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Unexpected efficiency boosting in CO2-microemulsions:  

A cyclohexane depletion zone near the fluorinated 

surfactants evidenced by a systematic SANS contrast 

variation study 

Y. Pütza, L. Grassbergera, P. Lindnerb, R. Schweinsb, R. Streyaand T. Sottmann*,c 

Microemulsions with supercritical CO2 are promising alternatives for organic solvents, 
especially if both polar and non-polar components need to be dissolved. However, only 
fluorinated surfactants, which are known to be environmentally unfriendly, are appropriate to 
formulate well-structured microemulsions. While most approaches to increase the 
environmental performance of CO2-microemulsions deal with the design of new surfactants 
with a reduced degree of fluorination, we discovered that the partial substitution of CO2 by 
cyclohexane enables a considerable reduction of fluorinated surfactants. Thereby the most 
efficient solubilization of the CO2/cyclohexane mixture, which turned out to be pressure-
dependent, was found at a cyclohexane-to-CO2 mass ratio between 1:6 and 1:4. In order to 
elucidate this unexpected effect a systematic small angle neutron scattering contrast variation 
study was performed. The analysis of the recorded scattering curves by the Generalized 
Indirect Fourier Transformation clearly shows that the scattering length density profiles differ 
considerably from scCO2-microemulsions without cyclohexane. Instead of a nearly constant 
scattering length density, a density profile that varies systematically over half of the droplet 
radius was detected. These results clearly indicate that the observed efficiency boosting is 
caused by the formation of a depletion zone of cyclohexane close to the fluorinated 
amphiphilic film. 

 

A Introduction 

Supercritical CO2 (scCO2) has attracted increasing attention in recent 
years because of its potential as a possible replacement for organic 
solvents, as it is cheap, nontoxic, non-flammable and 
environmentally friendly. It was shown first in 1978 by Hubert and 
Vitzthum that supercritical gases and especially scCO2 is highly 
appropriate for the extraction of natural products1. As its critical 
point is easily accessible (31°C and 73 bar), the solvent power can 
be influenced via density and thus via pressure and temperature. 
These tunable solvents2, 3 can be applied in various fields like for 
example enzymatic catalysis4 or the synthesis of nanoparticles5, 6. In 
many industrial processes CO2 is already used routinely7, the 
perhaps best known process being the decaffeinationof coffee8. 
However, CO2 is a very poor solvent for polar substances and such 
of high molecular weight, which is why emulsions and 
microemulsions are of interest for applications in which both polar 
and non-polar substances need to be dissolved. By combining the 
interesting features of CO2 and microemulsions via formulation of 
supercritical microemulsions it is possible to change the properties 
of the microemulsion without changing the molecular composition, 
which makes supercritical microemulsions also interesting to 
fundamental research.   
Starting from classical microemulsions using commercially available 
surfactants Consani and Smith showed that most of these are not 
compatible with CO2

9. This was verified later, showing that for 
example 40 wt% of a technical grade n-alkyl polyglycolether 

surfactant is needed to formulate a CO2-microemulsion containing 
equal amounts of brine and CO2

10. That fluorinated surfactants are 
more appropriate to solubilize CO2 in water and vice versa was 
found by Beckman et al., who utilized a fluorinated version of 
sodium bis(2-ethylhexyl) sulfosuccinate (AOT)11. In the last decade 
the properties of different types of CO2-microemulsions stabilized by 
fluorinated surfactants have been investigated, most studies dealing 
with the formulation of water-in-CO2 (w/c) microemulsions12. The 
first ones to reveal the microstructure of w/c microemulsions were 

Eastoe et al. who performed high pressure SANS experiments13. 
Since then research on these promising microemulsion systems has 
spread and numerous publications deal with their microstructure14-16, 
the influence of cosurfactants17, formation kinetics18 or with the 
design and synthesis of new fluorinated surfactants19, 20. Very 
recently, the kinetics of structural changes in a c/w microemulsion 
was investigated with time-resolved SANS using a newly designed 
stroboscopic high-pressure cell21. However, since fluorinated 
surfactants are expensive, non-biodegradable and therefore 
environmentally questionable, the direction of research has changed 
as to finding ways to lower the degree of fluorination or to replace 
them. Examples of surfactants which have been extensively 
investigated are partly fluorinated sulfosuccinate surfactants22-24, 
phosphate surfactants19, 25 and numerous self-designed surfactants26, 

27. A very interesting study was presented by Sagisaka et al. who 
systematically studied the influence of the tail length of various 
double-tail anionic surfactants on the properties of w/c-
microemulsions. They found that the highest amount of water could 
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be solubilized using surfactants with a tail length of 12-14 Å28. 
Surfactants with different molecular structures possessing a low 
fluorine content have been investigated by Mohamed et al., 
indicating that double-branched sodium sulfate surfactants are 
appropriate candidates for the formulation of microemulsions with 
supercritical CO2

29.  
In this work we present an alternative method to improve the 
efficiency of fluorinated surfactants to formulate CO2-
microemulsion and therewith reducing the required amounts of these 
environmentally questionable surfactants. We show that the addition 
of a low-molecular hydrophobic substance like cyclohexane can 
improve the efficiency of the microemulsion system brine – CO2 – 
Zonyl FSO 100/ Zonyl FSN 100. Cyclohexane has been chosen for 
at least two reasons: first of all cyclohexane is known to be a 
penetrating oil30. Furthermore, having in mind to use SANS and film 
contrast conditions to elucidate the microstructure of these new type 
of CO2-microemulsions, cyclohexane turned out to be the preferred 
hydrophobic additive, because of the low price of the deuterated 
compound. In more detail we studied the influence of cyclohexane 
on the phase behavior at four different pressures between 
p = 150 bar and p = 300 bar. In order to investigate whether the 
unexpected increase of efficiency is induced by repulsive 
interactions between the hydrocarbon (cyclohexane) and the 
fluorinated surfactant tails a systematic small angle neutron 
scattering contrast variation study was performed. We will show that 
via the utilization of this technique the distribution of cyclohexane in 
a CO2/cyclohexane swollen micelle stabilized by fluorinated 
surfactants can be fully elucidated.  

B Experimental section 
 

I. Materials 

 
The technical grade fluorinated surfactants are commercially 
available polyehtyleneglycol-perfluoroalkylether of the type 
F-(CF2)i-(CH2CH2O)j-H (denoted as CiFEj) and were purchased from 
Sigma Adrich. Both the surfactants Zonyl FSN 100 (i = 6-8, degree 
of ethoxylationj = 8 to 12) and Zonyl FSO 100 (i = 6-8, degree of 
ethoxylationj = 6 to 10) were solved in ethanol, dried over NaSO4 to 
remove water, filtered and ethanol was removed using a rotating 
evaporator prior to use. NaCl (purity > 99.5%) was purchased from 
Fluka (Neu Ulm, Germany), and D2O and cyclohexane-d12 from 
Eurisotop (quoted > 99.9%). Water (H2O) was deionized and 
distilled twice. CO2 (technically pure) was obtained from Linde AG 
(Munich, Germany) and cyclohexane-h12 was provided by Sigma 
Aldrich with a purity > 99%.With the exception of the surfactants, 
all other materials were used without any further purification. 

II. Phase behavior  

All phase behavior measurements under high pressure were 
performed using an in-house built high pressure view cell with 
variable volume. Thereby the transparent sapphire ring cylinder 
(h = 50 mm, Øinside = 10 mm, Øoutside = 40 mm) allows for a visual 
inspection of the sample10. The sample volume and thus the pressure 
can be adjusted with a tunable piston. The pressure is measured by a 
pressure transducer (Type 81530, Burster, Germany), which is 
inserted into the bottom of the view cell, with an accuracy of ± 5 bar. 
The maximum sample volume is 3.54 mL.  
All samples were prepared directly inside the view cell. The amount 
of brine, surfactants and cyclohexane was controlled by weight with 
an accuracy of ± 0.001 g. A magnetic stir bar was added for 
homogenization. After sealing the cell with the piston liquid CO2 
was added to the cell using an in-house built filling apparatus 

equipped with a membrane reservoir. The amount of CO2 was 
calculated from the volume and the density of CO2 under the given 
conditions. In order to study the phase behavior as function of 
temperature the view cell was placed in a water bath with 
temperature control of ± 0.05 K. When temperature equilibrium was 
reached the pressure was adjusted under magnetic stirring. The 
stirrer was turned off for the evaluation of the type and number of 
coexisting phases which was performed by visual inspection of both 
the transmitted and the scattered light. Subsequently this procedure 
was repeated at different temperatures and/or pressures until all 
phase boundaries were determined for the adjusted composition. The 
accuracy of the phase boundaries amounts to ± 0.1°K and ± 10°bar.
  
Two different kinds of sections through the phase prisms were 
performed at constant pressure to study the influence of cyclohexane 
on the phase behavior of CO2-microemulsion systems. A T(γ)-
section through the upright Gibbs phase prism31-33 has proven useful 
to characterize the general behavior of a ternary or pseudo-ternary 
microemulsion system. In such a section, the phase boundaries are 
recorded as a function of temperature and surfactant mass fraction
  

� � ������	
��
∑�  (1) 

at a constant ratio α (α = mCO2/(mCO2 + mbrine) of the two immiscible 
solvents. The general shape of the phase boundaries is shown in 
Fig.1 left by means of the system brine - CO2 - non-ionic surfactant. 
At intermediate values of γ, an extended three phase region (3) can 
be found at ambient temperatures. Here, a microemulsion phase 
coexists with brine and  CO2 excess phases. The three-phase region 
meets the one-phase region at the so-called optimum point X̃, which 
is given by the phase inversion temperature T̃ and the lowest 
surfactant mass fraction γ̃ needed to formulate a one-phase 
microemulsion. Note, that γ̃ is a measure of the efficiency of a 
surfactant to solubilize the two immiscible solvents. 

 

Fig.1: T(γ)-section (left) and T(wB)-section (right) through the 
upright phase prism at constant pressure. The T(γ)-section, which is 
often used for the characterization of an unknown microemulsion 
system, shows the phase boundaries as a function of temperature and 
surfactant mass fraction γ, keeping the brine-to-CO2 ratio constant. 
The T(wB)-section is applied for the formulation of water-rich c/w-
microemulsions. Here, the phase boundaries are recorded as a 
function of temperature and oil mass fraction wB at a constant 
surfactant-to-brine ratio. 

Examining the phase behavior as a function of temperature a phase 
sequence can be observed which is analogous to that of non-ionic 
microemulsion systems containing liquid oils15. At low temperatures 
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a two phase coexistence (2) of a CO2-in-water (c/w)-microemulsion 
with a CO2 excess phase is found, while at high temperatures a 
coexistence of a water-in-CO2 microemulsion with a water-excess 
phase ( 2 ) occurs.  
In contrast to the T(γ)-section, T(wB)-sections are used in case water-
rich c/w-microemulsions have to be formulated. Starting from the 
pseudo-binary brine – nonionic surfactant system the phase 
boundaries are recorded as a function of temperature and mass 
fraction of CO2 

�� � ����∑� . (2) 

Thereby, the mass fraction γa of surfactant in the brine-surfactant 
mixture is kept constant. As can be seen in Fig.1 right the T(wB)-
section is dominated by a funnel shaped one-phase region limited by 
the (lower, 2→1) emulsification failure boundary (efb) and the 
(upper, 1→2�) near critical boundary (ncb). The intersection of efb 
and ncb determines the maximum amount of CO2 (wB,max) that can 
be solubilized in the brine-surfactant mixture. At higher values of wB 
the three-phase region exists. Note, that also the phase behavior of 
water-rich c/w-microemulsions is analogous to that of well-known 
oil-in- water(o/w)-microemulsions 14, 34. 
Note, that in major parts of this study, CO2 is partly replaced by 
cyclohexane. In this case the mixture of CO2 and cyclohexane is 
considered to be one hydrophobic pseudo-component. Accordingly, 
the mass fraction of the CO2/cyclohexane mixture wB in the sample 
is given by  

�� � ���� + �	�	��������∑�� . (3) 

Thereby the composition of the CO2/cyclohexane mixture is 
specified by mass fraction 

β � �	�	��������
���� + �	�	��������. (4) 

Because a considerable amount of CO2 is dissolved monomerically 
in water, we recognized that the mass fraction βi of cyclohexane in 
the mixture of the CO2,i/cyclohexane solubilized inside the 
micelle/microemulsion domains is the more relevant parameter. It is 
given by  

� � �!"!#$%&'()&�*+�,- + �!"!#$%&'()& , (5) 

where the mass �*+�,- of CO2 inside the micelle or domain was 

calculated taking into account that 4 wt% of CO2 are monomerically 
dissolved in water35. Note, that the trend of the CO2 solubility in 
water with pressure and temperature was neglected, so that the phase 
boundaries and structures of one sample composition can be 
compared within the selected range of pressure and temperature. 

III. SANS-measurements 

All contrast variation SANS-measurements were performed at the 
D11 instrument at the Institut Laue-Langevin in Grenoble, France. 
The two chosen detector distances 1.75 m and 10 m were combined 
with a collimation length of 8 m and 10.5 m, respectively. The 
wavelength for all samples was λ = 6 Å. Thus, the scattering vector 
q = 4πsin(θ/2)/λ ranged from 0.007 to 0.35 Å-1, where θ is the 
scattering angle. The ILL specified a wavelength distribution of 
∆λ/λ = 0.09 (full width at half maximum) for the D11 instrument. 
  

The scattering of the samples were studied using a high pressure cell 
with variable volume (HP-SANS-cell). This stainless-steel cell is 
equipped with two large sapphire windows (thickness 12 mm, 
neutron path way 2 mm) for observing the phase behavior of the 
samples prior and after the SANS-measurement. The volume and 
thus the pressure of this cell can be controlled by a tunable piston. 
The pressure is measured by a pressure probe which is inserted into 
the bottom of the cell, allowing for pressures up to p = 300 with an 
accuracy of ± 5 bar. The temperature of the HP-SANS cell can be 
varied between 10° and 70°C with an accuracy of ∆T = ± 0.1 K by 
connecting a thermostat to the cell.The sample volume can be 
adjusted between 15 and 19 mL.  
All samples were prepared directly into the HP-SANS-cell. A stock 
solution of brine and surfactant was weighted into the cell, followed 
by cyclohexane. The amount of liquid CO2 was adjusted by the 
position of the tunable piston, which was accurately determined 
using a dial gauge. Having added a magnetic stir bar the sample can 
be homogenized, especially because it is possible to turn the cell 
head over using a special holding. Before the SANS measurements 
the phase behavior is rechecked using the procedure described n 
section B II. Afterwards the sample holder was placed directly onto 
the sample mount of the D11 spectrometer.  
The scattered neutrons were detected using a quadratic and two-
dimensional 3He multi-detector with 128 x 128 detector pixels with a 
size of 7.5 x 7.5 mm. A beam stop was positioned in front of the 
detector to prevent damage of the detector. The area around the 
beam stop was discarded from the scattering spectrum through 
masking. The normalization of the scattering intensity to the absolute 
scale was performed using the incoherent scattering of H2O as 
reference. The raw data treatment, masking and radial averaging to 
obtain a one dimensional scattering spectrum was performed using 
the standard evaluation software LAMP which is provided by the 
ILL and also accounts for the dead time of the detector. All 
measurements were background corrected. Although a few data 
points from the highest and lowest q-values were discarded from 
some measurements, the datasets from different sample-to-detector 
distances overlapped without adjustment. 

C Scattering Theory 
 
There are basically two different approaches to obtain structural 
information out of scattering data which both should lead to the 
same results. The first one is to compare the measured 
scattering intensities to calculated scattering curves of a given 
structural model, which directly leads to numerical parameters 
such as particle size and size distribution. However, this 
approach has to be done carefully. Thus, one has to ensure that 
no models with too many adjustable or unknown parameters are 
used. In the ideal case, the shape of the structure is determined 
by a complementary method prior to the data analysis.  
The second approach is to Fourier transform the scattering data 
to real space, which results in the pair distance distribution 
function (PDDF) p(r). By evaluation of the shape and 
maximum extension of the PDDF information on the particle 
size and shape can be gained, meaning that this method can also 
be used if the shape of the structure is unknown. Here, the 
number of parameters is very restricted, but this route is also 
theoretically more demanding. Furthermore, in case of non-
diluted interacting systems a structure factor has to be provided 
for the analysis of the data which hence is not model-free. 
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I. Scattering models for microemulsion droplets 

 
SANS experiments provide the scattering intensity I(q) in 
reciprocal space, i.e. as a function of scattering vector q. To 
gain information on the real-space structure, the scattering 
intensity of N particles in a volume V can be factorized into 
inter- and intraparticle scattering contributions (decoupling 
approximation36) 

./01 � 2 ∙ 4/01 ∙ 5/01 (6) 

with  

2 � 6!, 
7	4π:	/;<= + σ=1. (7) 

being the particle number density of polydisperse spheres N/V. 
The form factor P(q) describes the intraparticle scattering and is 
related to the shape of the particles. The structure factor S(q) 
accounts for scattering contributions arising from the 
interference of neutrons scattered from different particles.  
The form factor is defined as the product of the squared 
scattering length density difference ∆ρ, the squared particle 
volume Vpart and the complex square of the normalized 
scattering amplitude A(q) according to 

4/01 � ∆@= ∙ AB(CD= ∙ E/01 ∙ E∗/01. (8) 

The scattering amplitude A(q) is the Fourier transform of the 
scattering length density profile ∆ρ(r) = ∆ρ f(r,R) with ∆ρ 
being the scattering contrast and f(r,R) the radial density 
distribution function that describes the density profile of the 
scattering particle. The polydispersity of droplet 
microemulsions is taken into account by the convolution of the 
droplet form factor P(q,R) with a Gaussian distribution function 
W(R,R0,σ)  

G/;, ;<1 � 1
√2Jσ= exp N− /; − ;<2σ= P. (9) 

Here, R0 is the mean radius and σ the standard deviation of the 
droplet size distribution. Note, that for a sufficiently low 
σ polydispersity effects are independent of the type of the 
chosen size distribution37.   
It was found that in most cases the interparticle interactions of 
microemulsion droplets formulated with non-ionic surfactants 
can be described by a repulsive hard-sphere potential38, 39. 
Hence, for a monodisperse system the Percus-Yevick structure 
factor for hard spheres can be used in order to describe 
interparticle scattering contributions40, 41. Since interparticle 
interactions are also affected by the polydispersity a Gaussian 
size distribution W(RHS,RHS,0,σHS) of the hard-sphere radius RHS 
around its mean value RHS,0 is convoluted with the Percus-
Yevick structure factor. This averaged structure factor, in the 
following simply denoted as SPY(q), represents a weighted 
addition of monodisperse structure factors. The free fitting 
parameters are the hard-sphere interaction radius RHS, its 
standard variation σHS and the hard-sphere volume fraction 
φdisp. 
In case of water-rich microemulsions a hydrophobic substance, 
here a CO2/cyclohexane-mixture (core) is separated by an 
amphiphilic film from water (bulk). Performing neutron 
scattering experiments on this type of systems the contrast is 
given by three scattering length densities ρcore, ρfilm and ρbulk. 
The so-called film contrast turned out to be an appropriate 
contrast to study the microstructure of w/o- as well as w/o-

microemulsions42-44. Here, where ρcore = ρbulk ≠ ρfilm, only the 
amphiphilic film contributes to the scattering intensity. 
However, often the exact composition of core, bulk and film are 
unknown leading to scattering contributions of both the 
amphiphilic film and the core of the micelle, i.e. 
ρcore ≠ ρbulk ≠ ρfilm

45. 
One model that accounts for both film and core scattering 
contributions of e.g. microemulsion droplets was developed by 
Foster46. He suggested a radial density distribution function 
defined as  

QRC$B#&D/S, ;1 � 1
exp TCUVUW

�X Y + 1

− 1 − Δ@!$C&/Δ@\ #]
exp TCUV^W

�X Y + 1
 

(10) 

where ∆ρcore = ρbulk −  ρcore and ∆ρfilm = ρbulk −  ρfilm, R is the 
mean radius of the droplet and d is the shell thickness. The 
parameter χ defines the shape of the resulting profile that can 
be step-like (χ → 0), Gaussian-like, hyperbolic or parabolic. 
Using this distribution function the scattering length density 
profile of the droplet is given by ∆ρdroplet(r) = ∆ρfilm fdroplet(r,R). 
Pdroplet(q) is obtained by Fourier transformation of ∆ρdroplet(r) 

4RC$B#&D/01 � ∆@=AB(CD= _4J ` Δ@RC$B#&D/S1
a

<

∙ S= ∙ sin	/0S1
0S fSg

=
. (11) 

In order to describe the scattering intensity over the entire q-
range the convoluted form factor (Eq(11)) is multiplied with the 
structure factor SPY(q). Note, that because the form factor 
cannot be calculated analytically MATHEMATICA 7.0TMwas 
used to calculate it numerically.  

 

II. Generalized Indirect Fourier Transformation 

 
For a model-free analysis of the scattering curves, the recorded 
scattering data are transformed to real space using the inverse 
Fourier transform47 

h/S1 � 1
2J= ` ./01/0S1 sin/0S1 f0a

<
 (12) 

which yields the pair distance distribution function (PDDF)p(r). 
However, applying the direct Fourier transformation requires 
scattering data of the full q-range, i.e. 0 ≤ q ≤ ∞. The limited q-
range available in small angle scattering experiments would 
lead to strong oscillations (termination effects) in such a direct 
Fourier transformation. These oscillations can be minimized 
using the indirect Fourier transformation (IFT)48, 49 where a 
limitation of the PDDF is assumed and the PDDF is smoothed, 
desmeared and Fourier transformed in a simultaneous process. 
However, this method is restricted to samples which are highly 
diluted, i.e. it is assumed that no interparticle interactions occur 
(S(q) = 1). Also based on the general idea that the PDDF and 
hence its Fourier transform can be described by a finite number 
of base functions, Glatter et al. developed a more general way 
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to analyze scattering data with interparticle interactions. This 
method is called the Gerneralized Indirect Fourier 
Transformation (GIFT)50, 51. Using the GIFT method, it is also 
possible to determine the particle form factor P(q) with a 
minimum of a priori information. The structure factor is 
calculated by separating its scattering contribution from the 
form factor scattering by means of factorization (see Eq(6)) and 
hence is not model-free. In this work the polydisperse Percus-
Yevick structure factor was applied for all calculations using 
the GIFT procedure. The form factor and the structure factor 
are approximated in an iterative procedure by means of a 
nonlinear least-square procedure based on a Boltzmann-
Simplex-Simulated-Annealing (BSSA) algorithm51. All in all 
the a priori information which is needed is an upper limit of the 
particle size for the form factor and a range for the volume of 
the scattering particle φdisp, the radius of the hard-sphere particle 
RHS and its polydispersity σHS for the structure factor.  
The assumption that the PDDF can be described by a finite 
number of base functions can also be applied to a subsequent 
numerical deconvolution of the PDDF to obtain the radial 
scattering length density profile of the particle. This procedure 
is implemented into the DECON-tool of the GIFT program 
package developed by Glatter and Mittelbach52, 53. This 
program only needs information on the size distribution 
function assumed for the particles. Both the GIFT procedure 
and the DECON tool have already been applied to 
microemulsions under normal pressure54 as well as under high 
pressure34.  

 

D Results and Discussion 
 

I. Phase behavior 

 
In order to characterize the influence of cyclohexane on the phase 
behavior of CO2-microemulsions a series of T(γ) sections through 
the phase prism (see Fig.1) were performed at four different 
pressures at a constant mass fraction α = 0.40 of CO2/ cyclohexane 
in the mixture of brine and CO2/ cyclohexane. Such a T(γ) section 
through the phase prism in shown in Fig.2, left for the system brine –
 

 
Fig.2: T(γ)-section of the systems brine – CO2/cyclohexane – Zonyl 
FSO 100/ Zonyl FSN 100 with α = 0.40, δFSN = 0.75 and ε = 0.01 
shown at p = 150 bar and p = 300 bar. Left: System without 
cyclohexane, i.e. βi = 0.00. Right: System containing 20 wt% of 
cyclohexane in the microemulsion domains swollen by the 
CO2/cyclohexane mixture, i.e. βi = 0.20. Without cyclohexane a 
large mass fraction γ̃ of surfactant is needed to solubilize brine and 
scCO2, especially at p = 150 bar. Upon the partial replacement of 
scCO2 with cyclohexane the solubilization efficiency of the 
surfactant mixture increases considerably for both pressures. 

CO2 – Zonyl FSO 100/ Zonyl FSN 100 at δFSN = 0.75. A brine 
solution containing1 wt% NaCl (ε = 0.01) was used in order to 
screen electrostatic interactions caused by ionic impurities. As 
mentioned already in Section B II for all studied pressures 
(p = 200 bar and p = 250 bar are not shown) a temperature 
dependent phase sequence can be found which is analogous to that 
of non-ionic microemulsion systems containing liquid oils34, 55. In 
the left figure (cyclohexane-free system) the strong effect of the 
pressure on the phase behavior becomes obvious. The mass fraction 
of surfactant γ ̃ needed to solubilize brine and scCO2 decreases from 
γ ̃ = 0.50 to γ̃ = 0.22 by increasing the pressure from p = 150 bar to 
p = 300 bar. This pressure-induced increase in efficiency can be 
ascribed to the better interaction between the surfactant and CO2-
molecules caused by an increase in CO2 density34.   
Furthermore, the shape of the phase boundaries recorded at 
p = 300 bar are typical for microemulsions with efficient technical 
grade surfactants56. The distortion of the phase boundaries at low γ-
values towards higher temperatures can be explained by the 
distribution of the ethoxylation degree and a residual amount of non-
reacted alcohol (the chain length of the alcohol is rather narrow 
distributed). Especially, the hydrophobic non-reacted alcohol and the 
surfactant species with lower degree of ethoxylation are dissolved 
monomerically in CO2. Decreasing the surfactant mass fraction γ by 
adding brine and CO2 one extracts increasing amounts of the more 
hydrophobic fractions of the surfactant mixture from the amphiphilic 
film, which accordingly becomes increasingly hydrophilic. 
Following the properties of ternary non-ionic microemulsions the 
phase behavior shifts to higher temperatures with decreasing γ, 
explaining the large distortion of the phase boundaries. 
The phase behavior of the system in which 20 wt% of CO2 in the 
respective microemulsions domains is replaced with cyclohexane, 
i.e. βi = 0.20 is shown in Fig.2 right. As can be seen, the partial 
replacement leads to a strong unexpected shift of the phase 
boundaries towards lower surfactant mass fractions. At p = 300 bar, 
the mass fraction of surfactant γ ̃ at the optimum point X̃ decreases 
from γ ̃ = 0.22 for the cyclohexane-free system to γ ̃ = 0.11for the 
cyclohexane-containing system. More impressively even is the 
cyclohexane induced change of phase behavior at 150 bar, as γ̃ 
 

 
Fig.3: Plot of the optimum surfactant mass fraction γ̃ as a function of 
the mass fraction βi of cyclohexane in the CO2,i/cyclohexane 
domains determined for the system brine – CO2/cyclohexane – 
Zonyl FSO 100/Zonyl FSN 100 at α = 0.40, δFSN = 0.75 and 
ε = 0.01. For the four pressures studied  γ̃ runs through a pronounced 
minimum. While the position of the minimum shifts to larger values 
of βi with decreasing pressure, all curves reach nearly the same 
minimum value of  γ ̃min = 0.11 ± 0.01. Note, that γ̃ was determined 
with a precision of ± 0.01. 

Page 5 of 12 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Phys. Chem. Chem. Phys. 

6 | Phys. Chem. Chem. Phys., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

decreases from γ ̃ = 0.50 to γ̃ = 0.16. Furthermore, the distortion of 
the phase boundaries at low γ-values caused by the extraction of the  
hydrophobic surfactant species from the interface becomes more 
pronounced. 
This unexpected cyclohexane-induced increase of efficiency 
was systematically characterized recording a series of 
additional T(γ) sections at cyclohexane mass fractions of 
βi = 0.05, 0.10, 0.15 and 0.25. In Fig.3 the values obtained for 
the surfactant mass fraction γ ̃ at the optimum point are plotted 
as a function of βi for p = 150, 200, 250 and 300bar. 
With increasing amount of cyclohexane in the 
CO2,i/cyclohexane domains the mass fraction γ ̃ of fluorinated 
surfactant needed to formulate a CO2-microemulsion runs 
through an pronounced minimum, which is located at 
γ ̃min = 0.11 ± 0.01 regardless of the adjusted pressure. Thereby 
the position of the minimum increases with decreasing pressure 
from βi = 0.19 at p = 300 bar to βi = 0.29 at p = 150 bar. Note, 
that the full lines drawn to guide the eye are polynomial 
functions of third order.  
In order to understand this considerable and unexpected 
efficiency boosting effect induced by cyclohexane one may 
consider the interactions between the CO2/cyclohexane mixture 
and the fluorinated alkyl chain of the surfactants. Repulsive 
interactions between fluorinated surfactants and hydrogenated 
substances like cyclohexane are known to be present57, 58. These 
repulsive interactions are likely to reduce the monomeric 
solubility of the fluorinated surfactants in the CO2/cyclohexane 
mixture, which is rather high (11 wt%) in case pure CO2is 
solubilized34. A lower monomeric solubility means that more 
surfactant is available at the interface, which would result in a 
higher efficiency.  
However, the decreasing monomeric solubility is by far from 
being sufficient to explain the enormous efficiency increase 
especially at 150 bar. The majority of this effect might be 
explained by another consequence of the repulsive interactions 
between cyclohexane and the fluorinated alkyl chain of the 
surfactant. As the interactions between CO2 and the fluorinated 
surfactants are far more attractive than the ones between 
cyclohexane and the surfactants, it is likely that a concentration 
gradient of cyclohexane within the respective microemulsion 
domains develops. Thus, we propose the formation of a 
depletion zone of cyclohexane close to the surfactants and a 
cyclohexane-enriched zone at the center of the domains, where 
the repulsive interactions are diminished. In this context, the 
observed trend of γ ̃ with βi might be discussed as follows: 
Increasing the mass fraction βi of cyclohexane in the CO2-
swollen domains leads to the formation of a depletion zone, 
which becomes more and more pronounced and causes a 
considerable decrease of γ ̃, i.e. an increase of efficiency. Above 
a certain (pressure dependent) concentration of cyclohexane, 
the cyclohexane molecules cannot avoid the repulsive 
interactions causing a decrease of efficiency. 
In order to prove this hypothesis, i.e. whether a depletion zone 
of cyclohexane is formed near the amphiphilic surfactant film 
we performed Small Angle Neutron Scattering (SANS) 
experiments, applying a systematic contrast variation. Using the 
Generalized Indirect Fourier Transformation (GIFT) procedure 
it is possible to extract the scattering length density distribution 
which reveals the distribution of CO2 and cyclohexane in the 
microemulsion domains. As the GIFT procedure has proven to 
be in particular applicable to dilute microemulsions systems 
where the interparticle interactions are known and thus can be 
considered by the appropriate structure factor, we decided to 

prove the hypothesis by means of water-rich c/w-
microemulsions. 
As described in Section B II the phase behavior of water-rich 

microemulsion is best-investigated recording T(wB) sections through 

the phase prism (see Fig.1 right). The phase behavior of the system 

under study, i.e. the system brine – CO2/cyclohexane – Zonyl FSO 

100/ Zonyl FSN 100 is shown in Fig.4 at a constant mass fraction 

γa = 0.08 of the surfactant mixture (δFSN = 0.75) in the 

brine/surfactant mixture.  

 
Fig.4: T(wB)-sections of the system brine – CO2/cyclohexane – 
Zonyl FSO 100/ Zonyl FSN 100 at γa = 0.08, δFSN = 0.75 and 
ε = 0.01 shown at different pressures. Left: System without 
cyclohexane, i.e. βi = 0.00. The ability to solubilize CO2 increases 
considerably with pressure. Right: System containing 20 wt% of 
cyclohexane in the micelles swollen by the CO2/cyclohexane 
mixture, i.e. βi = 0.20. Upon the partial replacement of CO2 with 
cyclohexane, the solubilization capacity increases considerably at 
p = 150 bar, i.e. almost the same amount of CO2 can be solubilized 
at p = 150 and p = 300 bar.  

As can be seen, also in the water-rich regime of the phase prism 
the shape of the phase boundaries is analogous to that of non-
ionic microemulsion systems containing liquid oils32, 59-61. On the 
left-hand side in Fig.4 the T(wB)-sections of the system without 
cyclohexane (βi = 0.00) are shown. They illustrate that the phase 
behavior is strongly affected by pressure, i.e. with increasing 
pressure the maximum amount wB,max of CO2 that can be 
solubilized is considerably increased. The emergence of a 
minimum in the upper near critical phase boundary which is 
equivalent to the formation of a so-called loop at p = 250 bar and 
300 bar indicates that the microemulsion undergoes a change from 
weakly (no loop) to strongly (pronounced loop) structured62 with 
increasing pressure. Upon the partial replacement of CO2 with 
cyclohexane (βi = 0.20) the general phase sequence remains the 
same (shown on the right hand side of Fig.4). However, the 
maximum amount of CO2 and cyclohexane which can be solubilized 
by the surfactant mixture increases, especially at p = 150 bar. Here 
almost the same amount of CO2 and cyclohexane can be solubilized 
at p = 150 and p = 300 bar.  

II. Small Angle Neutron Scattering – contrast variation 

 
In order to investigate the distribution of cyclohexane in the 
CO2-rich core of the micelles stabilized by the fluorinated 
surfactant mixture a systematic SANS contrast variation was 
performed in the system H2O/D2O/NaCl – CO2/cyclohexane – 
Zonyl FSO 100/Zonyl FSN 100 at γa = 0.08, δFSN = 0.75, 
ε = 0.01, βi = 0.20, wB = 0.10 and T = 20°C. In order to 
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determine the scattering length density of the technical-grade 
surfactant mixture we performed a contrast variation of the 
pseudo-binary system brine – Zonyl FSO 100/Zonyl FSN 100 
at δFSN = 0.75 and γa = 0.08, beforehand. The scattering of 
samples with nine different ratios of H2O/D2O were recorded. 
In Fig.5 the scattering intensity (after subtracting of the 
incoherent scattering contribution Iincoh) extrapolated towards 
q = 0 Å-1 was plotted as a function of the volume fraction of 
D2O in the H2O/D2O-mixture. As can be seen I(0)-Iincoh runs 
through a minimum at φD2O = 0.35, which means that the 
scattering length density of the surfactant mixture is 
1.84∙1010 cm-2 which slightly lower than the results of 
Klostermann et al.34. 
 

 
Fig.5: Scattering intensity of nine samples with different ratios of 
H2O/D2O (extrapolated towards q = 0 Å-1 and after subtraction of 
Iincoh) as a function of the volume fraction of D2O in the H2O/D2O 
mixture. The data were obtained performing a contrast variation in 
the pseudo-binary system brine – Zonyl FSO 100/Zonyl FSN 100 at 
δFSN = 0.75, γa = 0.08, ε = 0.01 and T = 20°C in order to determine 
the scattering length density of the technical grade fluorinated 
surfactant mixture. The minimum of the polynomial fit is located at 
φD2O = 0.35. 

With this knowledge we adjusted four different contrasts which 
are shown schematically in Fig.6. The scattering length 
densities of the single components were calculated using the 
NIST scattering length density calculator63. In order to calculate 
the scattering length density of the core we assumed a 
homogeneous distribution of CO2 and cyclohexane inside the 
swollen micelle (though it is in contradiction with our 
hypothesis). Furthermore, we took into account that 4 wt% of 
CO2 is dissolved in brine and the monomerical solubility of the 
fluorinated surfactants in the CO2/cyclohexane mixture was set 
to 4 wt% (which is much lower than in the CO2-microemulsion 
without cyclohexane). Note, that the trends of both quantities 
with pressure and temperature were neglected. 
At contrast condition A protonated cyclohexane-h12 (scattering 
length density of ρcyclohexane-h12 = - 0.28∙1010 cm-2) was used in a 
mixture with CO2, which at 20°C and p = 150 bar has a 
scattering length density of 2.3∙1010 cm-2. Thus, the scattering 
length density of the CO2/cyclohexane-h12 mixture results to 
1.7∙1010 cm-2, which is very similar to the scattering length 
density of the surfactants. The scattering length density of the 
bulk was adjusted to 3.1∙1010 cm-2 using a volume fraction 
φD2O = 0.54 of D2O in the H2O/D2O mixture. This means that in 
contrast A both the amphiphilic film as well as micellar core 
(CO2/cyclohexane) contribute to the scattering intensity. 
In contrast to that, only core scattering contributions were 
obtained in contrast B by using deuterated 
(ρcyclohexane -d12 = 6.7∙1010 cm-2) instead of protonated 
cyclohexane. Thus, the scattering length density of the  

 
Fig.6: Schematic representation of the four different contrast 
conditions adjusted in this study, assuming a homogeneous 
distribution of CO2 and cyclohexane inside the swollen micelle. In 
contrast A the overall micellar core (CO2/cyclohexane) as well as the 
amphiphilic film) contributes to the scattering intensity whereas at 
contrast B only the core provides scattering contributions. Contrast 
C was aimed to match all three scattering length densities. Film 
contrast condition was intended in contrast D. The scattering length 
densities were calculated at a temperature of T = 20°C and 
p = 150 bar. 

CO2/cyclohexane-d12 mixture results to 3.1∙1010 cm-2 at 20°C 
and 150 bar. The scattering length density of the bulk was 
adjusted to match that of the surfactants by using a volume 
fraction of φD2O = 0.35. In order to assess the quality of the 
scattering length density calculations, contrast C was chosen to 
match all three scattering length densities. Therefore both the 
core and the bulk scattering length densities were adjusted to 
the one of the surfactants using protonated cyclohexane-h12 
and φD2O = 0.35. In condition D we aimed for the so-called film 
contrast, in which only the amphiphilic surfactant film 
contributes to the scattering intensity. Using a 
CO2/cyclohexane-d12 mixture and φD2O = 0.54 the scattering 
length density of core and bulk was adjusted to 3.1∙1010 cm-2. 
The recorded scattering curves together with the intensities 
calculated using the form factor Pdroplet(q) of polydisperse 
spherical droplets (see Eq(11))34, 46 and the polydisperse 
Percus-Yevick structure factor SPY(q)40, 41 are shown in Fig.7. 
Thereby, the incoherent scattering contribution Iincoh has been 
subtracted from the scattering curves recorded at p = 100, 150 
and 200 bar. As can be seen, the scattering curves obtained for 
the contrast A, B and C show the typical features found in 
spectra from polydisperse spherical droplets recorded in bulk 
contrast and in the limit of a comparatively low particle number 
density39, 64. Thus, the scattering curves indicate a constant 
scattering intensity at low q-values which changes over to a 
steep q-4-dependence with increasing q. At q ≈ π/R0 oscillations 
of the scattering intensity can be observed which are smeared 
by the droplet polydispersity σ.  
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Fig.7: Small angle neutron scattering curves of the sample brine – 
CO2/cyclohexane – Zonyl FSO 100/Zonyl FSN 100 at γa = 0.08, 
δFSN = 0.75, ε = 0.01, βi = 0.2, wB = 0.10 and T = 20°C, different 
pressures and contrast conditions (schematically depicted in Fig.6). 
Note, that the incoherent scattering contribution Iincoh has been 
subtracted from the scattering curves recorded at p = 100, 150 and 
200 bar. The full lines which describe the experimental scattering 
curves almost quantitatively (small but systematic deviations in 
contrast D) were calculated using the droplet form factor Pdroplet(q)34, 

46 for polydisperse spheres, convoluted with the polydisperse Percus-
Yevick structure factor SPY(q)40, 41. 

The scattering intensity I0 at q → 0 strongly depends on the 
scattering contrast. As in contrast A and B similar absolute 
values of |∆ρcore| were adjusted, the forward scattering is also 
similar. However, it is by one order of magnitude lower for 
contrast C and D in which either the scattering contrast or the 
volume fraction which contributes to the scattering intensity is 
very low. Note, that for these two contrasts the q-4 (C)/q-2 (D) 
decay as well as the oscillation become only visible by a 
subtraction of Iincoh(q) from the scattering curves. 
Taking a closer look at the scattering curves recorded in film 
contrast (D), it might at first sight seem surprising that the 
pronounced minimum shifts to lower q-values with increasing 
pressure. Such a shift is usually an indication for a structural 
growth which in the case of a compression is not reasonable. 
However, describing the scattering curves quantitatively (see 
below) it turned out that the optimum film contrast condition 
was not achieved. An additional scattering contribution from 
the core which increases with increasing pressure was found to 
be responsible for the not intuitive shift of the minimum. As 
expected the mean radius R0 of the swollen micelles decrease 
with increasing pressure (Table 2). 
In all cases the form factor Pdroplet(q) of polydisperse spherical 
droplets (see Eq(11)) and the polydisperse Percus-Yevick 
structure factor SPY(q) describe the scattering intensity almost 
quantitatively. Small but systematic deviations can be observed 
for q ≥ π/R0, i.e. for q-values slightly larger than the position of 
the oscillation especially in contrast D. Compared to the 
experimental data, the oscillation seems to be too pronounced  

Table 1: Parameters of the Percus-Yevick structure factor obtained 
from the analysis of the scattering data (Fig.7) of the system brine – 
CO2/cyclohexane – Zonyl FSO 100/Zonyl FSN 100 at γa = 0.08, 
δFSN = 0.75, ε = 0.01, βi = 0.2, wB = 0.10, T = 20°C and different 
pressures. The hard-sphere interaction radius RHS decreases with 
increasing pressure due to the increasing density of CO2. Note, that 
the values of the parameters obtained for the different contrasts are 
very similar. 

contrast p/  

bar 
RHS/Å σHS/RHS 

A 100 81 0.35 

A 150 79 0.32 

A 200 77 0.32 

A 300 75 0.32 

B 100 83 0.32 

B 150 79 0.32 

B 200 77 0.32 

B 300 75 0.28 

C 100 83 0.32 

C 150 79 0.32 

C 200 77 0.28 

C 300 75 0.32 

D 100 83 0.32 

D 150 79 0.32 

D 200 77 0.32 

D 300 75 0.32 

 
indicating that the used radial density distribution function (see 
Eq(10)) is not able to describe the distribution of CO2 and 
cyclohexane inside the micelle quantitatively. We will come 
back to this point in the next section.  
As the sample composition and temperature was kept constant 
for the adjusted four contrasts, the structure of the CO2-
microemulsion should not change. That this is indeed the case 
becomes obvious comparing the values obtained for the hard-
sphere interaction radius RHS and the polydispersity σHS/RHS 
compiled in Table 1. As can be seen, the values of the 
parameters obtained for the different contrasts are very similar. 
Furthermore, as expected from the trend of the CO2-density, the  
hard-sphere interaction radius RHS decreases with increasing 
pressure. 
The structural parameter of the numerical droplet form factor 
Pdroplet(R) obtained from the analysis of the scattering data 
(Fig.7) are summarized in Table 2. For each contrast the mean 
radius R0 of the microemulsion droplet decreases from 
p = 100 bar and 300 bar by 8 ± 1 Å. Furthermore, the values 
obtained for the radius at the contrasts B and C (both core 
contrast) are 6 ± 1 Å smaller than the ones at contrast A in 
which the amphiphilic also contributes to the scattering 
intensity (core + film). That this value is somewhat smaller than 
the length of the surfactant molecules is related to the 
penetration of CO2 into the fluorinated surfactant chains and 
water molecules into the surfactant head groups.  
The most reliable value for the shell thickness d is obtained 
from the analysis of the film scattering data, which provides a 
thickness of the amphiphilic film between 12 and 13 Å. The 
analysis of the scattering data from contrast A and C provides 
values of d close to zero. Such low values of d can be explained 
as follows: In the case of d ≈ 0 the neutrons cannot distinguish 
between the amphiphilic film and the core (contrast A) or the 
solvent (C). As a consequence a broad transition of the 
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scattering length density, indicated by high values of χ, is 
obtained for the contrasts A and C. This effect becomes 
particularly obvious by taking a closer look at the parameter 
obtained for contrast A. At p = 100 bar the thickness d = 0 Å is 
connected to the fact that ∆ρcore > ∆ρfilm. This means that, 
starting from the core of the micelle, the SLD increases 
continuously towards the scattering length density of the bulk. 
As a result of the penetration of solvent molecules into the 
amphiphilic film no discrete step is observed in the SLD 
profile. Instead a very diffuse scattering profile with a large 
value of χ is found. Increasing the pressure to p = 300 bar, 
however, the contrast situation changes to ∆ρcore < ∆ρfilm. In 
this case the SLD of the core is higher than that of the 
amphiphilic film but lower than the one of the solvent, which 
results in a minimum of the SLD profile at the film. Here, the 
neutrons can distinguish between the film and the core/solvent, 
resulting in a large value of the shell thickness i.e. d = 12 Å. 
Note that the absolute value of the scattering contrast |∆ρcore| is 
the same for the contrast conditions A and B at p = 100 bar. 
However, as the scattering length density of the core 
(CO2/cyclohexane) increases with increasing pressure, a 
decrease of |∆ρcore| is found in the case of contrast A, while it 
increases in contrast B. Thereby, the pressure induced change 
of the core scattering length density, i.e. |∆ρcore(p = 100 bar)-
∆ρcore(p = 300 bar)|, is the same for the contrasts A, B and D. 
 
Table 2: Parameters (mean radius R0, polydispersity σ/R0, shell 
thickness d and shape of the radial density distribution function χ) of 
the droplet form factor (see Eq(11)) obtained from the analysis of the 
scattering data (Fig.7) of the system brine – CO2/cyclohexane – 
Zonyl FSO 100/Zonyl FSN 100 at γa = 0.08, δFSN = 0.75, ε = 0.01, 
βi = 0.2, wB = 0.10, T = 20°C and different pressures. The adjusted 
contrasts are given by ∆ρcore = ρbulk -  ρcore and ∆ρfilm = ρbulk -  ρfilm. 

 
p/  

bar 

R0/ 

Å 
σ/R0 

d/ 

Å 

χ/ 

Å 

∆ρcore/ 

10-6 Å-2 

∆ρfilm/ 

10-6 Å-2 

A 100 68 0.20 0.0 11.0 1.47 1.27 

A 150 67 0.20 1.0 10.0 1.36 1.27 

A 200 64 0.20 8.0 9.0 1.29 1.27 

A 300 59 0.18 12.0 8.0 1.20 1.27 

B 100 62 0.23 10.8 1.5 -1.49 0.25 

B 150 60 0.25 10.8 1.3 -1.59 0.25 

B 200 57 0.25 10.7 1.0 -1.66 0.25 

B 300 54 0.25 10.7 1.0 -1.75 0.25 

C 100 61 0.25 1.0 10.0 0.23 0.02 

C 150 60 0.25 3.0 9.0 0.24 0.02 

C 200 57 0.25 3.0 9.0 0.24 0.02 

C 300 54 0.25 2.0 9.0 0.27 0.02 

D 100 65 0.14 12.5 3.8 -0.58 1.27 

D 150 64 0.14 12.5 3.8 -0.67 1.27 

D 200 63 0.14 12.7 3.5 -0.71 1.27 

D 300 59 0.16 13.0 3.0 -0.84 1.27 

 

III. Generalized Indirect Fourier Transformation (GIFT) 

 

In order to elucidate the distribution of cyclohexane and CO2 
within the micelle the GIFT method was applied to the 
scattering curves shown in Fig.750. For this analysis the Percus-
Yevick structure factor of polydisperse spheres as described in 
section C I. was used for taking into account interparticle 

interactions. Thereby the parameters used for the GIFT 
procedure are in good agreement with the ones shown in Table 
1. The normalized pair distance distribution functions (PDDF) 
p(r) which were obtained from the Generalized Indirect Fourier 
Transformation of the scattering data are shown in Fig.8. The 
PDDFs of each contrast were normalized to the peak maximum 
of the PDDF at p = 100 bar, thus keeping the area under the 
PDDF at the right ratio.  
 

 
Fig.8: Pair distance distribution functions (PDDFs) of the scattering 
curves (see Fig.7) recorded for the microemulsion system brine – 
CO2/cyclohexane – Zonyl FSO 100/Zonyl FSN 100 at γa = 0.08, 
δFSN = 0.75, ε = 0.01, βi = 0.2, wB = 0.10, T = 20°C, different 
pressures and contrast conditions (depicted in Fig.6). The PDDFs of 
the contrast A, B and C show the typical features of spherical 
structures, whereas the PDDF of contrast D resemble the features of 
inhomogeneous structures65.  

The pair distance distribution functions of the contrasts A, B 
and C have a shape typical for polydisperse homogenous 
spheres66. Under the consideration of polydispersity effects the 
maximal extension of these PDDFs is in good agreement with 
the diameter of the droplets obtained from the fits of the 
scattering data. In order to interpret the PDDFs obtained for 
contrast condition D one has to be aware that the Pair Distance 
Distribution Function is a statistical function which represents 
the rate of occurrence of different distances between regions of 
the same scattering length density. Thus, the first maximum at 
about 30 Å represents small distances within the shell i.e. the 
amphiphilic film, and the second maximum at about 150 Å 
represents shell-shell distances. The minimum between the two 
maxima, however, has its origin in the fact that at least three 
different regions of SLD exist, i.e. ρcore ≠ ρbulk ≠ ρfilm. 
By means of the DECON package it was possible to extract the 
scattering length density profiles out of the pair distance 
distribution functions. Note that these calculations were 
performed using the raw data from the GIFT procedure and not 
the normalized data shown in Fig.8. For a better overview only 
the profiles of p = 100 and 300 bar are shown in Fig.9. The 
profiles which are deconvoluted from the PDDF are normalized 
to the volume of the scattering particle. Note, that in Fig.9 the 
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intrinsic scattering length density (not the one with respect to 
SLD of the bulk) is plotted. Therefore the SLD-profiles were 
shifted by the respective SLD-value of the bulk, i.e. 
3.1∙1010 cm-2 for contrasts A and D and 1.84∙1010 cm-2 for 
contrasts B and C.  
 
The most important thing to be noticed in Fig.9 is that all 
profiles exhibit a comparatively small homogeneous core and a 
wide transition range in which the SLD approaches the value of 
the bulk, respectively film in contrast D. Such a wide transition 
range differs substantially from previous results on similar 
CO2-microemulsions without cyclohexane34. Klostermann et al. 
investigated microemulsions of the type brine – CO2– Zonyl 
FSO 100/ Zonyl FSN 100 at very similar composition, 
temperature and pressure. For example, for a micelle with a 
mean radius of about R0 ≈ 115 Å they found that the scattering 
length density of the core remains constant for about 95 Å, 
followed by a steep decrease of scattering length density 
difference within about 20 Å onto the constant scattering length 
density of the bulk. For the cyclohexane containing  
 

 
Fig.9: Radial scattering length density (SLD) profiles deconvoluted 
from the PDDFs (shown in Fig.8) for p = 100 and 300 bar and the 
four adjusted contrast conditions. The profiles obtained for the 
contrasts A, B and C exhibit a homogeneous core and a wide 
transition range in which the SLD approaches the value of the bulk. 
The wide transition range is a strong indication of an inhomogeneous 
distribution of cyclohexane within the micelle, i.e. the formation of a 
depletion zone of cyclohexane close to the fluorinated amphiphilic 
film. Contrast D shows a minimum of the SLD between 60 and 
70 Å, which stems from the amphiphilic surfactant film. 
Furthermore, the SLD of the core is considerably larger than the 
SLD of the bulk which is another indication of an inhomogeneous 
distribution of cyclohexane within the micelle. 

CO2-microemulsions studied here, in contrast, the scattering 
length density remains constant only for about 45 Å, followed 
by a 40 Å - wide increase until at about 90 Å the scattering 
length density of the bulk material is reached (contrast A, 
p = 100 bar). These results are a clear evidence for our 
hypothesis, which proposed the formation of a depletion zone 

of cyclohexane close to the surfactants and a cyclohexane-
enriched zone at the center of the swollen micelles. A very 
similar profile can also be observed for the contrast A at 
p = 300 bar. However, here the increase of SLD is slightly 
steeper than at p = 100 bar, which is due to the fact that the 
volume of the micelle decreases with pressure. 
The scattering length density profiles of contrast D display a 
minimum between 60 and 70 Å, which stems from the 
amphiphilic surfactant film. Also here it is obvious that the 
regime of non-constant scattering intensity stretches over half 
of the micelle radius. The additional core scattering 
contribution due to the enrichment of cyclohexane-d12 in the 
centre of the micelle becomes obvious due to the observation 
that the scattering length densities of core and bulk are 
different, i.e ρcore ≠ ρbulk ≠ ρfilm. Note, that the impact of this 
contrast is discussed with respect to the, at a first sight, special 
shape of the PDDFs, shown in Fig.8 D.  
The actual distribution of CO2 and cyclohexane in the centre of 
the swollen micelle can directly be obtained from the value of 
the scattering length density at r = 0. For the contrasts A, B and 
D it turned out that the fraction of cyclohexane in the centre of 
the micelles is βcore ≈ 0.5 and therewith much larger than the 
value of βi ≈ 0.2 obtained for a homogeneous distribution of 
CO2 and cyclohexane. Note, that analyzing the value of 
SLD(r = 0) in contrast C βcore ≈ 0.3 is obtained. A reason for 
this considerable smaller value of βcore might be the very low 
scattering contrast. Note that for all contrasts the concentration 
of cyclohexane at the core increases slightly with increasing 
pressure.  
Taking a closer look at the radial scattering length density 
(SLD) profiles it becomes obvious that the influence of the 
pressure onto the SLD at the centre of the micelle, i.e. 
SLD(r = 0), seems to be different for the adjusted contrasts. 
While for the contrast A and C the value of the SLD(r = 0) at 
p = 100 bar and p = 300 bar differs only slightly 
(∆SLD(r = 0) = 0.09∙1010 cm-2), the difference is much more 
significant at the contrasts conditions B and D 
(∆SLD(r = 0) = 0.7∙1010 cm-2). This behavior can be explained 
realizing that deuterated cyclohexane-d12 is used for the 
contrasts B and D, while protonated cyclohexane-h12 is applied 
for the contrasts A and C. Assuming that an increase of the 
pressure leads to a slightly higher concentration of cyclohexane 
at the core (thereby avoiding the increasing repulsive 
interactions caused by the pressure induced shrinkage of the 
microemulsion droplets), the increase of the SLD of CO2 is 
partly compensated by the negative SLD of protonated 
cyclohexane-h12. Using deuterated cyclohexane-d12, in 
contrast, both the pressure-induced increasing fraction 
cyclohexane-d12 in the centre of the droplet and the increase of 
the SLD of CO2 leads to a higher value of SLD(r = 0).  
By using the experimentally determined scattering length 
densities at the centre of the swollen micelle, the values for 
∆ρcore(r = 0) can be compared to the ones used for the radial 
density distribution function fdroplet(R). In all cases, the absolute 
values for ∆ρcore used for fdroplet(R) are smaller than the ones 
obtained from the GIFT procedure. The smaller values of 
|∆ρcore(r = 0)| can be explained by the fact, that the applied 
radial density distribution function fdroplet(R) proposed by 
Foster46 is not able to describe the scattering length density 
profile obtained by the GIFT procedure, i.e. the enrichment of 
cyclohexane in the micellar core, quantitatively. Reconsidering 
the analytical form of fdroplet(R) (see Eq(11)) one easily sees, 
that the parameter χ can only account for symmetric 
diffusivities. As a consequence the combination of the 
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respective form factor Pdroplet(q) (see Eq(11)) and polydisperse 
Percus-Yevick structure factor SPY(q) is not able to describe the 
scattering data recorded at q-values slightly larger than the 
position of the oscillation quantitatively (see e.g. Fig. 7D). 
Last but not least, comparing the diameter of the droplets 
obtained from the GIFT procedure with the ones obtained from 
the fits of the scattering data a good agreement is found. 

Conclusions 

Microemulsions containing near or supercritical CO2 are of 
interest for both fundamental research as well as technical 
applications. In this study we discovered an unexpected new 
way to boost the efficiency of non-biodegradable and therefore 
environmentally questionable fluorinated surfactants to 
formulate CO2-microemulsions. This efficiency boosting is 
obtained by the partial replacement of CO2 by a hydrophobic 
substance as e.g. cyclohexane. We found, for example, that the 
substitution of about 20 wt% of CO2 by cyclohexane reduces 
the amount of surfactant needed to formulate a one-phase 
microemulsion by a factor of two to five, depending on the 
pressure. Thus, we were able to formulate a microemulsion 
with almost equal volumes of brine and CO2/cyclohexane 
(βi = 0.2) using only 11 wt% of the fluorinated surfactants 
Zonyl FSO 100 and Zonyl FSN 100 at p = 300 bar. However, at 
first sight this result is surprising because the interaction 
between cyclohexane and the fluorinated alkyl chains of the 
surfactants is of repulsive nature. We postulated that the 
distribution of cyclohexane within CO2 is not homogeneous but 
that a depletion zone of cyclohexane close to the surfactants is 
formed.  
In order to verify this hypothesis we performed small angle 
neutron scattering experiments using the contrast variation 
technique, which is known to be a powerful tool not only to 
investigate the microstructure but also the spatial distribution of 
the various components in microemulsion domains. We 
adjusted the scattering length density of micelles swollen with 
the CO2/cyclohexane mixture using protonated or deuterated 
cyclohexane. The scattering length density of the continuous 
brine phase was adjusted by applying different ratios of H2O to 
D2O (see Fig.6). The scattering data recorded at four different 
pressures and contrasts could be almost quantitatively described 
using the form factor Pdroplet(q) of polydisperse spherical 
droplets (see Eq(11)) and the polydisperse Percus-Yevick 
structure factor SPY(q). Small but systematic deviations were 
observed for q-values slightly larger than the position of the 
oscillation. They already indicate that the used radial density 
distribution function is not able to describe the distribution of 
CO2 and cyclohexane inside the micelle quantitatively. 
Applying the Generalized Indirect Fourier Transformation 
(GIFT) we obtained the pair distance distribution functions 
(PDDFs) which were subsequently deconvoluted to obtain the 
radial scattering length density distribution profiles. In all cases, 
instead of a nearly constant scattering length density, a density 
profile that varies systematically over half of the droplet radius 
was found. These results confirm our hypothesis of a 
concentration gradient within the micelle. While cyclohexane is 
concentrated in the center of the swollen micelle (βcore ≈ 0.5), it 
is depleted close to the fluorinated amphiphilic film. Hence, we 
could elucidate that the observed unexpected efficiency 
boosting of CO2-microemulsionsis is caused by an 
improvement of the CO2-surfactant interactions triggered 
through repulsive interactions between cyclohexane and the 
fluorinated surfactant chains.  
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