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Abstract

For the first time, rheological and dynamical properties of various interfacial layers separating an aqueous phase and a carbon dioxide phase under
supercritical conditions have been measured by means of a drop tensiometer, applying either sinusoidal or ramp interfacial area perturbation. Those
approaches have been largely developed on liquid–air and liquid–liquid interface but very few studies were performed in pressurized conditions [F.
Tewes, F. Boury, Formation and rheological properties of the supercritical CO2–water pure interface, J. Phys. Chem. B 109 (2005) 3990–3997; F.
Tewes, F. Boury, Effect of H2O–CO2 organization on ovalbumin adsorption at the supercritical CO2–water interface, J. Phys. Chem. B 109 (2005)
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874–1881].
For small surfactants, such as Tween® molecules, same results for equilibrium elasticity (Ee) values were obtained whatever the perturbation
ode. However, non-equilibrium elasticity values (Ene) were in some cases significantly influenced by the kind of perturbation. Rheological
easurements evidenced the effect of the size of the alkyl tail upon the rheological properties of the interface. In particular, an alkyl chain

omposed of 16 carbon atoms facilitated the formation of a mixed interface constituted from Tween® molecules and a network of structured
2O–CO2 molecules.
Polymeric molecules like human serum albumin (HSA), produced interfacial films with an important elasticity. For these systems, Ee and Ene

aried with CO2 pressure and with the type of protein.
2006 Elsevier B.V. All rights reserved.

eywords: Interfacial tension; Supercritical; Protein; Surfactants; Adsorption; Dilational rheology

. Introduction

The interest in the use of carbon dioxide into supercriti-
al conditions (ScCO2) increases for a lot of application such
s medium reaction [3], foaming agent or non-miscible phase
or emulsion and microemulsion formulation [4]. This can be
ttributed to the peculiar physical properties of supercritical
uids, allowing easily and in continuous way the tuning of

heir density and their solvent power. Moreover, the use of CO2
nswers to the need of the substituting toxic and environmentally
ad organic solvent in the industrial processes.

In the last years, many studies deal with the formation of
/C and C/W microemulsion [4–6] and emulsion [7]. The

rst experiments were feasibility studies, with the search

∗ Corresponding author. Tel.: +33 2 41 73 58 48; fax: +33 2 41 73 58 03.
E-mail address: frank.boury@univ-angers.fr (F. Boury).

of very CO2-soluble surfactant (i.e. with fluoroalkyl, fluo-
roether or silicone tails). Almost studies were based on phase
behavior, droplet size determination, solubilization efficiency,
conductivity and interfacial tension measurements [7–11].
However, a small number of studies have measured γ between
H2O and CO2 in presence of surfactant [2,7,11–15] and few
of these studies included interfacial rheology measurement
[2].

The dispersed droplets in an emulsion are in constant motion
and there are frequent collisions between them in absence of
steric and/or electrical barrier. These collisions lead to droplets
aggregation and, if the interfacial wall is broken, to an irre-
versible coalescence of the droplets. In C/W emulsion, this kind
of barrier can be easily created, as this is done in O/W emul-
sion. Unfortunately, in W/C emulsion, it is very difficult to obtain
such barrier without the use of surfactants containing fluoroalkyl
or fluoroether tails [16]. As a matter of fact, few polymers are
soluble enough in CO2, except fluoropolymers, siloxane and

896-8446/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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polycarbonate to create a steric barrier. Furthermore, CO2 has
a low dielectric constant, which renders difficult the creation of
an electrostatic barrier.

Consequently, in a CO2 medium, without the use of very
CO2-phile surfactants often containing a fluorinated-tail, aque-
ous droplets frequently interact and coalesce when the interfacial
wall is broken. Indeed, the mechanical strength of the interfa-
cial film is therefore one of the prime factors determining W/C
emulsion stability.

The interfacial elasticity related to the organization of the sur-
factant layer is such that any applied strain that tends towards
local thinning or stretching of the interface is counterbalanced
by opposite forces that restore the initial conditions. This elastic-
ity can be separated in two elements: an equilibrium elasticity
(Ee), which describes surfactant interactions in the interfacial
layer (i.e. lateral interaction). A non-equilibrium elasticity (Ene)
that can be related to the interactions of surfactant with adja-
cent phases (i.e. desorption and reorganization of the interface),
associated with a relaxation time τ representing the necessary
time for the interface to reach a new equilibrium energetic state
after the perturbation.

We have previously investigated the formation of pure
water–CO2 interface by means of a drop tensiometer [1,17].
We have described it as a two-step phenomenon. Firstly, the
CO2 molecules quickly adsorb onto the water surface for equi-
librating their chemical potential between the bulk CO and
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This must be performed by first understanding the rheological
comportment of the pure H2O–CO2 interface and then by the
measurement of interfacial properties in presence of different
surfactants.

We described in this paper the measurement of rheologi-
cal parameters of H2O–CO2 interface in presence of small or
macromolecular adsorbed molecules. We compared two kinds
of rheological approach consisting either of a sinusoidal or a
ramp interfacial area perturbation.

2. Materials and methods

2.1. Pendant drop tensiometer

The drop tensiometer (Tracker, IT Concept, France) allows
the determination of the interfacial tension by analyzing the axial
symmetric shape (Laplacian profile) of the pendant drop (aque-
ous phase) in CO2. The apparatus consists in a view cell under
CO2 atmosphere, a light source, a CCD camera, a computer, a
syringe (Exmire microsyringe MS*GLL100, ITO corporation,
Japan) and a motor as described by Tewes and Boury [1,2,17].
The syringe was filled with pure water and coupled to the view
cell. Then, the view cell was pressurized with pure CO2 until
reaching the desired temperature (40 ◦C) and pressure. After
that, the system is left during 24 h for equilibrating the water
phase with the CO phase. Pendant drops whose area is con-
t
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he water surface. This physisorption leads to the interaction
f one CO2 molecule with one H2O molecules. Secondly, CO2
olecules diffuse into the water subsurface and then mod-

fy the water organization. This reorganization of the water
olecules creates a network of H2O–CO2 clusters to form an

nterphase and leads to a decrease of γ until an equilibrium
tate. These H2O–CO2 clusters are formed at temperature upper
20–40 ◦C) to the one usually described as the limit (10 ◦C) for
he formation of the crystalline structure called clathrate hydrate
18–20].

Elasticity measurements and macroscopic visualization sug-
est that the growing of clusters is driven by assembly of many
mall blocks and accelerates with the CO2 pressure. Their inter-
acial concentration and their size increase with time until the
aturation of the interface.

A fundamental understanding of interfacial surfactant
dsorption and the rheological properties of H2O–CO2 interface
s then useful for designing surfactants that stabilize efficiently

/C emulsions.

ig. 1. Relative area (a) and interfacial pressure change �π (b) occurring during t
2
rolled during all the time of experience by the motor were
ormed at the end of a stainless steel needles (needles 20 G, pop-
er, USA), having an inside diameter of 1 mm and connected to
he syringe.

.2. Rheological measurements

A rheological experiment is performed by applying a con-
rolled perturbation to the interface in order to simultaneously
ollow the related interfacial pressure variations, �π = γ(t) − γ i,
ith γ i is the interfacial tension before the perturbation and γ(t)

he interfacial tension during or after the perturbation. In this
tudy, the viscoelastic response of an interfacial film to a dilata-
ional mechanical strain (ramp or sinusoidal) in the time scale
f 1–103 s is studied by means of two experimental approaches.

.2.1. Ramp type perturbation approach
The first approach consists to realize two types of continuous

nd monotonic compression of the equilibrated interfacial layer

e T of compression (bold line: fast compression; dashed line: slow compression).
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Fig. 2. Generalized Maxwell mechanical model.

on a pendant drop: a slow compression (dashed line) and fast
compression (bold line) (Fig. 1a). Simultaneously, we record
the variation of �π during the slow compression (dashed line)
or after the fast compression to measure the relaxation of the
interface (bold line) (Fig. 1b).

In this case, a convenient theoretical model (generalized
Maxwell) (Fig. 2), corresponding to a viscoelastic body, has
been developed and applied to many kinds of interfacial sys-
tems (phospholipids or polymers) [21–24].

In order to describe �π (i.e. resulting stress; Fig. 1b), during
the time T of the compression performed at a constant velocity
Ub, we supposed that at any one moment it can be written as
a sum of equilibrium �πe and non-equilibrium �πne contribu-
tions of the stresses:

�π = �πe + �πne (1)

The equilibrium part of the resulting stress �πe depends on
the equilibrium interface dilatational elasticity Ee:

�πe = Ee
Ubt

Ai
(2)

where Ai is the initial interfacial area before the mechanical
strain:

Ubt

Ai
≡ �A

Ai
(3)
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The two branches of the mechanical model are coupled in
parallel according to Eq. (1) corresponding to the additivity of
stresses; we obtained the following equation to describe the vis-
coelastic behavior of the monolayer:

�π

Ubt
Ai = Ee + Ene

τ

t
(1 − e−t/τ) (6)

Using the experimental values found for �π(t) and with Eq.
(6), it is possible to determine the non-equilibrium part (Ene)
and the equilibrium part (Ee) of the dilatational elasticity. The
specific time of relaxation τ could be easily determined from
experiments where the time of compression T was much smaller
than the characteristic time of the relaxation process τ (fast com-
pression).

For the determination of Ee, Ene, and τ, one has to succes-
sively perform the following experiments:

• Fast compression (d/dt �A(t)/Ai = U/Ai typically higher than
0.005 s−1, with �πmax typically lower than 2 mN/m) in order
to determine precisely the relaxation time τ. Subsequently,
this characteristic time of relaxation is determined by fit-
ting the γ relaxation curves by an exponential equation:
γ = γ∞ + Ae−t/τ .

• Slow (d/dt �A(t)/Ai = U/Ai typically lower than 0.003 s−1)
monolayer compression (with �πmax < 2 mN/m) in order to
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This elastic behavior is represented by the upper branch of
he mechanical model in Fig. 2. The non-equilibrium part of the
esulting stress �πne is correlated to the accumulation of elastic
nergy during the compression. Dissipation of this accumulated
nergy occurs during compression as well as relaxation and can
e interpreted as a molecular reorganization in the monolayer
i.e. desorption). This viscoelastic behavior can be described
sing the following equation:

d�πne

dt
+ �πne

τ
= Ene

Ub

Ai
(4)

here Ene is the non-equilibrium interface dilatational elasticity
nd τ is the specific time of relaxation. The viscoelastic behavior
s represented by the lower branch of the mechanical model in
ig. 2. If the initial conditions are �πne = 0 at t = 0, so �πne can
e written as:

πne = EneUbt

Ai
(1 − e−t/τ) (5)
determine Ee and Ene using the value of of τ in Eq. (6).

.2.2. Sinusoidal perturbation approach
In the second approach, a sinusoidal interfacial area defor-

ation is applied at several frequencies in order to follow the
response. Relative area variation versus time and interfacial

ressure variation versus time are considered, respectively, as the
nput and the output of the interfacial system, from which it is
ossible to evaluate a transfer function (complex function) often
alled complex elasticity modulus E. The real part of this func-
ion characterizes conservative monolayer comportment. The
maginary part characterizes a dissipative monolayer comport-

ent [21].
For each pulsation ω (ω = 2Πf where f is the frequency of the

scillations), and at every time t, an adequate harmonic analysis
f these two signals allows the calculation of a complex transfer
unction (or complex elasticity) given by:

¯ (ω) = Ē(ω) = Ā
dπ

dA
(7)

We have verified that this complex function is independent of
ime when the interfacial tension γ has reached its equilibrium
alue. This transfer function can be transformed in the following
xpression:

¯ (ω) = G′(ω) + iG′′(ω) (8)

here G′(ω) and G′′(ω) correspond, respectively, to the real part
nd the imaginary part of the transfer function. Therefore, the
raphs G′(ω) and G′′(ω) are characteristic of the rheological
omportment of the interfacial layer. The dephasage angle ϕ is



378 F. Tewes, F. Boury / J. of Supercritical Fluids 37 (2006) 375–383

also given by:

tg(ϕ) = G′(ω)

G′′(ω)
(9)

Considering that the interface follows a generalized Maxwell
mechanical model previously described (Fig. 2), the conserva-
tive part of the transfer function (G′(ω)) is theoretically repre-
sented by the following equations:

G′(ω) = Ee + Ene
ω2τ2

1 + ω2τ2 (10)

Similarly, the imaginary part of the transfer function is written
as:

G′′(ω) = Eneτ
1

1 + ω2τ2 (11)

The physical constants Ee, Ene, and τ are extrapolated con-
sidering:

lim
ω→0

G′(ω) = Ee (12)

lim
ω→+∞G′(ω) = Ee + Ene (13)

lim
ω→0

G′′(ω)

ω
= Eneτ (14)

3. Results and discussion

We studied the behavior of the H2O/pressurized CO2 inter-
face in presence of various kinds of Tween® molecules (Tween
20, 40, 60 and 80 (Fig. 3)) adsorbed from the aqueous phase.
These Tween® molecules have the same hydrophilic part, com-
posed of a sorbitan linked to three polyoxyethylene chains.
However, their CO2-philic part, composed of an alkyl chain,
increase with their identification number from a dodecane chain
(Tween® 20) to an octadecane chain (Tween® 80). By changing
the CO2-philic part of the molecule, and keeping constant the
hydrophilic one, we can evaluate the effect of the CO2-philic part
on the interfacial tension and interfacial rheological properties
of the adsorbed Tween® monolayer.

In this goal, we always performed the experiments at the
same bulk concentration (0.075 wt.% in water), i.e. higher than
the critical micellar concentration of Tween® in water at room
conditions. At this concentration, the Tween® molecules were
at their maximal interfacial compaction state, considering a
Gibbs monolayer.

of Tw

F
r

Fig. 3. Structure
ig. 4. Kinetics of γ decrease in presence of Tween® 20, 40, 60, and 80 at a bulk w
anged from 50 to 90 bar and at a temperature of 40 ◦C.
een® molecules.
ater concentration of 0.075%. The measurements were performed at pressures
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3.1. Interfacial properties of Tween® adsorbed layer

3.1.1. Kinetics
Fig. 4 shows the γ kinetics obtained at a temperature of 40 ◦C

in presence of the four types of Tween® molecules and for CO2
pressures between 50 and 90 bar. For all studied CO2 pressures,
and for the studied Tween® molecules, the kinetics show two
steps of adsorption having characteristic time T1 and T2. An
equilibrium state was observed before 3000 s. For any given type
of Tween®, the time T1 is almost constant, whatever the CO2
pressure. Therefore, this part of the kinetics is mostly controlled
by a phenomenon occurring in the water phase, such as diffu-
sion of Tween® molecules. In presence of Tween® molecules,
the period necessary to reach an equilibrium state is at least 10
times shorter than the necessary time for the pure interface to be
equilibrated [17]. Furthermore, compared to the pure H2O–CO2
system [1,17], the Tween® molecules decrease significantly the
γ equilibrium values. At this aqueous concentration, almost of
the Tween® molecules quickly reach the interface and inhibit
the organization between the H2O and CO2 occurring for the
clean interface [17].

These two steps kinetics are typical to them acquired for
small surfactant molecules like Tween®. The first step can
be attributed to the diffusion of the surfactant from the bulk
aqueous phase to the “subsurface”, immediately adjacent to
the interface. Then, the second step is attributed to the trans-
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Fig. 5. Equilibrium γ vs. CO2 pressure for the four types of Tween®.

H2O–CO2 organization compared to the other type of Tween®

molecules.

3.1.2. Equilibrium
For each types of Tween® molecules, the equilibrium γ

decreases linearly with the CO2 pressure in the range of
50–80 bar (Fig. 5). Then, in the range of 80–90 bar, the γ

decrease is less pronounced. The shape of these curves versus
the CO2 pressure resemble the profile of γ measured at time 0 of
the kinetics obtained at the pure interface (γ0) [17]. The values
of γ0 are governed by the number of CO2 molecules adsorbed at
the interface interacting with H2O molecules. From 80 bar, the
water surface became saturated in H2O–CO2 complex, and γ0
was then constant.

Except for the CO2 pressure of 90 bar, the equilibrium γ

decreases as the size of the alkyl chain increases. The more the
Tween® molecules are hydrophobic, and the more their inter-
facial activity are great. This could be explained by their better
partition between the two phases and by the higher degree of
interaction between the CO2 molecules and the alkyl surfac-
tant tail. The equilibrium γ value observed at a CO2 pressure of
90 bar in presence of Tween® 60 molecules, is however higher
than the values obtained in presence of the other molecules.
This could be explained by the formation of a mixed interface,
composed of molecules of Tween® 60 and of a network made
o
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er of the molecules from the subsurface to the interface. For
acromolecular surfactant, a third step can occur, due to inter-

acial rearrangements, involving reorientation, conformational
hanges, complex formation, chemical reactions, phase tran-
itions, formation of three-dimensional structures resembling
iquid crystals. . . For small molecules, rearrangement is gener-
lly a very fast process and has little effect on the overall behavior
f adsorption.

Considering the curves obtained with Tween® 60, one
btained an irregular shape of the kinetic at a CO2 pressure
f 90 bar. Especially, the presence of four stages in the kinetic
ith a plateau at a value of 12 mN/m is remarkable. This phe-
omenon can be due to a competition effect between the adsorp-
ion of molecules of Tween® 60 and the organization that occurs
etween H2O and CO2 molecules under these conditions [17].
imilar observations were done for γ kinetics acquired in pres-
nce of aqueous ovalbumin concentration lower than 0.5 g/L
2]. This competition effect is not visible in presence of Tween®

0 and 40 molecules, perhaps because of their faster adsorp-
ion rate compared to Tween® 60. The smaller size of dodecyl
nd tetradecyl tails compared to hexadecyl alkyl chain, and
he higher aqueous CMC values of Tween® 20 and 40 could
xplain this difference in the rate of adsorption. In presence of
ween® 80 molecules, a delay effect is visible on the γ kinetic
easured for a CO2 pressure of 90 bar, but this effect is less
arked than for the Tween® 60 molecules. Therefore, the rate

f surfactant adsorption at the H2O–CO2 interface is probably
ot the overall phenomenon that control the particular kinetic
bserved in presence of molecules of Tween® 60, but some
terical and thermodynamical consideration must be take into
ccount, i.e. the molecules of Tween® 60 could promote the
f organized H2O–CO2 molecules. This peculiar effect can be
inked to the non-usual kinetic observed for Tween® 60.

.1.3. Rheology
Fig. 6 compares the values of Ee (left) and Ene (right) deter-

ined by the sinusoidal and ramp rheological approaches for
he different types of Tween® and at various pressures. The low
alues of Ee are not slightly different according to the rheolog-
cal method we used. At the contrary, the values of Ene were
nfluence by the kind of system and discrepancies are observed
ccording to the method. However, Ee and Ene values always
hange in the same way with the both approaches suggesting an
xperimental artefact. We can explain these differences by the
act that in the sinusoidal method, the value of Ene is determined
y extrapolation considering the position of the plateau in the
′(ω) curve (Eq. (13)), which in fact corresponds to the highest

requencies of the sinusoidal perturbations. From that there is
n certain conditions, a skew on the determination of the posi-
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Fig. 6. Equilibrium and non-equilibrium interfacial elasticity determined by the both ramp and sinusoidal approach.

tion of the plateau and so on the value of Ene. This experimental
artifact can explain the almost constant difference between the
two methods. From that we decided to compare the data using
the ramp method.

For all the type of Tween® molecules except for Tween® 60,
the values of Ee remain low from 50 to 80 bar, then increase a few
for a pressure of 90 bar, indicating an increase of the interactions
in the interfacial plane. For the Tween® 60 molecules, the Ee
values always stay low with a tendency to decrease when the CO2
pressure reach 90 bar, showing a decrease in the interactions in
the interface. Furthermore, in same time that the Ee decreases,

Ene increases, suggesting an increase of the interactions between
the two phases and the interface.

Fig. 7 compares the equilibrium and non-equilibrium elastic-
ities determined by the ramp approach for each type of Tween®

molecules. The low equilibrium elasticities (Ee) of the interfa-
cial layers formed with all Tween® molecules type and at all
CO2 pressures reveal weak interactions between the molecules
at the interface. For CO2 pressures between 50 and 80 bar,
Ee and Ene increase with the alkyl tail length until a maxi-
mal value obtained for 16 carbons. Then, Ee and Ene decrease
to values close to zero for an alkyl tail composed of 18 car-
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Fig. 7. Equilibrium and non-equilibrium elasticities vs. type of Tween®

molecules determined by the ramp approach.

bons. This can suggest that the maximal interaction between
the alkyl tails is developed when the tails are composed of
16 carbons. For a tail having a lower size, the aqueous sol-
ubilities of the Tween® molecules is high and the molecules
are mainly in the aqueous phase. For a tail having more than
16 carbons, the aqueous solubility of the Tween® molecules
becomes low, and the molecules are mainly directed into the CO2
phase.

The results can suggest also that molecules of Tween® 60
are able to facilitate the organization between the H2O and CO2
molecules in order to form a mixed interfacial layer. This kind
of structure could explain the great Ene values observed at a
CO2 pressure of 90 bar, due to the great interactions between
the Tween® molecules and the both phases.

Fig. 8. Kinetics of HSA adsorption at water–CO2 interface.

3.2. Interfacial properties of human serum albumin (HSA)
adsorbed layer

3.2.1. Kinetics
Proteins are polymeric molecules made of the succession of

20 different possible monomers (amino acids) having various
polarity. The parts or the segments of the protein composed in
majority of apolar amino acids might form the more CO2-phile
segments of the protein. Fig. 8 presents the variation of γ ver-
sus time in presence of 0.84 g/L of a protein, the human serum
albumin (HSA), at different pressures. The curves showed three
steps to reach an equilibrium value, characterized by times of 40,
400 and 6000 s. This can be interpreted as a rapid adsorption of
protein segments at the interface followed by a rearrangement of
the adsorbed film that is frequently observed at water/oil inter-
faces [25]. In bulk solution, the less polar protein segments are
in the heart of the protein, surrounded by the polar one. This
organization is modified during the protein adsorption, leading
to the three steps γ kinetics. At this aqueous concentration, the
γ kinetic appears mainly controlled by the protein adsorption
and not influenced by the interfacial organization of the H2O
and CO2 molecules, like it is occurred in presence of ovalbumin
(OVA) in this range of concentration [2].

3.2.2. Rheology
The rheological parameters have been determined in function

o
i
o
t
t

rheol
Fig. 9. HSA rheology. (a) Ramp type
f CO2 pressure by the two approaches described above and sim-
lar results were obtained in both cases (Fig. 9). The comparison
f both parameters Ee and Ene indicated that the organization of
he protein at the interface was influenced by the pressure and
herefore by the density and polarity of CO2. Ee reflects the den-

ogy and (b) sinusoidal type rheology.
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Fig. 10. Schematic representation of the HSA organization at the CO2/H2O interface at the three various pressures, before and after compression.

sity of segments anchored at the interface and their ability to stay
in this conformation. In that way, Ee describes the lateral inter-
action between the segments of protein in the interfacial zone.
Ene characterizes the dissipation of the rheological perturbation
energy related to interactions between some interfacial protein
segments and bulk phases, the whole protein staying anchored at
the interface due to the multiplicity of the fixed segments. These
interactions occurs by the desorption of segments through the
interface as loop-shape. One can see that Ee reached a maximum
value near 80 bar, while Ene gave a minimum value at this pres-
sure. These results indicates that at a this peculiar pressure, the
protein is strongly anchored at the interface and interacts simi-
larly with both the adjacent phases (water and CO2) (Fig. 10).

For a CO2 pressure of 70 bar the dissipative characters of the
interfacial layer is related to the expulsion of segments mainly
towards the aqueous phase because of the low solvent power
of the CO2 for the most CO2-phile protein segments (Fig. 10).
At contrary we can assume that for 90 bar, the new dissipative
characters of the interface can be linked to the expulsion of the
most CO2-phile protein segments, due to the energy bring by the
interfacial compression, towards the CO2 phase, which became
a better solvent for these protein segments.

The difference of interfacial behavior observed between the
HSA in this study and OVA in a previous one [2], can be linked to
the difference between their amino acids sequences and between
their initial spatial organizations. For example, the secondary
s
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interaction between protein segments forming rigid domains are
important and cause a steric hindering in the film. At contrary,
for small surfactant, lateral interactions involve Van der Waals
attractive force and electrostatic repulsion which act between
molecules and less between domains. On the other hand the
small surfactants have a tendency to desorb upon compression
(this is well indicated by the high values of Ene). This desorp-
tion reduces the contribution of lateral interactions. Therefore,
in these conditions, proteins seems more suitable to stabilize the
H2O/CO2 interface against its breaking, which is a crucial factor
in the coalescence of emulsion droplets.

4. Conclusion

We demonstrated that interfacial layers formed from classi-
cal and macromolecular amphiphiles can be analyzed by means
of a pendant drop technique at the CO2/H2O interface. This
technique allowed us to study the kinetics aspects of the adsorp-
tion and also to precisely measure the dilational properties of
the films. Although the elasticity values measured by the two
approaches are sometimes different, the way of variation is
always similar. Even at high surfactant concentration, the orga-
nization of CO2 with H2O molecules can modify the kinetics of
adsorption at the interface as well as their interfacial organiza-
tion at the equilibrium.

Polymeric molecules like human serum albumin (HSA), pro-

tructure of the OVA protein is composed of β sheets and helices
26], whereas HSA is only composed of helices [27].

As a matter of fact, for concentrations similar to those tested in
his study, the OVA formed a strictly elastic interfacial layer with
igher elasticity values than HSA, whatever the CO2 pressure.
SA showed always a viscoelastic behavior with the conserva-

ive and dissipative contributions of the energy varying with the
O2 pressure. Therefore, OVA might be more efficient for sta-
ilizing the H2O/CO2 interface against the coalescence of water
roplet dispersed in the CO2 than the HSA.

On the other hand, the HSA and OVA proteins, at an ini-
ial aqueous concentration of 0.84 g/L, formed interfacial films
aving higher elasticity values than those obtained for all the
ween® molecules studied at an aqueous bulk concentration of
.75 g/L. The difference in magnitude of Ee between the pro-
ein and the Tween® is probably related to the fact that lateral
duced interfacial films with an important elasticity. For these sys-
tems, Ee and Ene varied with CO2 pressure and can be controlled
in order to stabilize W/C emulsion against the coalescence.

Those approaches are promising to better understand the phe-
nomena that occur in the emulsion-based processes and indicate
that a polymeric molecule could create a more cohesive film
at the H2O–CO2 interface than little surfactant. Indeed macro-
molecules may be useful to inhibit the breaking of the CO2–H2O
interfacial layer and thus the coalescence of water drop in a CO2
surrounding media.
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