfactant in bulk

CO2 or water, focusing on the three-phase coexistence, that is at P/Psat = 1.

Above ∼ 40 mM in the CO2-rich phase, the theory indicates stable water

swollen reverse micelles with an aggregation number of ∼ 100. The analysis

further shows the stability of compressible CO2-swollen surfactant bilayers in

the bulk water phase at elevated surfactant concentrations. Finally it was

found that the critical reverse micellar concentration (in liquid CO2) increases

and the aggregation number decreases with increasing pressure.

7.1 Introduction

The phase behaviour of surfactants in biphasic solvent systems is of interest for

both academia and industry. For example, in oil/water systems surfactants,

which are inherently both lyophilic and lyophobic (HLB ∼ 10), can partition in

both solvents and then form a rich variety of mesophases, which pose challen-

ging modelling problems. Although oil-water systems containing amphiphiles

are often encountered in practice in the form of emulsions and microemulsions,

systematic theoretical investigation of these systems are scarce.1,2 Compared

to the formation of micelles in water, the reverse micellization of surfactants

in apolar media has been relatively less studied in particular when water is

also present in such systems as a second phase.

In this chapter, we consider biphasic liquid CO2/ water systems in the

presence of a CO2 soluble surfactant. Hydrocarbon surfactants, soluble in

liquid CO2, are encountered rarely. For those that exist, understanding their

phase behaviour in liquid CO2 is either lacking or superficial. The ongoing

challenge to find soluble amphiphiles for liquid CO2 is hampered by the lack

of specialised high pressure equipment needed for this search. Liquid CO2

appears to be a poor solvent for most hydrocarbon surfactants, as it is unable

to screen the tail-tail attractions between the surfactants. These aspects have

been discussed in detail in references.3,4

Computer simulations have been used to model surfactant phase beha-

viour in supercritcal (sc) CO2, sc CO2 - water or sc CO2 - water - alcohol
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mixtures using the coarse grain lattice Monte Carlo approach of Larson5 or

a slightly modified version6 thereof. In some cases models covering atomistic

details were also employed, e.g., for the self-assembly in double chain surfact-

ant/sc CO2/water ternary systems.7–9 In our study we focus on a hydrocarbon

amphiphile with methyl branching in the apolar tail. Such surfactants have

previously been identified as suitable for liquid CO2, following the argument

of fractional free volume.3,4 In our previous publication we have introduced

polyoxyethylene (5) isooctylphenyl ether (Igepal CA 520) as a potential sur-

factant for liquid CO2 from the perspective of dry-cleaning.4 In the present

chapter we first present the experimental interfacial tension of this hydrocar-

bon surfactant at the water - liquid CO2 interface. We then employ the lattice

based self-consistent field of Scheutjens and Fleer (SF-SCF) model targeted to

enhance our molecular understanding (surface phase behaviour of liquid CO2

in presence of the surfactant, micellar shape, size, aggregation number, bilayer

formation) of the various self-assembled structures formed by this surfactant

in the biphasic system, water/liquid CO2. This may seem a gigantic effort,

but the SF-SCF is so efficient that it turned out possible to scan a large phase

and parameter space in very short time allowing us to develop an appropriate

model and parameter set to first order.

This chapter is a follow up of two of our previous studies, namely reference

10 where we introduced self-consistent field modelling to predict the properties

of the CO2/water interface and reference 4 where we have shown experiment-

ally the effectiveness of Igepal CA520 towards particle release in liquid CO2.

In this chapter, we build upon the SF-SCF model that we have used in10

by incorporating the surfactant as an additional molecular component. The

chapter is organized as follows: we first briefly discuss experimental and the-

oretical aspects. This is followed by a more extensive discussion of parameter

values in the model. While discussing the self-consistent field theory we refer

to our previous publication,10 where we already discussed the scheme in gen-

eral. Moreover, the interaction parameters between the segments of water,

free volume and CO2 were already introduced in.10 Hence, in the present

chapter we focus on the self-consistent field treatment of chain like molecules.
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Most of the extra modelling parameters we deduce from previous studies.11

However, some of the parameters, typically those involving the CO2 molecule

are unknown and we here will give a suggestion for appropriate values. In

the results section we perform a short parameter survey. From this study

we obtain insights in why the micellisation of surfactants in liquid CO2 is so

difficult.

We then characterize the adsorption of surfactant at the water - vapour

interface by measuring the corresponding interfacial tension. The modelling

of this leads us to consider the wetting behaviour of CO2 at this surfactant-

decorated interface. More specifically, we show how the presence of surfactant

at the water - vapour interface may influence the wetting of this interface by

liquid CO2 .

Next we employ the self-consistent field theory to study the self-assembly

of the surfactant in the bulk CO2 or water phase. We explore the nature of

the assemblies, and the sequence in which they occur as the chemical potential

of the surfactant is gradually increased.

7.2 Materials and methods

The interfacial tension between deionized water and liquid CO2 (Westfalen

Gas, purity 99.5 %) in the presence of Igepal CA520 (Sigma Aldrich, purity

> 99 %, molecular weight 427 g mol−1) was measured using the pendant

drop technique in a high pressure view cell equipped with two transparent

windows.12 The surfactant concentration in liquid CO2 was varied between 0

and 12 % (v/v). The cell volume was ∼ 30 ml.

The cell was filled with liquid CO2 and a water drop was generated at the

end of a steel capillary. A CCD camera recorded the image of the drop, the

shape of which was then analyzed using the DSA software (Kruss, GmbH).

Details on the pendant drop technique can be found in references.13,14

The experimental and modelling results were presented as a function of

P/Psat. The interfacial tensions (IFTs) were measured at 50 bar and 283 K

and P/Psat ≈ 1.2 (Psat = 44.5 bar at 283 K). The IFT calculations in the
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model correspond to P/Psat of ∼ 1.2. For the study of self-assembly in CO2

and/or water we focused on the three phase co-existence, i.e at P/Psat = 1.

We also predicted the effect of pressure on the thermodynamics of reverse

micellization using the SF-SCF theory and for that we varied P/Psat between

1 and 1.3.

7.3 Theory

7.3.1 Pressure in lattice models

The SF-SCF method is lattice based. As the lattice has a fixed volume, this

implies an incompressibility constraint. In such a system the pressure is not

defined. In order to deal with pressure variations, in Chapter 6, we imple-

mented a lattice-gas variant in which the ”chemical potential” of the vacancy,

species V , referring to unoccupied lattice sites, is interpreted as (minus) the

pressure times the volume of a lattice site. Besides these vacancies, the lattice

is filled with CO2 and water molecules. The details of the molecular model is

further specified below. In this chapter we extend this model and elaborate

the same (validated) parameter set.

The SF-SCF method is based on similar pre-averaging approximations as

the regular solution theory of Flory. This implies that it uses the Bragg-

Williams mean-field approximation to evaluate the number of unlike contacts

between the monomeric species in the system. The Flory-Huggins interaction

parameters were adopted, which take the ”like” contacts as the reference.

For lattice-gas systems it may be more intuitive to take the interactions with

the free volume component as the reference. We follow the choices made in

Chapter 6 but note that the reference state is inconsequential for the final

results. We specified the conversion rules in Chapter 6 .

7.3.2 Chain model

Scheutjens and Fleer originally developed their variant of the SCF theory to

model polymer adsorption from solutions.15 Later, the SF scheme was mod-
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ified by Leermakers et al.16 to apply the theory to amphiphilic molecules.

The conformations of the polymer/amphiphilic chains are evaluated using the

freely-jointed chain model (FJC).15 An obvious concern for FJC models is that

a chain can fold back on previously occupied sites. A self-avoiding chain does

not have this problem. However, within the SCF approach inter-molecular

excluded volume interactions are not rigorously accounted for either. The

FJC model accounts for the inter and intra-molecular excluded volume inter-

actions on the same footing. However, a significant advantage of selecting the

FJC model is that the single chain partition function is extremely efficiently

computed using the propagator formalism, which gives a huge gain in com-

putation time compared to the algorithm for self-avoiding chains. Moreover,

self-avoiding effects are not important for short chains, which are our focus

here. We therefore adopt the FJC model. Some details of the lattice used and

the propagator formalisms for the surfactant chains are given in the appendix.

Below we pay attention to the thermodynamics of self-assembly.

7.4 Molecular detail

As motivated in the previous chapter, we chose to model water as a small

cluster consisting of five segments (W ), in which a central W was surrounded

by four neighbours and was represented as W5. CO2 was modelled as a dimer

(D2), while the vacancies V occupy just one lattice site. Igepal surfactant

molecules are represented by a string of 30 segments as given in Figure 7.1a.

For comparison the chemical structure of the Igepal CA520 is also shown in

Figure 7.1b.

In this way we implement that the alkyl-terminus of the surfactant is rich

in CH3 (C3), the central part is rich in CH2 (C) and the hydrophilic head

group is rich in O. The architecture of the surfactant mimics that of the real

Igepal, though it is not an exact match e.g. the aromatic ring carbons could

not fit in the FJC model and therefore we rearrange these segments by putting

two of them in the main chain both having two branched segments side by

side (Figure 7.1a).
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Figure 7.1: (a) Schematic of the surfactant molecule containing 30 segments each
with volume a3 where a is the length of a lattice site. The black circles, labelled C3,
and the white circles, labelled C represent CH3 and CH2 groups, respectively. The
grey circles represent oxygen or OH (O). (b) Chemical structure of Igepal CA520,
branched polyoxyethylene (5) isooctylphenyl ether.

7.5 Interaction parameters

In the self-consistent field theory there are segment potential profiles uX(r)

for each segment type X. Conjugated to these profiles there are computable

segment volume fraction profiles ϕX(r). The mean field ”machinery” may be

summarized by

ϕ[u(r)]↔ u[ϕ(r)] (7.1)

Table 7.1: Flory-Huggins interaction parameters (χ) between various pairs of seg-
ments at 283 K. Here D is the monomer in CO2, W is the monomer in water, V
is the empty site, C is the CH2 segment, C3 is the alkyl segment at the (branched)
hydrocarbon end of the surfactant and O is the head group oxygen of the surfactant.
We assume a 1/T dependence for these interaction parameters. The set of parameters
has more rounded values for T = 300K.

χ D W V C C3 O

D 0 1.65 1.65 0.99 0.4 1.66

W 1.65 0 3.87 0.99 1.55 -0.55

V 1.65 3.87 0 1.77 1.55 3.87

C 0.99 0.99 1.77 0 0.55 1.77

C3 0.4 1.55 1.55 0.55 0 2.21

O 1.66 -0.55 3.87 1.77 2.21 0
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In words, the SCF algorithm specifies how the volume fraction profiles must be

computed from the segment potentials (left hand side of the equation: here the

mean field approximation is implemented) and how the potentials follow from

the volume fraction profile (right hand side of the equation: here is where

the FJC approximation is implemented). The spatial coordinate r in these

functions is the coordinate ”perpendicular” to the mean-field directions. For

example, for self-assembled bilayers a planar lattice is used wherein the mean

field approximation is applied in the x-y planes and the gradient direction is

in the z-direction so that z ≡ r. For spherical micelles the gradient direction

is in the radial direction and the mean field averaging is over spherical shells

of lattice sites. More information about the coordinate systems is given in the

appendix.

The short-range attractive and repulsive interactions between various seg-

ments of water, CO2, surfactants and free volume are accounted for by the

segment potentials. Each contact (i,j) contributes a (free) energy χijkT/z.

A positive χ parameter indicates repulsion between unlike segments and a

negative value signals attraction. The entropic contributions (translational

and conformational entropy) are implemented by the chain model (FJC in our

case). Once the fixed point of the equations is reached, usually referred to as

the self-consistent solution (cf Equation 7.1), it is possible to evaluate the ther-

modynamic properties of the system. The thermodynamic quantities in turn

give information about the feasibility of various options for the self-assembled

structures, that is, (reverse) micelles versus planar bilayers.

Segments W , D and V already occurred in our previous study of the wa-

ter /CO2 system. We retain the parameters that we used there. Here we

add new parameters for the segments C, C3 and O. The interaction of these

segments with water were taken from previous modelling studies of (nonionic)

surfactants in aqueous solutions.11 The head group oxygen (O) is naturally

the most hydrophilic one with χWO = −0.55 and the tail group segments (C3)

are most hydrophobic, having χC3W = 1.55. The value for χCW (0.99) was

found by fitting CMCs of surfactants in aqueous solutions as a function of the

tail length. For more insight, we varied χWO to see the influence of this para-
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meter on the self-assembly in both water and liquid CO2. The temperature

dependence of non-ionic surfactant assemblies can be implemented by making

this parameter temperature dependent, while keeping others constant. Here

we take a slightly different approach: we implemented a 1/T -dependence for

all χ parameters. We know from previous studies that we need a significant

repulsion between the head and tail segments. This is achieved by taking

χOC = 1.77 and χOC3 = 2.21.

We needed to make educated guesses for the χ parameters between D (the

segment of CO2) and the two different carbon segments and between D and

O. One of the arguments that we use, is based on the similarity between

heptane (modelled as (C)7) and CO2 (modelled as D2). Heptane has a (small)

solubility gap with CO2.17 In our model the χcr
DC for the C7 - D2 system i.e.

the critical χ parameter below which C7 and D2 are still miscible is 0.95 and we

assume a slightly higher value of 0.99 between D and C to ensure a solubility

gap.10 The miscibility of the CH3 (modelled as C3) and D2 is expected to be

significantly better. As a default value we choose for χC3D = 0.4. We vary

this parameter to investigate how critical the actual value is for the feasibility

of (reverse) micelles in CO2 and bilayers (in water). Finally, we select a strong

repulsion between CO2 and the oxygen groups of the surfactant, χOD = 1.66.

From above it is clear that there are several somewhat arbitrary choices for

the new parameters. We therefore stress that the validity of the parameters

has to be justified a posteriori. Moreover, the most critical parameters that

affect the micellisation are easily identified and the response to changes of

these parameters are presented in the results section.

7.6 Output parameters for surfactant self-assembly

One of the challenges in this study is to quantify the reverse micellization

of the surfactant in liquid CO2. For example, we would like to know when

reverse micelles in liquid CO2 were possibly stable and when these are preferred

over liquid crystalline bilayers that might form in the water phase. From

quite general considerations and exemplified by the thermodynamics of small
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systems we know that for thermodynamic stability of association colloids there

should be zero excess energy (grand potential) associated with the formation

of such objects. That is why we need to compare the chemical potential of the

surfactants in the presence of reverse micelles in CO2 to that in the presence

of bilayers in the aqueous phase, under similar conditions. The system with

the lowest chemical potential is identified as the most favourable one.

Hence, we need to compute the chemical potentials of the components.

Equations exist to evaluate the chemical potential10 in terms of concentra-

tions of the various components in one of the bulk phases. The SCF method

guarantees that in the system there are no chemical potential gradients. We

refer to Chapter 6 for details.

We also require that the grand potential Ω for the association colloids goes

to zero. As long as the grand potential Ω < 0 the system tries to create more

micelles, and when Ω > 0 the number of micelles will decrease. Only when

Ω = 0 an equilibrium situation is obtained.

To consider reverse micelles in bulk CO2 we select a spherical coordinate

system with its origin coinciding with the micellar centre, and lattice layers

r = 1, · · · ,Mr where the number of lattice sites, L grows quadratically, with

coordinate r i.e., L(r) ∝ r2. The primary result of the SCF calculations is the

radial volume fraction profile for each molecule type i, ϕi(r).

From the radial distribution function it is straightforward to evaluate the

excess number of molecules of type i in the small system

nσi =

∑
r L(r)

[
ϕi(r)− ϕbi

]
Ni

(7.2)

Ni being the number of segments of species i. For example, when i refers to

the surfactant species, nσsurf = g, that is the aggregation number of surfactants

in the (reverse) micelle.

The relation between the bulk volume fraction ϕbi and the molar concen-

tration Ci of a species i, is given by

Ci =
ϕbi

Naa3Ni
(7.3)

168



7.6. Output parameters for surfactant self-assembly

a the size of one lattice site and Na Avogadro’s number.

Once the density and segment potential profiles are found in a self-consistent

manner, the free energy follows and from that all other thermodynamic poten-

tials. More specifically, we can evaluate the grand potential Ωs as a function

of the volume fraction and segment potential profiles.10 The lower index s is

added to indicate that we deal with a translationally restricted grand potential

which differs from the overall grand potential by an entropic contribution. For

dilute solutions of micelles we can estimate the ignored translational entropy

of the micelle by Strans = −kB lnφm where the volume fraction of micelles is

found by φm = Vm/Vs, with Vs the total volume of the system available per

micelle and Vm the volume of a single micelle (which can be approximated by

g ×Nsurf). kBT has its usual meaning. Then we have as a condition:

Ω = Ωs − TStrans = Ωs + kBT ln
Vm
Vs

= 0 (7.4)

From this equation we see that Ωs > 0 as kBT ln Vm
Vs

is always negative. In our

calculations we generate micelles with various aggregation numbers g yielding

the function Ωs(g). It can be shown that −∂Ωs/∂g is inversely related to

fluctuations in the micelle size. In other words, the stronger Ωs(g) depends

on the aggregation number, the more narrow is the size distribution of the re-

verse micelles. As negative size distributions cannot exist, for thermodynamic

stability it is required that

∂Ωs/∂g < 0 (7.5)

Spherical micelles are typically small so the translational entropy plays a sig-

nificant role. For planar bilayers, on the other hand, this is not the case;

we typically consider the cross-section of the bilayer only and normalise all

properties by the area of the bilayer. Although the overall bilayer has some

translational entropy, per unit area the entropy can safely be ignored. In this

case the grand potential can be identified by the membrane tension, and thus

Ω = Ωs = 0 or, in other words, the membrane tension of equilibrated bilayers

is zero.
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For a macroscopic planar interface, such as the water - vapour interface, the

interfacial tension (γ) is of course finite. Since we consider only the properties

across the interface, we normalise all quantities by the area of the interface.

Hence, the grand potential (Ω) is directly related to the interfacial tension γ

as

γ =
ΩkBT

a2
(7.6)

This quantity is used below to evaluate the surface tension of the water -

vapour interface as a function of the surfactant concentration.

7.7 The relation between adsorption and wetting

For obvious reasons our interest is drawn to the adsorption behaviour of CO2

at the water - vapour interface, and how this adsorption is affected by the

presence of surfactants. We already showed10 that the adsorption isotherm

of CO2 on the water - vapour interface is a monotonically increasing func-

tion of the chemical potential of CO2. The adsorbed amount ΓCO2 (specified

below) diverges as the chemical potential approaches the binodal value. The

interpretation of this finding is that CO2 completely wets the water - vapour

interface.

Below we generate again a planar W − V interface and compute an ad-

sorption isotherm ΓCO2(µCO2) but now in the presence of surfactant. To find

the isotherm we increased the amount CO2 in the system at a fixed volume

fraction of surfactant in the bulk of the water phase. Unlike in the absence

of surfactant, it turned out that it was possible to find conditions for which

the isotherm crossed the binodal condition µCO2 = µ#
CO2

at finite adsorbed

amount, ΓCO2 = Γ#
CO2

. Only when much more CO2 was forced to be in

the interface, the chemical potential relaxed to the bulk binodal value. Such

isotherms are typical for cases where CO2 does not wet the water - vapour in-

terface completely. We say that such a surface is partially wet by CO2. Hence,

the surfactant induces a wetting (phase) transition.

It is well-known that wetting transitions can be either first or second order.

The distinction between the two can easily be made by recording Γ#
CO2

as a
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function of the control parameter, that is by recording Γ#
CO2

(ϕbsurf ), where

ϕbsurf is the bulk concentration of the surfactant (in the water phase). In

the case where the adsorbed amount (at coexistence) Γ#
CO2

(ϕbsurf ) smoothly

increases and diverges at the wetting transition, this transition is second or-

der.18 If, at the wetting transition, this quantity diverges jump-like we have a

first-order transition case.18

From the above it is clear that we need to evaluate ΓCO2 . By choosing the

phase rich in water as the bulk, we can evaluate the excess amount of each

component θσi from:

θσi =

M∑
z=1

(
ϕi(z)− ϕbi

)
(7.7)

The excess number of molecules nσi is then computed by

nσi =
θσi
Ni

(7.8)

In order to define a surface excess, we need to choose a Gibbs reference plane,

zGibbs. This is taken with respect to water,

zGibbs =
θσW

ϕW (1)− ϕW (M)
(7.9)

where ϕW (1) is the volume fraction of water in the vapour phase and ϕW (M)

is the volume fraction of water in the water rich phase. Now the Gibbs excess

of each component is given by

Γi =
θσi − zGibbs (ϕi(1)− ϕi(M))

Ni
(7.10)

7.8 Results and discussion

7.8.1 The water - liquid CO2 interface

The experimentally determined water - liquid CO2 interfacial tension (IFT) as

a function of time, for different bulk concentrations (between 0.01 and 1.2 %
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Figure 7.2: (a) Dynamic interfacial tension between water and liquid CO2 at 50 bar
and 283 K for different surfactant concentrations in bulk liquid CO2 as indicated (in
(v/v)%). (b) The same IFT data plotted as a function of t−0.5. The IFT data points
are extrapolated to t→∞.

v/v) of Igepal CA520 in CO2, is depicted in Figure 7.2(a). The measurements

were continued upto 200 s. The temperature and pressure ranges are selected

based on the conditions used in liquid CO2 dry-cleaning,4 which are ∼ 50 bar

(i.e. P/Psat ≈ 1.2) and 283 K.

The densities of the CO2 rich and CO2 saturated water phases at the

experimental pressures and temperatures were calculated using the equation

of state of Span and Wagner19 and Equations (3) and (4) in.20 Further details

can be found in10 and the references therein.

The water - CO2 IFT clearly depends on the bulk concentration of the sur-

factant in liquid CO2: the higher the concentration, the lower is the interfacial

tension. This is the expected behaviour.

To obtain the equilibrium interfacial tension (γeq) corresponding t → ∞,

we re-plotted the data (γt) of Figure 7.2a against t−0.5 and extrapolated to

zero (Figure 7.2b) following the well-known Ward and Tordai long-time ap-

proximation21 as given by

γt = γeq + k

(
1

πDt

)0.5

(7.11)
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Figure 7.3: (a) Equilibrium water - liquid CO2 interfacial tension as a function
of lnC, the bulk concentration of surfactant in liquid CO2 at 50 bar and 283 K.
The experimental reverse micellar concentration of ∼ 50 mM is indicated. The two
solid lines are linear fits of the experimental data points (b) Water - liquid CO2 IFT
calculated from SF-SCF theory (at P/Psat = 1.2). The theoretical reverse CMC is ∼
40 mM and indicated in the figure.

In Equation 7.11, k is an experimental constant and D is the diffusion co-

efficient of the surfactant in liquid CO2. The intercepts obtained on the y-

axis in Figure 7.2b correspond to the equilibrium IFT data (γeq) for each

bulk concentration. Although the interfacial tensions were measured for six

different bulk concentrations, for clarity, only four surfactant concentrations

are shown.

The γeq values obtained from Figure 7.2b are plotted against the natural

logarithm of the bulk concentration (lnC) in Figure 7.3a. We notice a CMC

like behaviour, i.e. a change in slope of γeq versus lnC beyond a concentration

of ∼ 50 mM. We take this value as the critical reverse micellar concentration

(CRMC) of Igepal CA520 in liquid CO2.

The IFT - lnC curve obtained from self-consistent field modelling is presen-

ted in Figure 7.3b. The calculations were done at P/Psat = 1.2 and T = 283

K. In our model the value of Psat is ∼ 110 bar10 at 283 K.

The match between the experiment and model is reasonable, keeping in

mind that no a posteriori parameter fitting was attempted to match these two
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Figure 7.4: SCF volume fraction profiles of various molecular species at the water -
liquid CO2 interface for a ϕbsurf of (a) 1× 10−8 and (b) 1× 10−6 in the water phase.
The bulk CO2 and water phases are situated at the left and the right side of the figures,
respectively. The layer numbers z are arbitrary. P/Psat = 1.2 and T = 283 K.

values. According to the model, the CRMC appears at ∼ 40 mM, as indicated

in Figure 7.3b while the experimentally measured reverse CMC was ∼ 50 mM

(Figure 7.3a).

The theoretical IFT - lnC curve does not display a CMC like cusp. This

was expected as the experimental ”cusp” is in fact an experimental ”artefact”.

In the IFT calculation involving the water - CO2 interface, the model assumes

the surfactant chemical potential to simply increase; it does not take into

account the self-assembly process taking place in the bulk and the presence of

micelles must be inferred from complementary calculations; we discuss this in

section 7.8.3.

Next we looked at the adsorption of the surfactant at the water - CO2

interface with increasing ϕbsurf in the water phase (Figure 7.4). Figures 7.4a

and 7.4b correspond to a ϕbsurf of 10−8 and 10−6, respectively. We clearly

see an accumulation of surfactant at the water - liquid CO2 interface. This

excess surfactant at the interface lowers the water - CO2 interfacial tension as

found experimentally (Figure 7.2). The surface excess increases with increas-

ing bulk concentration. Moreover, we see that the hydrophilic head and the

hydrophobic tail groups are disposed towards the water and the CO2 phases,

respectively. At the water - CO2 interface we also notice an accumulation of
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Figure 7.5: Gibbs excess of CO2 at the water - vapour interface as a function of
∆µCO2 = µCO2 − µ

#
CO2

, where µ# is the chemical potential at coexistence, that is,

at the binodal (a) in presence of a volume fraction of 5 × 10−7 surfactant in the
water phase and (b) in absence of the surfactant. The adsorption isotherm in (a)
indicates that the W - V interface is partially wet by CO2, whereas in case of (b)
CO2 completely wets the W - V interface.

the free volume, that is, a reduction in density.

7.8.2 Wetting transitions

In the previous result we focussed on the interface between water and CO2.

Such interfaces naturally develop when the pressure increases to values beyond

saturation, so that liquid CO2 is present in macroscopic amounts. However,

at lower amounts of added CO2 we have a water - vapour interface. We saw

before that with increasing CO2 concentration, liquid CO2 appears at the

water - vapour interface, or equivalently that the water - vapour interface is

wet by liquid CO2.10

We now consider what happens in the presence of the surfactant. As

already explained, this involves the construction of adsorption isotherms of

CO2 at the W - V interface at a fixed concentration of surfactant in the

bulk; in this context the bulk is the water-rich phase. The Gibbs excess of

CO2 (ΓCO2) is given as a function of the chemical potential of CO2 in Figure

7.5a. The surfactant concentration in water (ϕbsurf) in this case is fixed at

5 × 10−7. For comparison, we reproduce the result for ϕbsurf = 0 in Figure
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Figure 7.6: Gibbs excess of CO2 at the water - vapour interface when the isotherms
crosses the bulk coexistence value for the first time, Γ#

CO2
, as a function of the sur-

factant concentration in water. For all surfactant concentrations Γ#
CO2

was finite and
thus we have partial wetting. The two vertical lines indicate estimates for the lower
and the upper bounds of the surfactant concentrations at which Γ#

CO2
diverges, that is

where the two wetting transitions occurred. The arrow indicated the surfactant con-
centration in the water phase at which the first reverse micelles appear in the CO2

phase. The density profile of the point indicated by the ∗ is given in Figure 7.7.

7.5b. From the shape of the adsorption isotherm in Figure 7.5a, namely with

an intersection of the line ∆µCO2 = 0 (saturation), we conclude that for this

surfactant concentration the water - vapour interface is partially wet by CO2.

This implies that experimentally one expects the CO2-phase to appear as

a drop with a finite contact angle at the water - vapour interface.22 The

adsorbed amount, when the isotherm first crosses the coexistence condition,

Γ#
CO2

, is finite.

Following this observation, we studied the surface phase diagram presented

in Figure 7.6. In this figure we plotted the Gibbs excess (the excess surface

density) of CO2 at the binodal (i.e. at co-existence), denoted by Γ#
CO2

as a

function of ϕbsurf , which appears to be a control parameter to tune the wetting

behaviour.

Without any surfactant or at extremely low surfactant concentration (ϕbsurf <

10−7), liquid CO2 is present as a macroscopic thick film at the W - V interface.

As the surfactant concentration in the bulk increases, Γ#
CO2

becomes finite and

176



7.8. Results and discussion

0

0.4

0.8

80 100 120
z

V Water

CO2
head

ϕ 
(z

)

tail

Figure 7.7: Volume fraction profile of various molecular species at the three-phase
co-existence of W , V and liquid CO2 for a ϕbsurf of 5 × 10−7 in the water phase.
The profiles correspond to the point in Figure 7.6 indicated by the asterisk. The layer
numbers (z) are arbitrary.

a phase transition takes place from complete wetting to partial wetting. Upon

further increase of the surfactant concentration, Γ#
CO2

goes through a min-

imum and increases again to a second divergence corresponding to a second

wetting transition.

In summary, Figure 7.6 illustrates that there is re-entrant wetting beha-

viour: a window of surfactant concentrations for which the adsorbed amount

of CO2 remains finite and thus for which the water - vapour interface is not

wet by CO2. It was never observed that Γ#
CO2

(ϕbsurf) diverges jump-like when

the wetting conditions are approached; this indicates that both transitions

from partially wet to complete wet are most likely continuous, that is, they

are of second order type. This is not too surprising because the CO2 - vapour

system is relatively close to its critical point. Wetting transitions near critical

points tend to be of second order type.23

Density profiles of the various species in the co-existence region at which

Γ#
CO2

is minimum are shown in Figure 7.7. The profiles show that both CO2

and the surfactant are present in excess at theW - V interface. The association

of a finite amount of CO2 with the surfactant layer is in line with the partial

wetting of the W - V interface by CO2, as explained above. We further notice

that the surfactant head and tail groups reside in the water-rich and CO2-rich
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Figure 7.8: Schematics of re-entrant wetting of CO2 at the water - vapour interface.
(a) A macroscopically thick CO2 layer at the W - V interface without any surfactant
(b) A drop of CO2 at the W - V interface at a low concentration of surfactant and
(c) Re-appearance of a macroscopically thick layer of CO2 upon further increase of
surfactant concentration.

phases, respectively. Moreover, the density of the CO2 layer at the interface

does not reach the bulk value, but is associated with a high V content. Hence,

a shoulder is found in the V profile.

The re-entrant wetting can be rationalised based on the following argu-

ment: without any surfactant a thick layer of CO2 spreads at the W - V in-

terface as shown in Figure 7.8a. This is in line with the critical point wetting

as explained above. At low ϕbsurf when the interface is starved of surfactant

monomers, CO2 associates with the surfactant to form a less polar complex.

This complex does not wet the W −V interface (Figure 7.8b). CO2 prefers to

remain associated with the surfactant-rich islands. At higher ϕbsurf , the W −V
interface has a fully developed monolayer of surfactant spreading at the in-

terface, which helps CO2 to spread at the interface as well. This scenario is

depicted in Figure 7.8c.

7.8.3 Self-assembly in bulk

Above we have discussed the calculations showing the effect of surfactant con-

centration on the water/CO2 interfacial tension and wetting of the water -

vapour interface by CO2. In these calculations we used the surfactant concen-
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Figure 7.9: (a) The grand potential Ωs as a function of the surfactant aggregation
number (g) for a spherical micelle with its center pinned to the center of the spherical
coordinate system. (b) Corresponding logϕbsurf as a function of the aggregation num-
ber g. The bulk volume fraction of water and free volume were taken to be consistent
with three-phase co-existence conditions. The asterisks in (a) and (b) indicated the
appearance of the first stable reverse micelles. The dashed regions of the curves indic-
ated thermodynamically unstable reverse micelles. In panel (b) the horizontal line is
drawn at the chemical potential above which surfactant bilayers appear in the water
phase. In panel (a) the corresponding limit in the aggregation number g is indicated
by the vertical line.

tration (in the water-phase) as the control parameter. Until now we assumed

that this concentration could be imposed arbitrarily. We realize that this is

possibly flawed, because of the possibility that association colloids are formed

in either the water or the CO2-rich phases or even both. The occurrence of

such phenomena puts an upper limit to the (free) surfactant concentrations

that can exist in the (water) phase. In the following sections we study the

formation of surfactant mesophases in both bulk liquid CO2 (reverse micelles)

and water (bilayers) phases individually.

Reverse micelles in liquid CO2

For any micellization to occur there must be a driving force and a stopping

mechanism in order to have stable micelles. This holds true for both common

and reverse micelles. The moieties that form the core of the micelles necessarily

provide the driving force, and the moieties that end up in the corona of the
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micelles give the stopping force. The energy gain of the surfactant heads, which

escape from the CO2-rich phase, drives the assembly. Water co-assembles in

the core, so the assembly is mediated by water. The loss in translational

entropy of the chains goes against the micellization, and the hydrocarbon tails

that want to remain solvated by CO2 provide the stopping mechanism.

The grand potential (Ωs) of a spherical micelle in the phase rich in CO2 is

plotted as a function of the surfactant aggregation number g (refer Equation

7.2) in Figure 7.9a in the phase rich in CO2. The bulk volume fractions of

water and free volume in the CO2 rich phase correspond in this case to the

three-phase co-existence conditions (P = Psat).

Micelles in this phase are referred to as reverse micelles for obvious reasons.

From Figure 7.9a we notice that Ωs becomes more positive with increasing

aggregation number and then goes through a maximum. As argued already,

below the maximum (represented by the dashed part of the curve in Figure

7.9a), the micelles are not thermodynamically stable.24 Micelles for which

∂Ωs/∂g < 0, are thermodynamically stable. The smallest micelles that are

stable (corresponding to the maximum) may be identified as the micelles at

the theoretical (reverse) CMC.

The equilibrium bulk concentration of the surfactant as a function of the

number of surfactant molecules in the micelles is presented in Figure 7.9b. The

equilibrium concentration goes through a minimum at the same aggregation

number where Ωs shows a maximum. The value of ϕbsurf corresponding to the

minimum can be identified as the reverse CMC and is found to be ∼ 33 mM

(indicated by the asterisk). The relevant part of Figure 7.9b (the solid curve)

shows that with increasing size of the micelles the chemical potential increases

slowly. We discuss below that there is a limit to this increase of the chemical

potential, as surfactant bilayers may form in the water phase.

We also consider the effect of pressure (beyond Psat) on self-assembly in

CO2. Pressure is varied by varying the volume fraction of the free volume in

CO2. The reverse micelles become smaller and the critical reverse micellar

concentration (CRMC) shifts to higher concentration with increasing pres-

sure (Figure 7.10). Apparently, liquid CO2 becomes a better solvent for the
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Figure 7.10: SCF predictions for the reverse micellar concentration (left ordinate,
solid curve) and aggregation number (right ordinate, dashed curve) as a function of
(reduced) pressure P/Psat.

surfactant with increasing pressure and the stopping mechanism for reverse

micellization becomes stronger due to better solvation of the surfactant tails,

leading to smaller reverse micelles and a higher CRMC. The theoretical CRMC

at P/Psat = 1.2 and temperature T = 283 K is ∼ 40 mM. For the purpose of

interpreting interfacial tensions, this value is indicated by the arrow in Figure

7.3b. The match between the experimentally determined CRMC (∼ 50 mM,

see Figure 7.3a) and the theoretically calculated one was reasonable taking

into account that our model has not been fine-tuned. This is an interesting

moment to assess the effects of two of the key parameters, namely, χC3D and

χOW on the thermodynamics of micellization. The first one controls the sol-

ubility of the alkyl chain end in CO2: it mediates the stopping mechanism.

The second term expresses the tendency to co-assemble water in the reverse

micelle: the more negative this value, the more water is taken up in the mi-

celles. For this assessment, we return to the case of three-phase coexistence

(P/Psat = 1). Results are shown in Figure 7.11a and Figure 7.11b.

In Figure 7.11a it is seen that with increasing repulsion between the methyl

groups in the tail segment and CO2, i.e. with increasing χC3D, decreasing the

solvent quality, micelles with higher aggregation numbers are formed. This is

seen by the shift of the maxima to higher aggregation numbers. Our interpret-
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of χOW at fixed χC3D = 0.4. The volume fractions of water and free volume were
taken to be consistent with three-phase coexistence i.e. at P/Psat = 1.

ation is that the stopping mechanism becomes weaker with increasing χC3D,

the tail segments reduce their contacts with CO2 by forming larger reverse

micelles, and they repel each other less. Moreover, we notice that ∂Ωs/∂g be-

comes less negative with higher χC3D, indicating more polydisperse (wider size

distribution) reverse micelles.16 Beyond χC3D = 0.42 stable reverse micelles

cannot be formed as ∂Ωs/∂g is no longer negative. This sets the upper limit

of χC3D for having spherical reverse micelles in the CO2-rich phase. Favour-

able tail-CO2 interactions (lower χC3D) result in reverse micelles with lower

aggregation number indicating a stronger stopping mechanism.

The effect of χOW can be seen from Figure 7.11b. An increase in at-

traction between the oxygen of the surfactant and with water, increases the

driving force for reverse micellisation. Hence, the more negative χOW , the

larger reverse micelles are formed, as evident from the shift of the maxima

to higher aggregation number. Of course, with more driving force for self-

assembly one should also provide a stronger stopping mechanism. In fact by

fixing χC3D = 0.4 the stopping force becomes gradually insufficient to limit

the growth of the micelles. As a result we see a gradual growth of the micelle

size distribution with more negative χOW -values, and beyond χOW = −0.56

the spherical micelles lose stability (∂Ωs/∂g is no longer negative). Hence,
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istence, i.e. at P/Psat = 1.

increasing attraction between water and the head group oxygen leads to re-

verse micelles with higher aggregation numbers, and eventually an insufficient

stopping mechanism then leads to disappearance of spherical micelles.

Now that the window of stability of the spherical reverse micelles in the

CO2-rich phase (Figure 7.12) has been identified, it is worth to discuss the SCF

prediction for the radial volume fraction distribution of the various segments in

a typical reverse micelle having an aggregation number 150 (Figure 7.13a) . All

interaction parameters have their default values (Table 1). The radial volume

fraction profiles of a reverse micelle clearly prove the presence of significant

amounts of water inside the core. In the corona the volume fraction of CO2

is relatively high, which is consistent with the fact that the alkyl part of the

surfactant is solvated by CO2. In the corona some free volume is also present,

imparting a reduced density to the tails.

Surfactant bilayers in the water phase

We saw that spherical reverse micelles can be thermodynamically stable, but

that the parameter space with respect to χOW and χC3D is not particularly

wide. In principle, we should also further analyse the stability of cylindrical
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both bilayers reflecting boundary conditions were applied implying an infinite array of
bilayers. Both systems are at the three phase co-existence of water, V and CO2 at
283 K. All parameters have the default values (Table 1).

or lamellar structures in the CO2-rich phase. For the moment we skip such

an analysis and only mention that the competing association colloid that is

identified in this system is a bilayer structure (lamellar) that may form in the

water-rich phase, although we can not fully exclude that non-spherical micelles

may form at elevated surfactant concentrations.

Turning our attention to the water phase, we performed calculations in

which the bulk volume fractions of CO2 and free volume in water were fixed

to the values corresponding to the three-phase co-existence condition and 283

K. Considering the molecular architecture of the surfactant we note a relatively

bulky apolar moiety (the alkyl and the benzene ring) and a relatively short

ethylene oxide head group. This suggests a packing parameter of order unity.

Therefore it is natural to consider the relative stability of bilayer membranes

in the water-rich phase.

To study bilayers we select a planar lattice and pin the bilayer with its

symmetry-plane to the edge of the lattice where we impose reflecting boundary

conditions. In such a way we are able to remove the translational entropy of the
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bilayer. Again we compute Ωs, now as a function of the number of surfactants

per unit area (g). We vary the number of surfactants in the bilayer until we

find the condition that the bilayer is free of tension, that is when Ωs = γ =

0. We do not present the Ω(g) curve here. Instead, we directly discuss the

structure of the bilayers found by this procedure. We notice that the chemical

potential (i.e. logϕbsurf) associated with the reverse micelle formation in the

CO2-rich phase is lower than that associated with the formation of the bilayer

in the water phase (−1.93 for the formation of reverse micelle versus −1.9

for the bilayer formation in water). Hence, the reverse micelles in the CO2-

rich phase comes first. As the surfactant concentration in the CO2-rich phase

increases further, the aggregation number of the reverse micelles increases and

the chemical potential starts rising (as indicated in Figure 7.9b). This is not

a favourable situation and the system can lower its free energy by forming

bilayers in the water phase instead. In Figure 7.9b this is indicated by a

horizontal line at the chemical potential at which the bilayers form. The

aggregation number of micelles is therefore limited to g ≈ 290. Accordingly,

a vertical line in Figure 7.9a has been placed.

In Figure 7.13b we present the volume fraction profiles of the molecular

components in the tensionless bilayer. Here we choose to plot the distributions

over two bilayers which are separated by a core-to-core distance d = 30 (in

lattice units). As reflecting boundary conditions were applied between layers

z = 0 and z = 1 and between layers z = 30 and z = 31, it suffices to give only

the distributions of half the bilayers. In between the bilayers there is a (bulk)

water phase. The volume fractions of the free volume and CO2 in this water

phase are fixed according to the three-phase co-existence conditions.

We see that the head groups are associated with a finite fraction of water,

whereas the tails are well shielded from water. We also notice that there are

finite amounts of free volume (ϕz ∼ 0.2) and CO2 (ϕz ∼ 0.4) accumulated

in the tail region of the bilayer, making the bilayers quite compressible. It is

rather important for the stability of these bilayers that there is just a finite

amount of these ”solvents” in the core. An unlimited swelling of the bilayers

with CO2 (and /or V ) will hinder the stability of these mesophases. Appar-
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and free volume were chosen to represent three-phase coexistence (P/Psat = 1).

ently there is a free energy barrier against the unbounded growth of the CO2

and/or free volume phase in the bilayers, even though the chemical potentials

allow for the formation of such phases. The finding that the swelling of the

bilayers remain finite is in some respect surprising. As one might expect, when

a V -phase would form in the bilayer, the CO2 layer should spontaneously de-

velop as well and grow without bounds: this is because the wetting study

proved the absence of a barrier in this case. However, the V -phase cannot

form in the absence of sufficient CO2. Apparently, as a result there existed a

barrier against the growth of the phases inside the bilayers. By which exact

mechanism this barrier is put in place by the surfactant molecules remains

unexplained.

The colloidal stability of the bilayers is further investigated by studying

the inter-bilayer interactions as a function of distance (Figure 7.14). We follow

the change in µsurf for the tensionless bilayers as a function of an imposed

core-to-core distance between two bilayers d. More specifically, we focus on

∆µ(d), which is the difference in chemical potential of the surfactants when two

bilayers are at a certain distance d and when they are far apart, i.e. d = ∞.

Physically, with decreasing d we mimic an increase of the total surfactant

concentration in the water phase.
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In Figure 7.14 interaction curves ∆µsurf are given for various values of the

key interaction parameters χC3D and χOW . We observe that ∆µ decreases

with increasing d. Physically this means that the bilayers are repulsive. At

large distances (d/2 > 11) we do not see any interaction between the bilayers,

simply because the bilayers are not in contact with each other. The origin of

the repulsion is not easily identified. Several phenomena occur simultaneously

upon compression of the bilayers. As the membranes remain free of tension,

the area per surfactant molecule adjusts itself. This implies some deformation

of the surfactant layer, that is, the corona may be compressed or the tails may

be squeezed.

As can be seen in Figure 7.14a, with increasing favourable interactions

between O and W (more negative χOW), the repulsion between the bilayers

increases. This was expected, as more favourable interactions between the

head group oxygen and water means more resistance towards compression,

leading to higher repulsion and more stable bilayers.

Similar behaviour is noticed when the parameter χC3D is varied keeping a

constant χOW (Figure 7.14b). The higher χC3D, the stronger is the repulsion

between the C3 and D segments, and the less CO2 (and free volume) accumu-

late in the cores of the bilayers. Hence, it becomes more difficult to compress

the bilayers. In this context, the molecular composition of the bilayers dur-

ing compression is of interests. We consider the ratio between the number of

CO2 molecules and the number of surfactants in the bilayer, defined by the

variable x = θCO2Nsurf/θsurfNCO2 . In Figures 7.15a and 7.15b we report x

as a function of (half) the inter-bilayer spacing for varying χOW and χCD,

respectively. We see that as the bilayers are compressed, for both the cases

(varying χOW and χCD) the value of x decreases. Hence, the repulsion is in

part due to the loss of CO2 i.e., reduction of x. The number of surfactant

molecules per unit area also decreases (not shown). This means that dur-

ing compression the total membrane area increases. Nevertheless, the bilayer

remains thermodynamically stable.

We further notice that the higher the attraction between the head group

oxygen and W , the stronger is the decrease of x upon compression. This is
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because for more negative χOW , the increase of the excess surfactant molecules

in the bilayers becomes energetically more favourable. Similarly, the penalty

in energy to push out CO2 molecules out of the bilayers becomes higher with

increasing repulsion between the methyl groups of the tails and CO2. The

higher χC3D, the lower is the amount of CO2 in the surfactant tail regions and

the less compressible are the bilayers.

Above we noticed that the bilayers in the water phase are colloidal stable:

they do not attract each other. In other words we do not see the formation

of a lamellar phase. However, it must be mentioned that we do not account

for attractive van der Waals interactions between bilayers. These interactions

should be added to the pair potentials a posteriori.

7.8.4 Conclusion and outlook

We experimentally verified the interfacial activity of a branched hydrocarbon

surfactant, Igepal CA520, at the water- CO2 interface at 50 bar and 283 K.

The IFT between water and liquid CO2 decreases with increasing surfactant

concentration in the bulk CO2 phase. The experimental IFT - ln C curve

shows a CMC like cusp and from this curve the onset of self-assembly in the
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bulk was found to be ∼ 50 mM. These measurements were complemented

by SCF modelling. Although the model needs many parameters, which are

still subject to further optimisation, it is satisfying to mention that the model

semi-quantitatively predicted the correct CRMC of ∼ 40 mM. The modelling

results also deepened our understanding behind the molecular processes of

wetting, adsorption and self-assembly in these systems.

Using the surfactant concentration as the control parameter, we predict a

pair of wetting transitions for the CO2 phase at the water - vapour interface.

Both in the absence of surfactant and at high surfactant concentrations the

water vapour interface is wet by CO2. At intermediate surfactant concentra-

tions, yet below the CRMC, the water - vapour interface is wet partially by

CO2. Intuitively we expected that this would affect the stability of the bilayers

in the water phase, but this is not the case. Both wetting transitions, that is

the wetting transition from complete to partial at the re-entrant wetting trans-

ition, are of the second order type. We are not too surprised by this, because

the system is close to the critical point. Again, both wetting transitions occur

below the critical reverse micellar concentration and therefore also below the

bulk volume fraction of surfactant that is in equilibrium with the surfactant

bilayers in the water phase.

The reverse micelles in liquid CO2 are stable for a narrow range of χOW

and χC3D at P/Psat = 1. With increasing pressure the stopping force for

micellisation becomes stronger. Hence, with increasing pressure the parameter

window for the micellisation widens a bit. Nevertheless we found that the

thermodynamic stability of the micelles is easily lost. This might explain in

part why in practise the search for proper surfactants in liquid CO2 systems

has been so frustrating. Our results may pave the way to study the roles

of various structural units, such as the length of the EO groups, the degree

of branching and the number of C3 or C in the surfactant tail region, on

the process of reverse micellization. The understanding emerging from these

studies would provide guidelines for the design of surfactants for liquid CO2.

We used the self-consistent field theory to compare the self-assemblies in

the bulk CO2 and in water. More specifically, we determined the chemical
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potential needed for the formation of reverse micelles in the CO2 rich phase

and bilayers in the water phase. From this it follows that with increasing sur-

factant concentration first reverse micelles form in CO2 followed by bilayers in

water. These findings should be verified by X-ray or neutron scattering stud-

ies. Preliminary X-ray scattering data in a ternary system of Igepal CA520,

liquid CO2 and water show the signature of surfactant reverse micelles. These

results can be found in Chapter 8.
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Appendix

SCF formalism for planar geometry

The water - liquid CO2 and water - vapour interfaces as well as the bilayer

formation in the water phase have been modelled using planar lattices. Calcu-

lation of the volume fraction of segments s of chain i containing N segments

follows from the chain segment weighting factors, Gi(z, s|1;N). The notation

implies that for a chain there are two complementary walks that begin from

opposite ends, one from segment 1 and the second from the other end, N . Both

these walks terminate at s, which is at coordinate z. The composition law com-

bines the two walks consisting of s − 1 and N − s steps, respectively.15,25,26

Gi(z, s|1;N) =
Gi(z, s|1)Gi(z, s|N)

Gi(z, s)
(7.12)

The term in the denominator, which is the statistical weight of a free segment

s at coordinate z, is included in both the walks and corrects for double count-

ing. The summation over all segments s = 1, · · · , Ni of all these distribution

functions results in the volume fraction of molecule i in layer z and is given

by,

ϕi(z) = Ci

Ni∑
s=1

Gi(z, s|1)Gi(z, s|N)

Gi(z, s)
(7.13)

Ci is a normalization factor and is given by,

Ci =
θi

NiGi(N |1)
(7.14)

where the single chain partition function

Gi(N |1) =
∑
z

Gi(z,N |1) (7.15)

and

θi =
∑
i

ϕi(z) (7.16)
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The end point distribution functions are calculated using a propagator scheme.

We gave the propagator formalism of small molecules such as CO2 and water

in our previous publication10 and in this section we deal with the surfactant,

which is a chain like molecule.

The free segment distribution function for segments at layer z, is Gi(z, s).

This quantity is related to the free segment distribution function of a segment

type X at co-ordinate z, GX(z), while segment s is of type X. Mathematically,

Gi(z, s) =
∑
X

δXi,sGX(z) (7.17)

Here X represents the segment types (C3 or C or O) and the summation

is over all segment types. δXi,s is unity if the segment s of molecule i is of

type X and zero for all other types of segments. The forward and backward

propagators read

Gi(z, s|1) = Gi(z, s)
∑

z′=z−1,z,z+1

λz−z′Gi(z
′
, s− 1|1) (7.18)

= Gi(z, s) 〈Gi(z, s− 1|1)〉

Gi(z, s|N) = Gi(z, s)
∑

z′=z−1,z,z+1

λz−z′Gi(z
′
, s+ 1|N) (7.19)

= Gi(z, s) 〈Gi(z, s+ 1|N)〉

The angular parentheses stand for an average over three layers and λz−z′ is

the a priori step probability to go from a layer z
′

to z. The propagators are

started realizing that Gi(z, 1|1) = Gi(z, 1) and Gi(z,N |N) = Gi(z,N).

The segmental weighting factor for segment type X has already been dis-

cussed at length in our previous publication10 and is given by

GX(z) = exp

(
−uX(z)

kBT

)
(7.20)
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where,

uX(z) = α(z) + kBT
∑
Y

χXY (〈ϕY (z)〉 − ϕbY ) (7.21)

GX(z) is the probability of finding a free segment X in layer z relative to that

of finding it in a layer in the homogeneous bulk solution.10

The first term in Equation Equation 7.21 is the Lagrange parameter, an en-

tropic term, which represents the excluded volume interactions with respect to

the bulk solution and is independent of the segment type; α(z) is an adjustable

parameter, which ensures the the incompressibility condition
∑

i ϕi(z) = 1 in

each layer. The second term is an enthalpic term and arises from interactions

between segments X and Y ; 〈ϕY (z)〉 is the site average volume fraction of Y in

layer z and contains contact contributions from neighbours in layer z−1, z and

z + 1. The site volume fractions, which are an average over three consecutive

layers are given by,

〈ϕX(z)〉 = λ−1ϕX(z − 1) + λ0ϕX(z) + λ1ϕX(z + 1) (7.22)

where λz′−z is the fraction of contacts of a site in layer z with sites in layer

z
′

with z
′

equal to z − 1, z or z + 1. The first term inside the summation

in Equation 7.21) is the Flory-Huggins interaction parameter (χ) and takes

into account the short range attractive and repulsive interactions between

molecules at segment levels. The final term in Equation 7.21 is the excess

volume fraction of segment Y in layer z (averaged over three consecutive layers)

with respect to the bulk volume fraction of Y , ϕbY .

We have so far given the expressions for linear molecules having different

segments in their backbone. The surfactant molecule that we used in our

model contains C3 branching and also the benzene ring was represented as

a branched moiety. The propagators for this type of molecule can be found

in.27 In the next section we delineated the differences between the flat and

spherical lattices.
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Details for spherical lattice

The formation of spherical self-assembled objects was studied by placing the

molecules inside a spherical lattice and the SCF machinery was adjusted ac-

cordingly. In a spherical lattice we specified r = 1, · · · , rM layers, the first

layer being at the centre of the lattice. At the other end, i.e. right after

layer rM , a mirror like boundary condition was imposed. Unlike in the planar

lattice, the number of lattice sites, L(r) is a non-trivial function of the co-

ordinate r. More specifically for spherical geometry L(r) = V (r) − V (r − 1),

where, V (r) = 4
3πr

3 is the volume of the layer r. The key difference with the

planar lattice is that the number of lattice sites is different in each layer and

hence λ−1, λ0 and λ1 are functions of the radial coordinate r. The ”inversion

symmetry” dictates

λ−1(r)L(r) = λ1(r − 1)L(r − 1) (7.23)

As L(r) is an increasing function of r, the transition probabilities λ also become

r-dependent. The expressions are given below.

λ1(r) = λb1
S(r)

L(r)
(7.24)

and

λ−1(r) = λb−1

S(r − 1)

L(r)
(7.25)

and

λ0(r) = 1− λ1(r)− λ−1(r) (7.26)

The λb1 and λb−1 in the above equations are the correcting factors pertaining

to the equivalent planar lattice and S(r) = 4πr2 is the contact area.

The total amount of molecule i, θi, is related to the volume fraction of

molecule i in layer r by

θi =
∑
i

L(r)ϕi(r) (7.27)
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and the single chain partition function, Gi(N |1) reads in this geometry:

Gi(N |1) =
∑
i

L(r)Gi(r,N |1) (7.28)

The notations have the same meaning as those explained for the planar lattice

case.
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Chapter 8

Is Igepal CA520 Soluble in

Liquid CO2? And Does it Form

Mesophases?

Surfactants for liquid CO2 at 45-60 bar and 10 ◦C are rare to find. Even more

difficult is to find soluble surfactants of hydrocarbon origin for this medium. In

Chapter 4 and Chapter 6 we have introduced a branched non-ionic surfactant

of CiEOj type, which gives detergency benefit in liquid CO2 and is interfacially

active at the water-liquid CO2 interface. Numerical self-consistent field mod-

eling has indicated that this surfactant can form self-assembled mesophases in

liquid CO2 in the presence of water. In this chapter, we first show conclusively

by bubble point measurements that Igepal CA520 is soluble in liquid CO2 at

45-60 bar and 5-10 ◦C. Secondly, we show by small angle X-ray scattering that

it forms mesophases with or without water. In absence of water the surfactant

forms a reverse micellar phase (L2) and with the addition of water a phase

transition to lamellar (Lα) liquid crystalline phases takes place. These stud-

ies indicate that water can be used as a mesogen (self-assembly promoter) in

liquid CO2.

The X-ray scattering curves show that a well-defined structure evolves

beyond a critical water amount. The preliminary fitting of the data suggest
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that the aggregates are of rod or disc like shape with a cross-section of ∼ 4.6

nm, indicative of a bilayer arrangement. For the surfactant concentration of

0.3 and 0.67 M, the lamellar periodicity increases from ∼ 4 to 12 nm with

increasing amounts of water.

8.1 Introduction

The state-of-the-art of surfactant research in liquid and supercritical CO2 is

given in detail in Chapter 2. Past research has shown that fluorinated surfact-

ants are soluble in liquid CO2 and in some of the cases they have been shown

to form mesophases. But since fluorinated surfactants are not environment-

ally friendly, there was a need to find CO2 soluble hydrocarbon surfactants.

Branched hydrocarbon surfactants were found to be soluble in supercritical

CO2. Very recently it was shown by solubility measurements that linear poly-

oxyethylene non-ionic surfactants are soluble in liquid CO2 at 45 - 60 bar

and 10 ◦C.1,2 However, it was not reported anywhere if these surfactants self-

assemble in liquid CO2. Although literature on self-assembly in liquid CO2

is extremely rare to come across, self-assembly in supercritical CO2 has been

reported earlier3–7

In Chapter 4 we have introduced a branched, low molar mass, non-ionic

surfactant of hydrocarbon origin, Igepal CA520 and tested its soil removal

efficiency in a pilot scale dry-cleaning set up using liquid CO2. A formulation

was designed in hexane using Igepal and water and used as a pretreatment

on fabrics. These fabrics were then cleaned in liquid CO2. The formulation

has shown benefit compared to the control. The control for this test were

fabrics cleaned in liquid CO2 without the pretreatment. In Chapter 6 we have

presented the interfacial behavior of Igepal CA520 at the water-liquid CO2

interface. The surfactant is interfacially active and the interfacial tension as

a function of the surfactant concentration shows a CMC like cusp indicating

the formation of self-assembled structures at higher surfactant concentrations.

Our modeling results (Chapter 7) indicate that in a biphasic system of water

and liquid CO2, Igepal type of molecules can self-assemble. In Chapter 3,
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we have argued that even though the presence of water is necessary for dry-

cleaning, water can hinder the removal of particulate soil by forming capillary

bridges between soil and fabric. However, Igepal CA520 can reduce the capil-

lary force by an order of magnitude, as shown in Chapter 5. We hypothesized

that the self-assembled structures of the surfactant play a crucial role in the

reduction of the adhesion. Nevertheless, experimental evidences of solubility

and mesophase formation of Igepal type of surfactants do not exist. Hence

the aim of the work described in this chapter is to determine experimentally

if Igepal CA520 is soluble in liquid CO2 under dry-cleaning conditions, and if

so, does it form mesophases? Moreover, we investigated the role of surfactant

to water ratio in driving self-assembly in liquid CO2.

8.2 Materials and methods

8.2.1 Cailletet apparatus

A Cailletet apparatus in the Process and Energy Laboratory of TU Delft was

used to measure the solubility of Igepal CA520 in liquid CO2. The pressure

and temperature range of the apparatus is 1 to 150 bar and -18 to 197 ◦C,

respectively. The operating principle is based on bubble point measurements.

Measurements start at a fixed temperature with a phase separated sample

and then pressure is increased so that one of the phases disappears upon

solubilization. The apparatus consists of a glass tube of known dimension in

which the liquid surfactant was dosed at atmospheric pressure. Subsequently

the tube was connected to a gas rack followed by injection of gaseous CO2.

The mole of CO2 is calculated from the equation of state of an ideal gas

with the known values of volume, temperature and pressure. After this step

the sample is de-aerated and sealed with mercury. The mercury transmits

the pressure to the sample from the pressure generating device (see Figure

8.1). Pressure is changed by a hand pump and a dead weight pressure gauge

measures the pressure inside the autoclave. The accuracy of the pressure

measuring device is extremely high, of the order of ± 0.03 bar. A thermostatic

liquid runs outside the tube to maintain the temperature of the sample. At
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Figure 8.1: Schematics showing the principle of bubble point measurement using the
Cailletet apparatus. (a) (left) Two-phase L-V sample where the V phase is the CO2

gas residing at the top of the Cailletet tube. (right) Upon increase of the pressure the
vapour phase is converted into liquid and since there is no solubility gap between the
surfactant and the liquid CO2, one single liquid phase is obtained. (b) (left) Two im-
miscible liquid phases, one lean in surfactant and the other rich in surfactant. (right)
With an increase of pressure both phases gets solubilized into each other resulting in
one single liquid phase.

a certain temperature, the pressure in the tube is increased so that gaseous

CO2 becomes liquid, its solvency power is improved and one liquid phase is

formed with the surfactant (Figure 8.1). Mixing between the sample and the

CO2 gas bubble is provided by a stainless steel ball housed inside the tube.

The ball is driven by reciprocating magnets.

After the attainment of one liquid phase, the sample is decompressed until

the system phase separates again into gas and liquid. These steps are repeated

until the phase separation is obtained within the accuracy of the Cailletet

apparatus , i.e. ± 0.03 bar. These steps lead to one point on the liquid-vapour

line of the P -T phase diagram. To get the next data point, the temperature

is changed and the procedure is repeated.

Generation of the liquid-liquid line is done in a similar same way. In this

case the phase separated sample consists of two liquid compositions, (Figure

8.1b) liquid CO2 and liquid surfactant and it undergoes a phase transition

to a single liquid phase. The disappearance and reappearance of the phases

are detected by visual observation and hence analysis of the phase separated

compositions is not possible in this type of measurements.

The solubility measurements were performed for a surfactant mole fraction
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Figure 8.2: The high pressure cell, fitted with two diamond windows, used to perform
SAXS experiments in liquid CO2.

(nS) of 0.2.

8.2.2 High-pressure cell

Small angle X-ray scattering (SAXS) experiments were performed using a high

pressure cell (Figure 8.2). The cell has been designed and built in a collabor-

ation between NWO (the Dutch Science Organization) and DPI (Dutch Poly-

mer Institute) to perform in situ X-ray and neutron scattering measurements

using liquid or supercritical CO2.

The cell is made out of stainless steel and fitted with two single crystal

diamond (type III) windows. The diameter and thickness of these windows

are 6 mm and 0.4 mm, respectively. Mixing in the cell is provided by a

magnetically coupled overhead stirrer. The volume of the cell is 54 ml.

A pressure transducer and a heating jacket with a CAL 3300 temperature

controller are used to monitor and control the pressure and temperature inside

the cell. The set-up is connected to a high pressure PM101 pump (New Ways

of Analytics, Lörrach Baden-Württemberg, Germany) to charge CO2 into the

cell. The cell can handle pressure and temperature up to 300 bar and 120 ◦C,
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respectively.

Our measurements were performed at 65 ± 4 bar and 11 ± 4 ◦C. Liquid

CO2 at these conditions has the same density (∼ 850 - 900 kg/m3) as under

industrial dry-cleaning conditions (refer Chapter 2). The temperature was

maintained using an external thermostat fluid. After each measurement, the

cell was depressurized and cleaned for subsequent experiments.

8.2.3 Small angle X-ray Scattering (SAXS)

SAXS experiments were performed at the Dutch-Belgian Beamline (DUBBLE,

BM26-B) of the European Synchrotron Radiation Facility (ESRF) in Gren-

oble, France. The wavelength of the X-ray was 0.6526 Å and the sample to

detector (Dectris-Pilatus 1M) distance was 3 m. Scattering patterns (2D)

were recorded using the detector resolution of 981 * 1043 pixels and pixel size

of 172 µm * 172 µm. The spectra were radially averaged and corrected for

absorption, background scattering and primary beam intensity fluctuations.

For the calibration of the wave-vector (q) scale of the scattering curve, the

scattering patterns of silver behenate were used. In most of the cases, the

intensities of the scattering curves were converted from an arbitrary to an

absolute scattering cross-section using water as a secondary calibration stand-

ard. The scattering cross-section, dσ(q)/dΩ describes the number of scattered

photons per unit time, relative to the incident photon flux, per unit solid angle

at q, per unit volume of the sample and describes the intensity of the scattered

photons at a certain angle i.e. I(q).

dσ(q)

dΩ
= I(q) = n∆ρ2V 2P (q)S(q) (8.1)

where n is the number density of the aggregates, ∆ρ is the excess scattering

length density, given by the difference in the electron density. The latter can

be calculated from the partial specific density and composition. The volume

of the aggregates is given by V . The form factor, which describes the shape

of the aggregates and the structure factor, which describes the inter-aggregate

interactions, are given by P (q) and S(q), respectively. The experimental I(q)

204



8.3. Results and discussion

0

20

40

60

80

0 10 20 30
T (°C)

P
 (b

a
r)

LV 

L 
LL

Figure 8.3: P -T phase diagram of Igepal CA520 in liquid CO2 at xS = 0.2 as de-
termined by bubble point measurement. L and V stand for liquid and vapour phases
respectively. LL corresponds to two co-existing liquid phases, one surfactant-rich and
the other surfactant-lean.

vs q curve were fitted with the form factor of both a core-shell rod8 or a

disc-like9,10 aggregate.

8.2.4 Sample preparation

Required amounts of surfactant and water were dosed in the cell at atmo-

spheric pressure and the cell was then pressurized. After the desired pressure

was reached, the stirrer was turned on and the samples were homogenized for

30 minutes and subsequently the spectra were collected.

The ternary compositions are represented by the mole ratio of water to

surfactant, represented by x, and the concentration of the surfactant in M

(moles/L).

8.3 Results and discussion

8.3.1 Solubility study: P -T phase diagram

We have used bubble point measurements to determine the solubility of Igepal

CA520 in liquid CO2. The P -T phase diagram of Igepal CA520 and CO2

is given in Figure 8.3. The mole fraction of the surfactant, nS , is 0.2. Two
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types of phase transitions, liquid-vapour (LV ) to liquid-liquid (LL) and liquid-

liquid (LL) to single liquid (L) can be noted in Figure 8.3. The former phase

transition is the solid curved line and the black dots are the experimental data

points. The dashed line represents the LL to L transition. The open circles

are the experimental data points.

Table 8.1: Compositions of the ternary Igepal/ liquid CO2/ water systems studied by
SAXS. For explanation of the symbols, see the text.

S W LCO2 nS nW nLCO2
x molH2O

molEO
CS/CRMC CS (M)

1.7 0 98.3 0.01 0 0.99 0 0 0.8 0.04

10 0 90 0.09 0 0.91 0 0 5.4 0.27

10 5 85 0.05 0.52 0.44 11 2 5.7 0.29

10 10 80 0.03 0.69 0.28 25 4.5 6 0.31

10 20 70 0.02 0.84 0.15 45 9.1 9 0.35

20 5 75 0.09 0.52 0.39 6 1 13 0.65

20 10 70 0.06 0.70 0.24 11 2 14 0.7

Below the solid line the system is phase-separated into two phases, a

gaseous CO2 phase and a liquid surfactant phase. As the pressure is increased

at a fixed temperature, the gaseous CO2 undergoes a phase transition into

liquid CO2 and a composition consisting of two liquid phases results, one

surfactant-rich and the other surfactant-lean. The partition of liquid CO2 in

both the liquid phases cannot be ascertained from these measurements.

At 0.28 ◦C and 36 bar, the system forms one single liquid from a liquid-

liquid phase separated sample. This phase transition is important as here the

surfactant and the liquid CO2 become completely miscible. As the temperat-

ure is increased to 5 ◦C, the transition pressure from L-L to a single L phase

also increases to 53 bar. This means that Igepal CA520 is soluble at 5 ◦C

and 53 bar. Industrial dry-cleaning happens at 45-60 bar and between 5 and

10 ◦C. Hence around these conditions, Igepal CA520 will be above the cloud

point.The LL to L phase transition line does not stop at 5 ◦C and 53 bar, but

this is the highest point that has been determined in the present case.
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Figure 8.4: SAXS curve for binary Igepal CA520/liquid CO2 system. The concen-
tration of the surfactant is 0.04 M. The ratio, x, which stands for the ratio of moles
of water to moles of surfactant, is indicated in the figure.

8.3.2 Determination of the phase behaviour: Small angle X-ray

scattering

The phase behavior of the Igepal CA520/water/liquid CO2 as a function of

composition was probed by small angle X-ray scattering at 65 ± 4 bar and 11 ±
4◦C. The ternary compositions used for scattering experiments are summarized

in Table 8.1. The first three columns of Table 8.1 represent the concentration

of the surfactant (S), water (W ) and liquid CO2 (LCO2) in volume %. Mole

fractions of surfactant water and liquid CO2 in the mixture are nS , nw and

nLCO2. The ratio of the moles of water to the moles of the surfactant is x and

the ratio of the moles of water to the moles of EO is 5x . The concentration of

surfactant relative to the reverse micellar concentration (CRMC) is given as

CS/CRMC. The CRMC of the surfactant in liquid CO2 at similar conditions

is ± 50 mM (Chapter 7). The last column of Table 8.1 lists the concentration

of Igepal CA520 in liquid CO2 in M.

The surfactant concentration varies about the ∼ CRMC to 14 times above

the CRMC. So when the surfactant concentration is below or just about at

the CRMC, there should be either monomeric surfactant or reverse micellar

aggregates in liquid CO2. For this range of surfactant concentration we do not
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Figure 8.5: SAXS curves of ternary systems containing Igepal CA520/water/liquid
CO2. (a) The surfactant concentrations, CS are 0.27 M (black), 0.29 M (red), 0.31 M
(green) and 0.25 M (blue). (b) The surfactant concentrations, CS, are 0.65 M (black)
and 0.7 M (red). The ratio, moles of water to moles of surfactant, x, is indicated for
each curve.

expect a phase transition in the binary system of liquid CO2 and surfactant.

In a ternary system where water is present as the third component, phase

transition can be brought about by varying the amount of water alone. This

is because water is known to drive the self-assembly of non-ionic surfactants

with EO head groups in apolar solvents.11–14 Hence, we analyzed the results

in terms of the water to surfactant mole ratios (x) as we expect the phase

diagram to scale with this particular ratio.

The intensity (I(q)) versus wave vector (q) for CS = 0.04 M and x = 0 is

presented in Figure 8.4. Since at this surfactant concentration the surfactant

is not above the CRMC (CS/CRMC = 0.8, Table 8.1), we do not see any sig-

nificant scattering in the SAXS curve and this is in line with our expectations.

This verifies the accuracy of our experimentally determined CRMC (Chapter

7) and gives confidence in the numerical modeling that augmented this.

SAXS results at 65 bar and 11 ◦C for the ternary system with CS ≈ 0.3

M and x = 0, 11, 23 and 45 are shown in Figure 8.5a. The SAXS pattern

for the binary system (x = 0) shows the signature of isotropic mesophases

(L2). The I(q) vs q curve shows a power law regime for q > 0.2 nm−1. This

indicates the presence of aggregates. In this case, we expect reverse micelles.
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Figure 8.6: Chemical structure and dimensions of Igepal CA520.

The experimental I(q) vs q curve could be fitted with the form factor of both

a core-shell rod8 or a disc-like9,10 aggregate. Since the data at lower q range is

not available, the presence of the rod could not be ascertained with a power law

scaling of -1. Hence, from the fit we can only get the cross-sectional dimension,

which indicates a thickness of ∼ 4.6 nm. This implies a bilayer arrangement,

the dimension being two times the length of the surfactant molecule (Figure

8.6). From the shoulder at low q ∼ 0.2 nm−1, we obtained the average distance

between the aggregates as ∼ 30 nm.

With the addition of water a different scattering pattern emerges, which

can be clearly seen from the 2D diffraction pattern shown in Figure 8.7a - e.

For x = 11 and 23 two peaks appear between 0.1 < q < 10 with a q ratio

of 1:2. This ratio is typical of ordered lamellar liquid crystalline phases (Lα).

The lamellar periodicity, dLα (Figure 8.7), can be obtained from the relation

q∗ = 2π/d where q∗ is the position of the diffraction peak of the highest

intensity.15

We note that the peak with the highest intensity shifts to lower q values

with increasing x, i.e. with higher water concentration. As the water amount

increases (x from 11 to 23) dLα increases from ∼ 4 − 4.5 nm to ∼ 6.5 nm,

while the bilayer thickness remains constant at ∼ 4.6 nm (see Figure 8.7b and

c). The SAXS profile for x = 23 shows a well defined lamellar structure with

a high order stacking as evident from the narrow and intense peaks of the first

and second order.

For x = 11 and 23, the first peak is the highest intensity peak. However,

for x = 45, the second peak is the highest one. At this stage we are unable to
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Figure 8.7: Schematics showing the evolution of the lamellar liquid crystalline phase
from the disc/rod like reverse micellar phase with the addition of water (a to e). On
the right hand side of the figures the 2D diffraction patterns are also shown for each
of the cases. The blue regions represent water. The lamellar periodicities (dLα) and
the bilayer thickness (of the discs or cross-sections of the rods) are indicated.
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decipher from this the structure of the mesophase formed at this composition.

There could be a co-existence of different liquid crystalline phases and then the

I(q) versus q pattern would result from of all the scattering contributions of

the various mesophases. Further investigation is needed in order to ascertain

the phase behaviour at or beyond this composition. Nevertheless, the bilayer

thickness and the d-spacing, as obtained from the fit, were ∼ 5.7 nm and 12

nm respectively (Figure 8.7d). The increased d-spacing of the aggregates at

∼ 12 nm is clearly seen from the peak centred at around 0.5 nm−1. An increase

of the bilayer thickness from 4.6 nm to 5.7 nm may stem from the swelling of

the bilayer with excess water.

In Figure 8.5b the SAXS curves for a higher surfactant concentration (CS ≈
0.7 M) and x = 6 and 11 are plotted. The I(q) curve for x = 6 indicates a

number of peaks at higher q values. The highest intensity peak is at q = 1.47

nm−1 and a small shoulder peak at q = 2.84 nm−1. The peaks for x = 6 and

11 also obey a 1:2 ratio. For x = 11, the peaks are more intense and narrower

indicating a well-defined lamellar structure and are slightly shifted to lower q

values, corresponding to a slight increase in dLα from 4.3 nm to 4.8 nm with

the increase of water content from x = 6 to x = 11, respectively (Figure 8.7d

and e). The fitted form factor reveals a bilayer thickness of ∼ 4.6 nm similar

to the other composition.

These findings are summarized in the partial ternary phase diagram in

Figure 8.8. The three axes represent surfactant, water and liquid CO2 con-

centration in volume %. The symbols L2 and Lα stand for reverse micellar

and lamellar phases respectively. The dashed lines are water dilution lines.

The question mark represent the un-identified phase at CS = 0.35 M and x =

45. The grey area encloses the region at which the systems contain Lα phases.

Of course, the Lα region is not necessarily limited to the region between the

measured compositions. The experimentally investigated compositions are in-

dicated as black dots.

Our results are in line with the studies conducted by Pacynko et al. for

CiEOj type non-ionic surfactants in heptane.16 They showed that water can

act as a promoter of self-assembly, i.e. as a mesogen in non-aqueous solvents.

211



Chapter 8. SAXS at High Pressure

Lα 10

20

30

40

50

60

70

80

9010

20

30

40

50

60

70

80

90

10 20 30 40 50 60 70 80 90Water

Igepal CA-520

L CO2

L2?

Figure 8.8: The partial ternary phase diagram of Igepal CA520/water/liquid CO2 at
65 ± 4 bar and 11 ± 4 ◦C. L2 and Lα stand for reverse micellar and lamellar phases
respectively. The dashed lines are water dilution lines. The question mark represents
an un-identified phase. The grey area encompasses the region at which the composition
is of Lα type. The black dots are the compositions chosen for SAXS experiments.

They reported the aggregation of ethoxylated non-ionic surfactants in heptane

and related the number of hydrophilic (EO) groups to the tendency of self-

assembly and suggested the role of short-range interactions such as dipole-

dipole, dipole-induced-dipole and dispersion interactions.16 This implies that

increasing the EO number results in a stronger driving force and a larger

tendency for the aggregate formation in apolar media.

We also notice that qualitatively the phase behaviour of the Igepal CA520/liquid

CO2/water system is similar to that of the Igepal/hexane/water system. The

latter system was introduced in Chapter 4 where a similar phase transition

from the L2 to the Lα phase was noted with the addition of water.

8.4 Conclusion and Outlook

It can be concluded from this chapter that Igepal CA520 is soluble in liquid

CO2 and it self-assembles in liquid CO2 with added water. The phase beha-

vior shows a classical pattern with increasing water to surfactant ratio, i.e. a

transition from an isotropic, reverse micellar phase to an ordered liquid crys-
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talline phase. Water promotes the self-assembly by acting as a mesogen i.e. it

increases the driving force for the assembly of EO groups. The concentration

of water is a key parameter, and beyond a critical water mole fraction the

aggregates become well defined in shape. From the dry-cleaning perspective

this means that the extra water that is added in the formulation can be suc-

cessfully utilized in presence of Igepal type of surfactants by forming water

induced mesophases. In this way, the detrimental effect of water towards the

detergency of the particulate soil can be prevented and yet the water pool can

be used for the enhanced removal of the polar soil. Moreover, based on the re-

semblance between the two ternary systems, IgepalCA520/liquid CO2/water

and IgepalCA520/hexane/water, it is noteworthy that hexane is a good model

solvent for liquid CO2. This finding can open up new possibilities not only

for further research on amphiphiles but also for measurements, which are im-

possible to carry out in liquid CO2 at this stage. Experimentation in liquid

CO2 system is not easy as it requires high pressure instrumentation. Moreover,

even if high pressure equipment are available, generation of data is time con-

suming and difficult. Hence, an initial screening in a model solvent can be a

good first step forward, as exemplified by this thesis.
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Chapter 9

General Discussion and Outlook:

From Surface Forces to

Surfactant Design

In this final chapter we connect the major findings of this thesis and add

some observations that did not get a place in one of the previous chapters.

By making these connections, we can provide a fundamental picture of the

physico-chemical aspects of the removal of particulate soil from textiles in

liquid CO2, which was one of the main goals of the work. In particular,

surface forces in non-polar media are addressed, considering the effects of the

additives water and alcohol, the nature of the surfaces (roughness and softness,

hydrophobicity), and the mode of action of a surfactant (Igepal CA520), which

was rationally chosen after thorough analysis of the detergency challenges

in CO2 dry-cleaning. Based on the obtained insights from experiments and

numerical modelling, we further provide guidelines for the design of a suitable

surfactants for liquid CO2, thus meeting the other major goal of this thesis as

well. Finally, remaining questions are identified and an outlook is given.
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9.1 Introduction

As expounded in Chapters 1 and 2, colloidal interactions in liquid CO2 from

the perspective of dry-cleaning have hardly been addressed so far. This thesis

is aimed at bridging this gap. In dry-cleaning industry, using liquid CO2 as the

medium of cleaning, a number of additives are used to aid the particle removal

process. Among these additives water, surfactant and alcohol are the most

important ones. To determine their effects, only phenomenological detergency

tests were available, expressing the results in terms of the cleaning performance

index (CPI). Therefore it remained unclear at a fundamental level why and

how these additives work. Especially on the surfactant front the clarity was

lacking. For example, an amine based surfactant (Amihope LL) was chosen in

a quite ad hoc manner and was shown to improve the detergency; however, it

was not even clear to which extent this surfactant is soluble in the medium,

if it lowers the interfacial tension and if it forms self-assembled structures, let

alone why it gave rise to a better cleaning performance.

This is where this work began. We started out with a thorough physico-

chemical analysis of the causes of the existing problems in liquid CO2 dry-

cleaning and directions to solve them, which resulted in Chapter 2 of this

thesis. We then introduced a systematic approach by measuring the interac-

tion forces between a model fabric (cellulose) and a model soil particle (silica)

in a non-polar model solvent (n-hexane) and investigating the effect of ad-

ditives. This comprises the first part of the thesis (Chapters 3 to 5). The

experimental work was extended to liquid CO2 systems and these studies are

captured in the second part of the thesis (Chapters 6 to 8).

In both the model solvent and in liquid CO2 systems we studied the (phase)

behaviour and effect of a surfactant prototype (Igepal CA520). We further

built our understanding with the help of a numerical molecularly detailed

mean-field model. This model helped us understand wetting phenomena at

the water - CO2 interface without or with surfactant, the bulk self-assembly

behaviour of the surfactant in liquid CO2 in the presence of water, and what

details of the surfactant architecture are important to make it suitable for
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9.2. Surface forces in low dielectric media

liquid CO2.

In this chapter we will summarize our findings, highlighting some of the key

results. Some aspects which we could not discuss in previous chapters, but are

deemed important, will also be outlined in this part. Based on experimental

and modelling results, we will end the story with design rules for effective

surfactants for liquid CO2 and an outlook.

9.2 Surface forces in low dielectric media

Liquid CO2 has an extremely low dielectric constant (1.6 at 60 bar and 10
◦C) and this has major implications for the interaction forces between col-

loidal bodies through this medium. Generally, surface forces in low dielectric

media are much less understood than those in aqueous solutions. For inter-

actions in aqueous solutions experimental interaction curves are commonly

interpreted using classical DLVO (Derjaguin-Landau-Verweij-Overbeek) the-

ory, i.e., in terms of electrostatic interactions and van der Waals forces. It

has been generally found that DLVO theory provides a good description for

the interactions between surfaces at separations above, say 5 nm (at close sep-

aration so-called non-DLVO interactions, like hydration forces, hydrophobic

attraction and steric interactions, play a substantial role). However, in ultra-

low dielectric media like liquid CO2 the charge density on any surface is low,

Debye lengths are high (up to the micron scale) and salts hardly dissociate.

On the other hand, van der Waals forces through liquid CO2 can be much

stronger compared to those across water, as shown in Chapter 2 for the inter-

action between a model soil particle (silica) and a model fabric surface (cel-

lulose). Both the absence of charge on surfaces and the high van der Waals

forces contribute to the problematic removal of soil particles from fabrics and

their undesired redeposition in liquid CO2 dry-cleaning. The presence of small

amounts of water (without a suitable surfactant) increases these problems, as

outlined below.

At the start of this project we chose n-hexane as a model for liquid CO2,

since it was very difficult or even impossible to perform all experiments that we
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planned in liquid CO2 (e.g., an atomic force microscope that operates under

high pressure is still non-existing). The dielectric constant of n-hexane is very

close to that of liquid CO2, and like in liquid CO2, trace amounts of water

can be dissolved in it. In addition, n-hexane and liquid CO2 are miscible in

all proportions, illustrating their compatibility. In retrospect, the selection

of n-hexane as a model for liquid CO2 turned out to be an excellent choice

indeed. We will come back to this in section 9.4.

9.3 The role of water

Chapter 3 is dedicated to the role of water in mediating the surface forces

between a model fabric and soil particle. In CO2 dry-cleaning, water is inher-

ently present as a minor component in the medium. Moreover, extra water is

added to liquid CO2 to enhance the detergency of polar soils. It was known

from previous detergency experiments that although extra water improves

the detergency of polar soil, detergency of particulate soil deteriorates. The

reason for this was unclear. We employed an atomic force microscope (AFM)

to quantify the forces of interactions between a spin-coated cellulose layer

and a silica particle (3 µm radius) immersed in n-hexane without and in the

presence of water. The adhesion force in wet hexane was found to be much

(five times) higher than in dry hexane and we attributed this higher force

to the formation of water capillary bridges between the interacting surfaces

in n-hexane. However, the measured capillary forces were still considerably

lower than predicted by the theory of capillary condensation. This suggested

that there was not one capillary bridge spanning the whole interaction area

between the particle and the surface, but multiple smaller bridges, resulting

from the roughness of the surfaces.

9.4 Roughness and softness of the surface

The roughness and the softness of interacting surfaces are both important

factors determining the capillary adhesion due to the presence of water in
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nonpolar media.

To obtain more insight into the effect of surface roughness, the kinetics

of capillary bridge formation was further investigated. It was found that the

adhesion force slowly increases in time (up to 200 s), in a logarithmic fashion.

From the relation between the maximum adhesion force and the condensate

volume it was concluded that our system falls into the asperity regime, mean-

ing that multiple tiny water bridges are formed between the closest asperities

at either of the surfaces. Both the slow kinetics and the asperity regime are

in line with the roughness argument. These aspects are described in detail in

Chapter 3.

We have quantified the softness of the cellulose surface by measuring its

Young’s modulus in water as well in n-hexane, using the quantitative nano-

mechanical mode of the AFM. The cellulose surface is three orders of mag-

nitude softer in water than in hexane. This essentially implies that when the

silica particle is pressed against the cellulose surface in water, the contact area

increases and the resulting adhesion force can be much higher than in hexane.

We hypothesized that the two very different Young’s moduli of wet and dry

cellulose pose different barriers towards the retraction of the silica particle

from the cellulose surface.

We expect the formation of similar capillary bridges in water-saturated

liquid CO2. Liquid CO2 can solubilize ∼ 1000 ppm of water at the relevant

pressure and temperature conditions (see Chapter 2). Moreover, in reality the

fabric surfaces are also rough and hence the detrimental effect of water on

particulate soil removal as seen in detergency experiments is most probably

due to water capillary bridge formation (hydrophilic) soil particles and fabric

surfaces (complete wetting of water).

9.5 Hydrophobicity / hydrophilicity of the surfaces

In practice the soil mix and the fabric types can have any surface energy ran-

ging from hydrophilic to hydrophobic. This topic has not been addressed yet

in this thesis. To investigate the adhesion forces as function of varying sur-
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Figure 9.1: Agents used for hydrophobic modification of silica surfaces. CMBS: cis-
β-methylstyrene: HMDS: hexamethyldisilazane; OTS: octadecyltrichlorosilane.

face energies, we chemically modified silica surfaces with various hydrophobic

agents and characterized them by measuring the water contact angle. The

hydrophobic agents are depicted in Figure 9.1. The silica particle was kept

unmodified.

Again we measured the surface forces between the SiO2 particle and the

modified surface through water-saturated hexane and the results are summar-

ized in Figure 9.2. As expected a clear decrease of capillary adhesion force

is found with increasing water contact angle, i.e. with increasing surface hy-

drophobicity. Indeed, in practical detergency tests it has been found that in

liquid CO2 the removal of particulate soil from hydrophobic surfaces such as

wool is better than from hydrophilic surfaces such as cellulose.1
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Figure 9.2: Maximum capillary adhesion force between modified silica surfaces and
an unmodified silica particle as a function of advancing water contact angle of water
on the surfaces. The experimental data are represented by black dots. The solid curve
is a fit of the model for capillary adhesion.2
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9.6 Effect of alcohol

Now that we have established the effect of water in relation to the properties of

the surface and the particle, it is relevant to discuss the effect of alcohol on the

interaction force. In CO2 dry-cleaning alcohols, more specifically 2-propanol,

are added as a co-solvent at a concentration of ≈ 5 % (w/w) as a detergency

aid. van Roosmalen et al.3 have studied the effect of the addition of 1 and

2-propanol, methanol, ethanol, 1 and 2-butanol, 1-pentanol and 1-hexanol on

the cleaning performance. It was found that the addition of co-solvents can

lead to a significant enhancement of the detergency. However, hardly any

difference in the CPI was found among the various alcohols tested, apart from

1-butanol and 1-pentanol, which were detrimental to the cleaning. Out of the

various alcohols tested, 1 and 2-propanol stood out to be the better candidates

and at the end 2-propanol was chosen as the most suitable co-solvent since it

is cheaper and less harmful than 1-propanol.

Based on these preliminary detergency results, we studied the effect of 1

and 2-propanol on the interaction forces between cellulose and silica through

dry as well as wet hexane. In Figure 9.3 we show force-distance curves

between cellulose and silica through water-saturated hexane with or without

2-propanol. The amount of 2-propanol was 5.3 % (w/w). The effect of adding

2-propanol is quite dramatic: it reduced the adhesion force and the range of

interactions to virtually zero.

This finding can be directly correlated to the detergency results obtained

by van Roosmalen. Our explanation is that the presence of alcohol lowers the

water-hexane interfacial tension, as the alcohol is soluble in both water and

hexane, resulting in a dramatic lowering of the capillary adhesion between

cellulose and silica.

We further studied the effect of the concentrations 1-propanol and 2-

propanol on the force of interactions in dry as well as wet hexane and the

results are shown in Figure 9.4. No effect of the surface delay time has been

observed.

For dry hexane we do not see significant differences between the two al-
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Figure 9.3: Retraction curves between cellulose and silica after 200 s surface delay
in water-saturated n-hexane without and with added 2-propanol (5.3 % (w/w). Tip
velocity 2 um/s.

cohols. The maximum adhesion force decreases with increasing concentration

of alcohol. Also for water-saturated hexane at an alcohol concentration of ∼5

% (w/w) not much difference in the adhesion forces for 1 and 2-propanol was

observed. For 1-propanol the force decreases with increasing concentration of

alcohol, as in the case of dry hexane. However, for 2-propanol at ∼ 0.7 %

the adhesion force is much lower than for 1-propanol, while at ∼ 2.7 % it is

considerably higher. The reason for this is not clear.

The (small) adhesion force of in case of alcohols in dry hexane may be due

to the formation of H-bonded alcohol clusters at the solid-hexane interface.4

The -OH groups of the cluster are exposed to the apolar hexane resulting in

a higher interfacial tension and hence a higher adhesive force. As the alcohol

concentration is increased, the interfacial tension between the cluster moiety

and the bulk hexane (as the bulk also solubilizes more alcohol) is lowered,

resulting in a lower adhesive force between the interacting surfaces. Kurihara

et al.4 have shown by ATR-IR spectroscopy that 1-propanol forms linear and

2-propanol forms cyclic clusters at the interface. In the cyclic cluster the OH

groups are sequestered from the bulk hexane and hence the adhesion force in

case of 2-propanol should be less than that of 1-propanol. However, Kurihara

et al.4 also pointed out that beyond 0.3 % (w/w) alcohol the difference between
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Figure 9.4: Adhesion force between cellulose and silica in (a) dry and (b) wet hexane
as a function of the concentration alcohol (1-propanol and 2-propanol as indicated).
Surface delay 50 s.

1-propanol and 2-propanol vanishes. In our measurements the lowest amount

of alcohol was 0.7 % and hence we did not see any significant differences

between 1 and 2-propanol in dry hexane.

9.7 Igepal CA520 as a prototype surfactant for liquid

CO2

Four years back when this project was started, most of the work on surfactants

for CO2 reported in literature, if not all, was for supercritical conditions and

this situation has hardly changed. A review of these studies can be found in

Chapter 2 of this thesis. One finds examples of stubby (methyl-branched), high

molecular weight surfactants, fluorinated surfactants, block copolymeric sur-

factants, and peracetylated sugar derived surfactants that have shown promise

in supercritical conditions. Compared to liquid CO2, supercritical CO2 has

the advantage of superior solvency power owing to the higher density and

diffusivity.

However, CO2 dry-cleaning is based on liquid CO2 and not on supercritical

CO2. There is hardly any surfactant which is soluble at 45 - 60 bars and 10 ◦C

and the dry-cleaning industry is craving for one to promote this environment-
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ally friendly technology. So where should one start? From the very beginning

we were keen on doing a systematic hypothesis driven research instead of a

trial-and-error based screening. Following our comprehensive review (Chapter

2), we hinged on the idea of having a branched surfactant as first proposed

by Ryoo et al.5 For the rest our approach (described in Chapter 4 in detail)

was different as we emphasized on having a low molecular weight, commer-

cially available non-ionic (CiEOj type) surfactant. Based on our knowledge

on apolar media we restricted the EO numbers to within 5 and a short car-

bon chain length of 8 and arrived at Igepal CA520. An ideal starting point

would have been to check the solubility of this surfactant in liquid CO2 under

dry-cleaning conditions. Unfortunately, this could not be achieved at the very

outset due to the unavailability of suitable instrumentation. Hence, the initial

solubility check was performed in the model solvent, n-hexane. Other than

Igepal CA520, we also tested the EO3 variety. Whereas the Igepal CA520

formed a turbid solution in n-hexane, the EO3 variety completely remained

phase separated and hence we decided to do further experiments on Igepal

CA520.

Since it was imperative to have water in the system we decided to drive the

self-assembly of this surfactant in n-hexane using water. Water is known as

a mesogen since it drives the formation of liquid crystalline phases in apolar

media and this idea was utilised in the study described in Chapter 4. We

hypothesized that to prevent water capillary condensation between the fabric

and particulate soil surfaces, the added water has to be encapsulated inside

surfactant mesophases.

The next step consisted of mapping out the relevant part of the phase

diagram for the ternary system of surfactant, n-hexane and water. In this

way, two compositions were identified for detergency tests, one containing

an isotropic L2 reverse micellear phase and the other a co-existence of L2

+ Lα mixture. The choice of the latter was based on the hypothesis that a

lamellar phase would adsorb more effectively on a flat fabric interface, thereby

improving the particle release process over the L2 composition.

Detergency tests were performed in n-hexane, but also in the pilot CO2 dry-
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cleaning set-up in the Process and Energy Laboratory at Delft University. To

this end the Igepal/hexane/water formulations were applied as pre-treatment

in the CO2 dry-cleaning process. Although the detergency results remained

inconclusive of proving or disproving the above-mentioned hypothesis, both

the formulations gave detergency benefit over cleaning tests using only liquid

CO2. The reasons that we did we not see the positive effect of having an Lα

phase in the formulation may be manifold. A detergency test is a complex

experiment, a culmination of many processes occurring at the same time.

Nevertheless this was the first clue that we obtained in a real CO2 sys-

tem that this surfactant might work. Although the formulations contained

n-hexane and were applied as a pre-treatment we were getting hopeful at this

stage.

Again we employed the AFM to measure the interaction forces between

the silica particle and cellulose surface in the presence of the surfactant for-

mulations. These measurements are the basis of Chapter 5. We showed that

irrespective of the type of mesophases the adhesive force between cellulose

and silica was significantly lower in the surfactant formulations than in water-

saturated hexane. We hypothesized that the small remaining attraction could

stem either from wetting of the surfaces by the lamellar phase, followed by con-

densation of water from the bulk,6 or from a confinement induced transition of

micelles (L2) to lamellar (Lα) structures, followed by water condensation.7 In

either case, the (small) attraction would be a result of wetting of the surfaces

and the (low) interfacial tension between water and hexane in the presence of

the surfactant.

Although the AFM measurements nicely augmented the detergency res-

ults, there is scope for further understanding. We here pose some questions

for further investigation. Is it possible to decouple the role of the adsorbed sur-

factant films and the meniscus formed at the confined spaces in the adhesion

force? In other words, can the interaction be viewed as capillary condensa-

tion of water in presence of the surfactant or is there a contribution of the

attraction between the adsorbed surfactant layers? If so, does one become

dominant over the other as function of the separation distance? There are

227



Chapter 9. General Discussion and Outlook

models by Derjaguin and Churaev8 for polymolecular adsorption and capillary

condensation in narrow slit pores, where the relative strengths of adsorbate-

adsorbate and adsorbate-adsorbent interactions play a role. In the case of

strong adsorbate-adsorbate interaction, the co-existence of the capillary men-

iscus and the adsorbed films is not possible below a critical width of the slit,

whereas for strong adsorbent-adsorbate interactions the co-existence is pos-

sible for any slit width. Can these theories be extended to the amphiphile

systems at confined spaces?

In Chapter 3, where we studied capillary condensation of water in narrow

confined spaces, we assumed the presence of an adsorbed water film at all

distances. Water - silica or water - cellulose interactions should fall under the

category of strong adsorbent-adsorbate interaction owing to the H-bonded in-

teractions. We assumed dispersion type interactions between the surrounding

hexane and surfaces through the water film and estimated the thickness of the

film as 7 nm. Can this estimate be verified experimentally, for example by

ellipsometry?

9.8 Interfacial behaviour and self-assembly of Igepal

CA520 in the water - liquid CO2 system

To understand how Igepal CA520 behaves in water - liquid CO2 systems, it

is necessary to know the interfacial behaviour of Igepal CA520 at the water

- CO2 interface as well as its ability to form mesophases such as (reverse)

micelles and lamellar phases.

As a reference the properties of the bare water - CO2 interface had to be

investigated first. Not only were we interested in the interfacial tension, but

we also wanted to have an insight in the wetting and adsorption phenomena

at the interface. This was achieved partly through experiments and partly

by numerical modeling, using the self-consistent field model of Scheutjens and

Fleer (SF-SCF). The experiments were done in the laboratory of Heat and

Mass transfer in the Technical University of Hamburg-Harburg, Germany. We

showed that the water - CO2 interfacial tension decreases and the water contact
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angle on a hydrophilic surface in CO2 increases with increasing pressure. The

first phenomenon was explained from the increasing Gibbs excess of CO2 at the

water - vapour interface. The increase in contact angle was shown to result

from the adsorption of CO2 on the -OH populated surfaces with increasing

pressure. The model further predicted complete wetting of the water - vapour

interface by a CO2 layer, which was in line with the fact that the system

conditions were chosen not far from criticality. These phenomena are captured

in Chapter 6.

The model delineated in Chapter 6 was extended further in Chapter 7 for

studying the interfacial and bulk phase behaviour of Igepal CA520 in water -

liquid CO2 system. The experimental water - CO2 interfacial tension data in

presence of the surfactant indicates that the surfactant is interfacially active.

By implementing these experimental findings into our numerical model, we

investigated the self-assembly of Igepal CA520 in the bulk CO2 or water. The

model predicted formation of reverse micelles both at three-phase coexistence

(at P/Psat = 1) and for P/Psat > 1. The effect of pressure on the forma-

tion of reverse micelles was predicted: with increasing pressure the critical

reverse micellar concentration (CRMC) increases and the critical aggregation

number decreased. The physical explanation is that a higher pressure leads

to a stronger stopping mechanism for reverse micellization due to the better

solvation (better solvency power of liquid CO2) of the surfactant tails by CO2.

In the water phase bilayer formation was predicted to occur beyond a

critical surfactant chemical potential. Apart from the bulk phase behaviour,

the presence of the surfactant gives rise to interesting wetting phenomena at

the water - vapour interface. Partial wetting by CO2 was noted, followed by a

re-entrant wetting transition as the surfactant chemical potential in the bulk

water phase was increased.

The theoretical phase behaviour presented in Chapter 7 was validated

in Chapter 8 by small angle X-ray scattering experiments (SAXS) on Ige-

pal/water/liquid CO2 ternary systems. The SAXS results indicated conclus-

ively the presence of self-assembled aggregates. The role of water in driving

the self-assembly has been mapped and it was concluded that water acts as a
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mesogen (promoter of liquid crystals) in CiEOj type surfactant - liquid CO2

systems. In the absence of water, at a particular range of surfactant con-

centrations, the system contains isotropic reverse micellar mesophases (often

termed as L2) and with the addition of water L2 undergoes a phase trans-

ition to Lα. The lamellar repeat distance increases with increasing water

content. Following these findings, a partial phase diagram in liquid CO2 has

been generated in Chapter 8. In Chapter 4 one finds the phase diagram of the

Igepal/water/hexane ternary system. Comparing these two phase diagrams it

is clear that water plays similar roles in the two systems. With this knowledge

we can now say with conviction that for our studies n-hexane has proven to

be a very well-chosen model solvent for liquid CO2.

9.9 Design rules for a surfactant for liquid CO2

The molecular pictures that emerged from the SF-SCF modelling are rich

and proved to be valuable for studying the interfacial behaviour and self-

assembly of surfactants in a complex fluid system. We did not stop at clarify-

ing the underlying physics, but also applied the model to provide pragmatic

design guidelines for surfactant architecture in liquid CO2. These guidelines

are presented in this section.

In Chapter 7 we pointed out that the stability window for reverse micelles

in liquid CO2 with respect to the two key Flory-Huggins interaction para-

meters, namely the χC3D and χOW (between methylgroups in the surfactant

tail and CO2, and between the head group oxygens and water, respectively),

was rather narrow. The first interaction parameter dominates the stopping

mechanism for micellisation, while the latter determines the driving force for

this process. The fact that this window is narrow essentially points out the

difficulties involved in designing amphiphiles for liquid CO2. This finding is a

good starting point to study the effect of surfactant architecture on the process

of reverse micellization.

Surfactant architecture is a broad term; there are many structural prop-

erties that can be varied. In the following we will focus on the effects on the
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self-assembly of the surfactant in liquid CO2 of branching, tail length, EO

chain length and CH3 or CH2 type interactions on the backbone.

In Figure 9.5 we have plotted the grand potential of translationally restric-

ted spherical micelles, Ωs, against the aggregation number g. The interpreta-

tion of Ωs is given in detail in Chapter 7. Here we will only discuss the gist of

the main findings.

The default surfactant molecule is same as in Chapter 7 and is schematic-

ally presented in Figure 9.6. The linear counterpart of this default molecule

is represented by C8 - b - linear - EO5. Here b stands for the benzene ring.

For this molecule Ωs increases monotonically with increasing g and therefore

does not satisfy the thermodynamic criterion of dΩs/dg < 0 for any g. This

indicates that spherical reverse micelles are not the preferred shape for this

linear surfactant in liquid CO2. This is an interesting finding since we have

seen before and also from Figure 9.5 that if branching is introduced C8 - b

- EO5 surfactants do form stable reverse micelles. However, if the length of

the alkyl tail of the linear variant is increased, stability of the spherical re-

verse micelles is regained. This is exemplified by the curves for the C10 - b -

linear - EO5 and the C12 - b - linear - EO5 molecules in Figure 9.5a. From

these observations we conclude that for smaller molecules (< C10), branching

is important and for longer molecules (C10 and above), CH3 type interactions

are more important over branching. This can be explained from the packing

parameter v/a0l (i.e., the ratio between the apparent cross section of the sur-

factant tail v/l and the head group area a0). In order to form reverse micelles,

the packing parameter has to be larger than 1. This can be achieved by in-

corporating branching (more excluded volume) in the tail or by increasing the

tail length. Moreover, we have seen that having more methyl groups, implies

a stronger stopping mechanism for the self-assembly, while the driving force

remains constant. This leads to a lower critical reverse micellar concentration

(CRMC), a higher volume fraction of reverse micelles and a lower aggregation

number at the CRMC (compare e.g. the curves for the default molecule and

C12 in Figure 9.5a.)

The results of introducing branching at the benzene ring or more branching
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Figure 9.5: Grand potential of translationally restricted spherical reverse micelles in
liquid CO2 as a function of aggregation number. a) Effect of the number of methyl
groups in the surfactant tail. b) The role of branching in the tail.

on the alkyl tail are summarised in Figure 9.5b.

l
v

Figure 9.6: The default molecule (representing Igepal C520, Chapter 7) and schem-
atics of its packing parameter.

The branch points on the benzene ring were varied (see Figure 9.7): in

type II, the branch points are further from the head groups and in type III

, the branch points are adjacent to the head groups. As can be seen from

Figure 9.5b, for type III, the reverse micelles are more robust, their aggregation

number at the CRMC is lower and there is a higher number of reverse micelles

at the CRMC compared to the default (type I) or the type II molecule.

These results can also be explained in terms of the packing parameter

(Figure 9.8). When the branch points are adjacent to the head groups (type

III), the wedge shape effect is immediate, whereas, in case of type II, the

wedge starts off farther down the chain leading to less-efficient packing of the

molecules in the reverse micelles. Introduction of more branching (type IV,
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ring close to the head group.

Figure 9.9) on the alkyl tail farther from the benzene ring brings in the same

effect as in III.
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Figure 9.8: Schematics of packing parameter for molecules with type II branching (a)
and type III branching (b).
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Figure 9.9: Surfactant with more branching (type IV) on the alkyl tail than the default
molecule.

The effects of tail and head group chain lengths on the CRMC and critical

aggregation number are presented in Figure 9.10. In these cases the molecules

considered are linear. The CRMC goes up with increasing carbon numbers for

both EO5 and EO6, because the higher the number of CH3 groups in the tail,

the higher is the solubility of the surfactant in liquid CO2. With increasing

length of the EO chain, the driving force for self-assembly increases and hence

the CRMC is lower for EO6 than for EO5.

The aggregation number is practically constant with tail length up to C10

and then decreases for both EO5 and EO6. More CH3 groups implies a stronger

stopping force and hence the aggregates become smaller. The aggregation
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number is lower for EO5 than for EO6 since there is less water associated with

the polar core.

9.10 Outlook

We have shown experimentally that a small branched surfactant molecule such

as Igepal CA520 is soluble in liquid CO2 and water can be used to promote its

self-assembly in this medium. In general we found that the knowledge on self-

assembly in apolar media also holds for liquid CO2. Our theoretical analysis

and design attempt throws a number of possibilities for future experiments.

We conclude that branching is important for small molecules (less excluded

volume). For longer molecules there must be CO2-philic groups attached to

the tail part of the surfactant, while the number of EO groups should be

limited to five or six. Moreover, the Igepal molecule can be modified by

incorporating CH3 branching at the benzene rings ortho to the head groups

to further improve the self-assembly.

Now that we have predicted the CRMC and aggregation numbers of a

CiEOj type of non-ionic surfactant in liquid CO2, these concepts should be

tested further experimentally by X-ray/neutron scattering.
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We have used so far a spherical geometry in our model. However, other

micellar shapes, such as rod or disc, are also possible. Thermodynamics of

these systems can also be studied in future using the same self-consistent field

approach. In addition, the mean field approach can be improved further by

incorporating atomistic details and the effect of insertion of other CO2-philic

groups can also be studied in future.

Moreover, the effect of alcohol on the phase behaviour of the Igepal CA520

/water/liquid CO2 can be the subject of SAXS studies in future. In Chapter

2 we have mentioned that alcohol is also used as an additive in dry-cleaning

formulations. In the present chapter we discussed the effect of adding alcohol

in the water-saturated hexane to reduce the adhesion force between cellulose

and a silica particle. Therefore, it would also be interesting to study the effect

of alcohol content on the phase behaviour of the quaternary system as well.

Furthermore, other compositions of the ternary phase diagram can be mapped

in future by systematically varying the surfactant concentration and water to

surfactant ratios.

The incentive of this project was to find ways to improve the perspectives

of liquid CO2 as a dry-cleaning solvent, to replace the environmentally harmful

and toxic solvents that are commonly used at present. Our results show that

Igepal CA520 is a CO2 soluble surfactant with obvious potential to aid the

process of particulate soil removal in liquid CO2. More surfactants may be

synthesized according to our selection criteria and design rules. An additional

and not unimportant advantage of Igepal CA surfactants is that they are

biodegradable and not very toxic.9

Of course, the effectiveness of Igepal CA520 as a surfactant in liquid CO2

dry-cleaning has to be proved in systematic detergency tests in comparison

to other dry-cleaning methods and in relation to specific target specifications.

We expect a composition of the washing liquid in which both reversed micelles

and lamellar phases are present, to be the most favourable. The presence of

water in the washing liquid would then serve two purposes: to drive the reverse

micellar and lamellar phase formation which would promote particle removal,

and to enhance the removal of polar (water soluble) soil for which the addition
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water was originally intended.

At the moment, dry-cleaning using CO2 has been commercialized on a

small scale only. We expect that if detergency tests using Igepal or other

candidate surfactants indeed show a significant enhancement of the cleaning

performance, this will contribute to a break-through of this form of environ-

mentally friendly dry-cleaning.

The learning from this thesis is manifold and can also be beneficial to

other research domains where CO2 is in burgeoning demands such as enhanced

oil recovery, polymer synthesis in CO2 and extraction of polar compounds.

Besides, behaviour of the CO2 - water interface and wetting of various surfaces

by CO2 are required for addressing problems involved in geological storage of

CO2.

In enhanced oil recovery using CO2, the high mobility of CO2 is a con-

cern.10–12 CO2 is more mobile than oil or water, owing to its low viscosity.

This high mobility causes fingering through the oil retained in the porous me-

dia and as a result CO2 comes out of the oil well, leaving the oil behind.12,13

One way to tackle this problem is to enhance the viscosity of CO2 by thick-

ening agents. Apart from using polymeric associative thickeners, surfactant

self-assembly has also been employed to modify the viscosity of CO2
12,13 . It

has been shown that the viscosity of CO2 can be increased by 20 - 90 % using

6 - 10 wt % of CO2 compatible di-chain fluorinated surfactants.13 This is

indeed a promising result not only for oil recovery problems but also for any

processes involving CO2 where mechanical action plays a role. In Chapter 2

we have discussed the challenges involved in generating momentum in liquid

CO2 and in this context the findings described in Chapter 4 and 8 are note-

worthy. An important lead is the possibility of steering the phase diagram of

Igepal CA520/water/liquid CO2 towards the lamellar phase by the addition of

water. The viscosity of the lamellar phase is higher than the isotropic reverse

micellar phase. Hence, Igepal CA520 with added water could be tested for

viscosity modification of CO2 in future.

Although the fluorinated surfactants have been shown to be able to thicken

CO2, the increase in viscosity is too small to be effective in enhanced oil
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recovery.13 Moreover, the need for hydrocarbon analogues to do the job is

ever increasing.12 Realizing that a lamellar phase formulation has never been

deployed to increase the viscosity of CO2, we see an opportunity to put this

idea forward for future research. Of course, the phase diagram of Igepal in

supercritical CO2 has to mapped for this purpose.

In the same context, CO2-in-brine mobility control foams are also get-

ting much attention.12 Several hydrocarbon surfactants have been sugges-

ted as foam stabilizers. Siloxane based surfactants with added co-solvents

or ethoxylated alkyl-aryl (alkyl phenol) hydrocarbons.12 It has been realized

that CO2-in-water or CO2-in-brine emulsion are good as foaming formulations,

though mention of water-in-CO2 emulsion have also been found.12 However,

poor solubility of these surfactants in CO2 was again the road block. Towards

this end we can think of using the same alkyl-aryl, methyl branched back-

bone of Igepal CA520 with higher EO chain lengths to form CO2-in-water

emulsions. To form water-in-CO2 emulsions, Igepal CA520 can be tried as it

is.

Extraction of polar compounds using reverse micelles in CO2 is another

domain that is flourishing. One can think of several applications such as mit-

igation of water contamination, extraction of pharmaceutical products from

fermentation vessels, selective encapsulation of drugs for targeted delivery14

and the transport of reagents for chemical reactions (polymerization) in CO2.15

Fluorinated dendrimers have been shown to be soluble and form reverse mi-

celle type structures in liquid CO2
15 and can extract polar molecules into their

core. However, they suffer from the same undesirability i.e. having fluorine in

their structure. In future, the suitability of reverse micelles of Igepal CA520

in liquid CO2 can be investigated.

In case of the geological storage of CO2 in deep saline aquifers or depleted

hydrocarbon reservoirs, rapid leakage of CO2, caused by the failure of the

capillary rock is a nuisance and the water - CO2 or Brine - CO2 interfacial

tension is known to be one of the factors to control this leakage.16,17 We

have demonstrated in Chapter 6 and 7 that a numerical self-consistent field

modeling can predict the water - CO2 interfacial tension quite well. Hence, for
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further research this kind of modeling can be employed to gain insight into the

interfacial and wetting behaviour of these complex fluid systems at a shorter

time scale. This is important since measurements at high pressure are difficult

and time consuming and in certain real life situations may be even impossible

to perform.
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Summary

This thesis aims at gaining fundamental insight on colloidal interactions in

two types of apolar media, namely, liquid CO2 and (as a model for liquid

CO2) n-hexane. The other components playing major roles are surfactants

and water. The background of the work was to address the challenges met in

the use of liquid CO2 as a dry-cleaning solvent, in particular the insufficient

removal of particulate soil.

Since the dielectric constant of liquid CO2 is extremely low (1.6 at 60 bar

and 10 ◦C), it has a low individual Hamaker constant. This in turn leads to

a many orders of magnitude higher van der Waals force between interacting

surfaces through liquid CO2 as opposed to traditionally employed solvents like

perchloroethylene (PERC), which are toxic and environmentally unfriendly.

Both the absence of charge on surfaces and the high Van der Waals force

mean that a high solvodynamic force (high Reynolds number) is required to

dislodge particles from fabrics.

The situation becomes worse in the presence of water (without a suit-

able surfactant), which is a minor component in any dry-cleaning formulation.

Our atomic force microscopy results indicate that water-mediated capillary

bridges can lead to higher adhesion forces between the interacting surfaces.

The roughness and softness of the surfaces were found to affect the kinetics,

magnitude and range of the interaction force.

Further, we have shown that using suitable surfactants these forces can be

reduced. Following a systematic selection approach based on the hypothesis

that a hydrocarbon surfactant for liquid CO2 should have a low molecular
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weight and a branched t-butyl tail in its alkyl part, Igepal CA520 was chosen.

This surfactant has an ethylene oxide (EO) chain as a headgroup (CiEOj type

surfactant). The surfactant solubility was tested first in the model solvent,

followed by measuring its cloud point in the liquid CO2 system, which showed

that the surfactant is soluble at ∼ 50 bar and 5 - 10 ◦C (CO2 dry-cleaning

conditions). Furthermore, we found that Igepal CA520 was surface active

at the water - liquid CO2 interface. Igepal CA520 was further tested in a

pilot scale dry-cleaning apparatus, where it showed marked improvement in

detergency of particulate soil.

The interfacial behaviour of the surfactant - water - liquid CO2 system was

also studied using the self-consistent field theory of Scheutjens and Fleer (SF-

SCF). We showed that the interfacial tension of bare water - CO2 interface

decreases with increasing pressure and becomes invariant of pressure beyond

the saturated vapour pressure. The water contact angle on a hydrophilic sur-

face in CO2 increases with increasing pressure. The first phenomenon was

explained from the increasing Gibbs excess of CO2 at the water - vapour in-

terface. The increase in contact angle was shown to result from the adsorption

of CO2 on the -OH populated surfaces with increasing pressure. The model

further predicted complete wetting of the water - vapour interface by a CO2

layer, in line with the fact that the system conditions were chosen not far from

criticality.

The model was further extended to describe and predict the interfacial

and bulk properties of the liquid CO2/surfactant/water system. The experi-

mental water - CO2 interfacial tension data and the SF-SCF modeling of the

Igepal/water/liquid CO2 system indicated that Igepal adsorbs at the water -

liquid CO2 interface. The model also predicted the formation of reverse mi-

celles both at the three-phase (water/liquid CO2/gaseous CO2) coexistence (at

P/Psat = 1 ) and for P/Psat > 1. With increasing pressure the critical reverse

micellar concentration (CRMC) increases and the aggregation number at the

CRMC decreases. A higher pressure leads to a stronger stopping mechanism

for reverse micellization due to the better solvation (better solvency power of

liquid CO2) of the surfactant tails by CO2.
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Apart from the bulk phase behaviour, the presence of the surfactant gives

rise to interesting wetting phenomena at the water - vapour interface. Partial

wetting by CO2 was noted, followed by a re-entrant wetting transition as the

surfactant concentration in the bulk water phase was increased.

The theoretical phase behaviour was validated by small angle X-ray scat-

tering experiments (SAXS) on Igepal/water/liquid CO2 ternary systems. The

SAXS results indicated conclusively the presence of self-assembled structures.

The role of water in driving the self-assembly has been mapped and it was con-

cluded that water acts as a mesogen (promoter of liquid crystals) in CiEOj

type surfactant - liquid CO2 systems. In the absence of water, at a partic-

ular range of surfactant concentrations, the system contains isotropic reverse

micellar mesophases (often termed as L2) and with the addition of water L2

undergoes a phase transition to a lamellar phase, Lα. The lamellar repeat

distance increases with increasing water content. Following these findings, a

partial phase diagram in liquid CO2 has been generated. Comparing the phase

diagrams of Igepal CA520/water in liquid CO2 and in n-hexane it is clear that

water plays similar roles in the two systems. Based on this we also conclude

that n-hexane is a good model for liquid CO2.

The model was used to arrive at design guidelines for surfactants for liquid

CO2. It is interesting to note that the stability window for reverse micelles in

liquid CO2 is rather narrow with respect to the two key Flory-Huggins inter-

action parameters, namely the χC3D and χOW , characterizing the interaction

between methyl groups in the surfactant tail and CO2, and between the head

group oxygen and water, respectively. The first interaction parameter domin-

ates the stopping mechanism for micellization, while the latter determines the

driving force for this process. The fact that this window is narrow essentially

points out the difficulties involved in designing amphiphiles for liquid CO2.

The design criteria emerging from modeling are based on the numerical res-

ults that for smaller molecules (< C10), branching is important and for longer

molecules (C10 and above), CH3 type interactions are more important over

branching.

Apart from CO2 dry-cleaning, the knowledge gained in this thesis can
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be beneficial to many other environmentally friendly industrial processes in-

volving liquid CO2, such as enhanced oil recovery and extraction of polar

compounds. The outcome of this thesis can also be extended to alleviate the

problems associated with the geological storage of CO2 at high pressure under

the ocean floor (deep saline aquifers).
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Samenvatting

Dit proefschrift beoogt fundamentele kennis te verschaffen over collöıdale wis-

selwerkingen in twee apolaire media, namelijk vloeibaar kooldioxide (CO2) en,

als model voor vloeibaar CO2, n-hexaan. De andere componenten die een be-

langrijke rol spelen in het beschreven onderzoek, zijn surfactanten (oppervlakte-

actieve stoffen) en water. De achtergrond van dit werk is het chemisch reinigen

van textiel met behulp van vloeibaar CO2, waarbij met name de verwijdering

van deeltjesvuil zoals zand, klei en roetdeeltjes, nog onvoldoende is. Het doel

van dit project was om de mechanismen op te helderen die een rol spelen bij

het verwijderen van deeltjesvuil, en met dit inzicht richtlijnen te formuleren

voor het ontwerpen van geschikte surfactanten. De diëlektrische constante van

vloeibaar CO2 is extreem laag (1,6 bij een druk van 60 bar en een temperatuur

van 10 ◦C) en daardoor heeft de stof een lage Hamakerconstante. Dit betekent

dat Vanderwaalskrachten tussen materialen in vloeibaar CO2 ordes groter zijn

dan in de oplosmiddelen die traditioneel worden gebruikt voor chemisch reini-

gen van textiel, zoals tetrachloorethyleen (oftewel perchloorethyleen, PERC),

en die giftig en milieuonvriendelijk zijn. Zowel de afwezigheid van lading op

het oppervlak van deeltjes en textiel als de hoge Vanderwaalskrachten leiden

er toe dat er in vloeibaar CO2 grote mechanische (solvodynamische) krachten

nodig zijn om het deeltjesvuil te verwijderen. De situatie verslechtert nog

als er in het vloeibaar CO2 wat water aanwezig is zonder dat een geschikte

surfactant is toegevoegd. In elke detergentformulering voor chemisch reinigen

zit waterals een van de additieven. Uit onze metingen van de wisselwerking

tussen een silica deeltje (model voor vuil) en cellulose (model voor textiel) met
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de atomic force microscoop blijkt dat in apolaire media water capillaire brug-

gen kan vormen die leiden tot hoge adhesiekrachten. De grootte en het bereik

van deze krachten worden bëınvloed door de oppervlakteruwheid van de ma-

terialen en de elasticiteit (zachtheid) van het celluloseoppervlak. Het gebruik

van een geschikte oppervlakte-actieve stof kan deze krachten verminderen. Op

grond van de hypothese dat een geschikte, milieuvriendelijke surfactant voor

vloeibaar CO2 een laag moleculair gewicht moet hebben en een vertakte al-

kylstaart, hebben we Igepal CA520 gekozen voor verdere studie. Deze stof

heeft een t-butylstaart en een ethyleenoxide (EO) keten als kopgroep (CiEOj-

type surfactant). De oplosbaarheid van Igepal CA520 werd eerst getest in het

modeloplosmiddel, en vervolgens werd het troebelingspunt (”cloud point”) in

vloeibaar CO2 bepaald als functie van de druk. Hieruit werd gevonden dat

Igepal CA520 oplosbaar is in vloeibaar CO2 rond 50 bar en tussen 5 en 10
◦C, overeenkomend met de condities die gebruikt worden bij chemische tex-

tielreiniging. Ook vonden we dat de stof de oppervlaktespanning verlaagd

tussen water en vloeibaar CO2. De surfactant werd verder getest in een proe-

fopstelling voor textielreiniging, waar het een opmerkelijke verbetering liet

zien in de waskracht van vloeibaar CO2 wat betreft deeltjesvuil. De karakter-

istieken van het grensvlak tussen CO2 en water werden bestudeerd met behulp

van de zelf-consistente veld theorie van Scheutjens en Fleer (SF-SCF). We li-

eten hiermee zien dat de grensvlakspanning tussen water en CO2 afneemt met

toenemende druk en onafhankelijk wordt van de druk boven de verzadigde

dampspanning van CO2 (Psat). De contacthoek van water op een hydrofiel

oppervlak in CO2 neemt toe met toenemende druk. Deze resultaten zijn in

overeenstemming met experimentele data. De afname in grensvlakspanning is

het resultaat van een toenemend overschot aan Gibbs-energie van CO2 in het

water/damp-grensvlak. De toename in de contacthoek wordt veroorzaakt door

adsorptie van CO2 aan het grensvlak. Het model voorspelt verder complete

bevochtiging van het water/damp-grensvlak door een CO2 laagje, in overeen-

stemming met het feit dat de condities niet ver van het kritische punt waren

gekozen. Het model werd uitgebreid om de grensvlak- en bulkeigenschappen

van het vloeibaar CO2/surfactant/water-systeem te beschrijven en te voorspel-
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len. De experimenteel bepaalde grensvlakspanningen tussen water en CO2 in

aanwezigheid van Igepal en de SF-SCF modelering van dit systeem toonden

aan dat Igepal adsorbeert aan het water/vloeibaar CO2 grensvlak. Het model

voorspelt verder dat er omgekeerde micellen worden gevormd zowel bij de

driefasencoexistentie (water/vloeibaar CO2/CO2 damp), waarvoor geldt dat

P/Psat = 1, als voor P/Psat > 1. Met toenemende druk neemt de kritische

omgekeerde-micelvormingsconcentratie (CRMC) toe en het aggregatiegetal bij

de CRMC neemt af. Een hogere druk leidt namelijk tot een sterker stopmech-

anisme voor de vorming van omgekeerde micellen door een betere solvatatie

van de staarten (sterker oplossend vermogen van CO2). Behalve het fasen-

gedrag in de bulk, geeft de aanwezigheid van de surfactant aanleiding tot

interessante bevochtigingsverschijnselen aan het water/CO2 damp-grensvlak.

Als functie van de surfactantconcentratie werd een venster gevonden waarin

partiële bevochtiging door CO2 plaats vindt, terwijl daarbuiten volledige be-

vochtiging optreedt. Het fasengedrag zoals gevonden uit de modelbereken-

ingen, werd gevalideerd door SAXS-experimenten (kleine-hoek röntgenver-

strooiing). De SAXS-resultaten voor het Igepal/water/vloeibaar CO2 systeem

toonden de aanwezigheid van zelf-geassembleerde structuren overtuigend aan.

De rol van water bij de vorming van deze structuren werd in kaart gebracht en

de conclusie was dat water optreedt als mesogeen (promotor van de vorming

van vloeibare kristallen) in mengsels van CiEOj-type surfactant en vloeibaar

CO2. Zonder water bevat het systeem in een bepaald gebied van surfactant-

concentraties isotrope omgekeerde micellen (deze fase wordt vaak aangeduid

als L2) en met de toevoeging van water gaat L2 over in een lamellaire fase, Lα.

De periodieke afstand tussen de surfactantbilagen neemt toe met toenemend

watergehalte. Op grond van deze resultaten werd een partieel fasendiagram

geconstrueerd voor vloeibaar CO2/ Igepal/water. Als we dit vergelijken met

het fasendiagram voor n-hexaan/water/Igepal, is het duidelijk dat water in de

twee systemen een zelfde rol speelt. Dit bevestigt dat n-hexaan een goed model

is voor vloeibaar CO2. Het SF-SCF model werd gebruikt om richtlijnen op te

stellen voor het ontwerpen van surfactanten voor vloeibaar CO2. Interessant

hierbij is dat het stabiliteitsvenster voor omgekeerde micellen in vloeibaar CO2
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nogal klein is wat betreft de twee sleutelparameters in het model, namelijk de

Flory-Hugginsparameters χC3D en χOW . Deze karakteriseren respectievelijk

de wisselwerking tussen de methylgroepen in de surfactantstaart en CO2 en

die tussen de zuurstof in de kopgroep en water. De eerste interactieparameter

domineert in het stopmechanisme voor micelvorming, terwijl de tweede de

drijvende kracht voor dat proces bepaald. Het feit dat dit venster zo klein is,

geeft in essentie de moeilijkheden weer om geschikte surfactanten te vinden

voor vloeibaar CO2. De ontwerpcriteria die voortkomen uit het model, zijn

gebaseerd op de numerieke resultaten dat voor kleinere moleculen (< C10)

vertakking in de staart belangrijk is en voor langere moleculen (C10 en groter)

CH3-type wisselwerkingen belangrijker zijn dan vertakking. Behalve voor het

gebruik van vloeibaar CO2 in de textielreiniging, kan de kennis die vergaard is

in dit project ten goede komen van andere milieuvriendelijke industriële pro-

cessen waarbij vloeibaar CO2 wordt gebruikt, zoals derde-generatie oliewin-

ning en extractie van polaire stoffen. De uitkomsten van dit kunnen ook

worden uitgebreid om de problemen aan te pakken die samenhangen met de

geologische opslag van CO2 onder hoge druk in diepe zoutwaterlagen.
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