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Abstract

Investigations on phase behaviour and interfacial phenomena in two and three phase fluid systems at pressures up to 250 MPa are presen
The interfacial tension, which is decisive for the energy input for dispersing one fluid phase in the other, was studied as a function of pressur:
and composition. The effect of pressure on the interfacial tension is generally found to depend on phase behaviour. Partly miscible system
tend to show decreasing interfacial tension as a function of pressure whereas inmiscible liquid—liquid dispersions are hardly affected. In thi
case, an additional gas phase being mixed with the adjacent liquid phases lowers the interfacial tension to a high extent. At pressures abo
100 MPa it becomes increasingly difficult to measure the interfacial tension since the density difference may decrease to extremely low value
and pressure induced crystallization may inhibit visualization of the interface. The aim of the presented investigation is to describe interfacial
phenomena occurring in liquid—liquid—fluid systems at elevated pressures and quantify the effect of carbon dioxide as a fluid being partly
miscible in a number of liquid phases on the interfacial tension.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction up to 40 MPa followed by a smooth declif®. Other sys-
tems of higher mutual affinity show declining interfacial
Interfacial phenomena are decisive in processing of tension like water—carbon dioxide (GPD[3]. The course
liquid—liquid or liquid—gas systems. Drop sizes, rheology, of interfacial tension in gas-liquid systems investigated by
global hydrodynamics and mass transfer depend not only onWiegand and Francld] depends on molecule size and pos-
bulk phase properties but also on composition, structure andsibility of interaction of molecules across the interface. The
physical characteristics of the interphase like interfacial ten- interfacial tension of water—helium increases considerably
sion (IFT) and contact angle. Recently, application of elevated over the complete investigated pressure range from 0.1 to
pressure is gaining importance implying a tendency towards 250 MPa as a consequence of rebounding fofsgsAny-
increasing pressures of up to 100 MPa and more. Some examway, water—helium is rather an exception with respect to

ples are summarized ifable 1. the pressure dependant behaviour of the interfacial tension
The behaviour of liquid dispersions was shown to depend in liquid—gas systems. Usually, a more or less expressed
oninterfacial properties like the interfacial tensjah Differ- decline of the interfacial tension is caused by an increas-

ent authors show that for pure liquid-liquid systems exhibit- ing pressure. In case of high affinity between both adjacent
ing little compressibility, the interfacial tension shows an phases and subsequent elevated mutual solubility like in case
ambiguous behaviour as a function of pressure. Investiga-of oils and CQ, the interfacial tension decreases dramati-
tions on water—-n-decane reveal a rise in interfacial tension cally with rising pressur¢6]. Above 30 MPa, experimental

as well as theoretical work has only been reported on pure
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2. Materials

Nomenclature
Refined corn germ oil was chosen as the oil phase since

A interfacial area (1) former studies were carried out on this system at lower pres-
P pressure (MPa) sures by Jaeger et §l.1] and because of its relevance in food
R gas constant=8.31451 (JKmol ) applications like high pressure sterilisation and homogenisa-
T temperature (K) tion. In order to assure purity with respect to surfactants such
4 volume (n¥) as monoglycerides, phospholipids etc. the interfacial tension

in distilled water was tested at atmospheric conditions. While
Greek letters . interfacial tension of the respective crude corn germ oil from
r _surface_exces; concentr?tmn (mott own pressing had a value of 13.7 mN/m at a drop age of 2s
o interfacial tension (MN m") decreasing to 8.5 mN/m after 2 min, interfacial tension of the

purified oil amounted to 28.7 mN/m irrespective of drop age
which indicates absence of surfactants.

only of one pure fluid irrespective of practical viability need- Carbon dioxide of technical purity (99.95%, supplier:
ing a second fluid for pressurization. A number of technical Hydrogas) was used. Styrene from BASF AG, Germany
and natural fluid systems contain more than two fluid phaseshad >99% purity and was stabilized with 10 ppm of Butyl-
like in oil wells during water flooding in presence of hydro- brenzcatechine:-Decane (>95%) was supplied by Merck.
carbon gases. Beyond its natural appearance, gases can bdethane (>99.5%) and ethane (>99%) were supplied by
dissolved in coexisting liquid phases on purpose for creating Westfalen Gas and nitrogen (99.99%) by Linde AG. The
desired interfacial and rheological properties. Sun and Chenwater contained an electrical conductivity of abowtd and

[8] determined interfacial tension of a G&rude oil-water  a surface tension of 72 mN/m.

system in order to investigate possibilities of enhanced oil

recovery at pressures up to 45 MPa. Up to now, little is known

about the interfacial tension in liquid—liquid systems at pres- 3. Experimental

sures above 50 MPa. Apart from experimental work presented

by Jenningg9] up to 80 MPa, Harveyl10] up to 140 MPa The liquids and fluids under investigation are contacted
and Wiegand and FrandK] up to 250 MPa all of them on  within a high-pressure view chamber containing sapphire
pure organic substances in contact to water, there is a lackwindows (Bnax=400 MPa,Dyindow=12 mm,V=6.8ml). A
especially in technical relevant systems, e.g. with respect toschematic diagram of the experimental set-up is presented in
homogenisation, sterilisation, high pressure freezing, liquid Fig. 1. By use of hand, piston pumps SP1 to SP3, the flu-
cutting and enhanced oil recovery. Especially here, increasedids and liquids under investigation are metered into the view
operating pressures are used in order to enhance the kinetichamber. SP1 and SP3 had a maximum volume of 7.5ml
energy, the product yield and to generate specific pressurewhile the volume of SP2 (COsupply) amounted to 18 ml.
effects like deactivation of enzymes or a shift in crystallisa- Pressure was determined by pressure transducers (WIKA) at
tion temperature. The aim of the present work is to describe +0.1 MPa accuracy. The temperature was measured by a ther-
interfacial phenomena occurring in liquid—liquid—fluid sys- mocouple within the view chamber to an accuracy@f.3.
tems of technical relevance at elevated pressures and quantifiThe liquid of highest density is passed through a capillary
the effect of carbon dioxide as a fluid being partly miscible entering the chamber from the top until a pendant drop is
in a number of liquid phases on the interfacial tension. generated at its tip within the surrounding liquid/fluid phase.
The shape of this drop depends on the interfacial tension and
on the densities of the adjacent fluid phaldgd. According

Table 1 . . .
Applications of high pressures to the Laplace equation of curved fluid surfaces, the interfa-
- — cial tension is determined from digitalized drop images taken
Field Objective Pressure . .
(MPa) by a CCD-camera and using a computer algorithm developed
Enhanced crude oil recovery Extension to larger depths 100 b,y Song and Springqi2]. Megsurements of mterf_aCIal ten-
High-pressure Fine, stabilized emulsions 180 sion where repeated evaluating at least three different drop
homogenisation shapes.

(micro-fluidizer) One drawback of applying the pendant drop technique is
High-pressure sterilization Destroy I‘I"f“S’b%th”a_‘ A 400 the need of determining the actual densities of the participat-
High-pressure freezing and  Obtain cell material without - 250 ing fluid phases in order to obtain reliable data. Assuming

subsequent freeze destruction RN . .

substitution non-miscibility in water—oil systems, density data may be
High-pressure water cutting Transform pressure into 200 retrieved from literaturgl3], [14]. Density of oil saturated

kinetic energy with carbon dioxide (C@) was investigated by Tegetmeier
Crystallization Make use of pressure 1000 et al.[15] at pressures up to 35 MPa. Above 150 MPa, only

dependent aggregate states

data of pure substances like water and,Cide available
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[16]. At higher pressures, the density of a triglyceride oil
was determined by Eder et §L.7] up to 400 MPa using an
interferometric method. In the lower pressure region, these
data coincide quite well with data of Acosta et[d4]. Own
density data especially of oil containing dissolvedG@re
obtained by the mass—volume method: a sample was col-
lected in a sample trap of exactly known volume from where
both fluids were collected separately after controlled depres-
surization. Next to the mixture density, the mass fraction of
COy is determined by this method. Experimental uncertainty
is quite high, but in contrast to the interferometric method, it
is possible to work at higher C&contents of up to saturation
concentrations. As a consequence, an important source ofthe ()
error in measurement is reliability of the density data. Con-

sidering also image quality and variance within the evaluation Fig. 2. Water drops in refined corn germ oil at 293K and (a) 200 MPa, (b)

procedure, the general accuracy in the interfacial tension250MPa.
measurements was in the ranget#-3%.

4.2. Influence of compressed CO; on the water—oil

interface

4. Results

In order to investigate the influence of carbon dioxide as a
third fluid phase, the chamber was first filled with this fluid at

Fig. 2 shows images of water drops in triglyceride oil
at pressures up to 250 MPa. At about 250 MPa andC0
the surrounding oil phase becomes opac-impeding detection 35
of the drop shape. Decreasing the pressure leads again to ¢
transparent oil phase. Hence, determination of the interfacial

(b)

SP-3 —<

Fig. 1. Experimental set-up for determining the interfacial tension at pressures >100 MPa, SP1 to SP3: hand piston pumps, VC: view chamber.

tension by the pendant drop method was limited to pressures T e S — At
A

of 250 MPa. S 00 Jmmmg R
E
e T B MRS
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4.1. Interfacial tension in water—oil e

Fig. 3 shows the interfacial tension of a water drop in 3T
corn germ oil as a function of the pressure. These data were 04 T T T B IR
obtained, using water density [f6] and oil density of Eder %0 100 P [;jopa] 200 250

et al.[17]. The resulting interfacial tension shows a slightly

rising course until arriving at almost constant values above Fig. 3. Interfacial tension of water in triglyceride oil as a function of pressure

150 MPa. at 293 K.

300
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Fig. 4. Density of triglyceride oils in presence of @@omparison to pure
liquids, 293 K. (#) Sunflower ofl13]; (M) CO, [12]; (x) oil + 30 wt.% CO
[13]; (a) water[9]; (@) present data: corn germ oil + 30 wt.% €0
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Fig. 6. Interfacial tension of water in corn germ oil/g@s a function of

time at 293 K. (4) 100 MPa, 61 wt.% GO(M) 150 MPa, 56 wt.% C) (4)

conditions corresponding to the designated concentration in
the oil phase. Afterwards oil was added up to the desired pres-
sure. During generation of the water drop, a small amount of
the surrounding fluid mixture (oil + C£) was retrieved into

a sample trap from which the amount of oil and £@ay

be determined after decompressiéiig. 4 shows the den-
sity of 0il-CQO, mixtures determined by different methods
compared to the pure phase densities of the liquids under
investigation. At pressures above 100 MPa, the equilibrium
concentration of C@in the oil phase rises clearly above
30%. Under these conditions, own experimental data as well
as interpolated data from literature show that the oil ,CO

200 MPa, 54 wt.% C@

up to 4wt.% of CQ. The interfacial tension was found to
depend on the C&concentration rather than on pressure.
In a second step, the amount of £Within the oil phase

was increased to a higher extent but still maintaining a con-

centration below saturation avoiding formation of a third fluid
phase. Since the water is not presaturated before the drop
comes into contact with the oil + GOphase, the effect of
mass transfer, i.e. drop age on interfacial tension should be
considered. Nevertheless, results showrfig. 6 indicate

that the equilibrium value of the interfacial tension is reached

density rises above the water density. Both densities approad}airly fastas aresult of a rapid achievement of the equilibrium

each other when rising the G&ontent up to a certain value
resulting in almost spherical drops and consequently compli-
cating determination of the interfacial tension. Consequently,
measurements regarding the influence ob©@®the interfa-
cial tension were carried out first using small amounts 0§ CO
being completely dissolved in the oil phabég. 5shows the
influence of the C@-concentration on the interfacial tension

35
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Fig. 5. Interfacial tension of water in corn germ oil containing dissolved
CO, at 293 K. (W) 150 MPa; (4) 200 MPa.

composition within the interphase. Random-like variations
are mostly due to poor image quality since the conditions are
near saturation of C&and the surrounding phase is slightly
turbid. In general, the obtained values are near 20% of the
interfacial tension of the pure oil-water system.

The absolute amount of G@ntering the water drop could
not be analysed directly. According t@d@heide and Franck
[18] near 8—-9 wt.% of C@enter the water phase at 100 MPa
once equilibrium is established. Thus, generated drop vol-
umes of near 8fl result in an uptake of 8.5 mg of COThis
means a decrease of near 1 wt.% with respect to the surround-
ing 0il/CO, phase (¥hambe~ 6.8 ml) assuming a mixture
density of 1.1 g/ml. Compared to the amount of dissolved
CO, this change seems negligible.

4.3. Fat crystals at elevated pressure

As stated before, the surrounding oil phase becomes opac
at very high pressure, which is due to pressure-induced crys-
tallisation. Fat crystals play an important role in emulsion
technology since they inhibit coalescence of water drops in
a continuous oil phase and consequently stabilize water in
oil emulsiong[19]. The water drops generated in this work
were also perfectly stabilized as long as pressure was main-
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Table 2 5. Discussion

Composition of different oils, product specifications from Bellmer, Germany

Oil Saturated  Single-unsaturated ~ Poly-unsaturated In general, the interfacial tension of the oil-water system
(%) (%) (*0) is in the range of purified edible oil-water systej2s] hav-

Comgermoil 12 29 59 ing eliminated all surface-active substances. The influence

Sunfloweroil 11 27 62 of pressure on the interfacial tension in the water—oil system

Palm oil 53 37 10

is typical as found in case of immiscible liquids. From the
partial differential of the Gibbs free energy with respect to
the area and to the pressure follows the well-known equation

tained above 220 MPa. After pressure reduction to 180 MPa, relating the pressure gradient of the interfacial tension to the
coalescence of the accumulated drops sets on, resulting in £hange in volume at changing interfacial af22]:
continuous water phase at the bottom of the chamber.
< do > _ < BV) 1)
T,A.n 0A T,P,n

Soybean 9 26 65

Corn germ oil and sunflower oil used for the experiments 9P

contain a similar triglyceride spectrum with respect to the
grade of saturation of the fatty acids (Table 2). According to the density gradient theory revealed by Turke-
At20° C both, corn germ and sunflower oil startto formfat - vich and Manrj23], this pressure coefficient of the interfacial
crystals between 235 and 240 MPawhereas palm oil is solid attension may be interpreted as a width being proportional to
ambient pressure. This pressure dependent behaviour of crysthe thickness of the interfacial layer. Following this idea, there
tal formation is attributed to their specific volume, which is s anincrease in volume at the interphase in case of repulsion
smaller than the liquid triglycerides as presented by Lopez et of the adjacent phases as stated by Motomura (24l The
al.[20]. In case of milk fat, it was found that the solid density respective molecules at the interface take more space as in the
is about 4% higher thanthe liquid phase density. Triglycerides pulk phase leading to an increasing volume when increasing
usually takex, B andp’ crystal modifications. By pressure the interfacial area while maintaining constant pressure. The
treatment formation g8 is favoured since it contains the low-  specific change in volume (right hand side of Et)) may
est specific volume and the highest melting point. In presencealso be expressed by the amount of molecules leaving the bulk
of carbon dioxide crystallisation is initialized at lower pres- phase by adsorbing at the interface from which the increase

suresFig. 7shows a water drop in an oil-G@nixture were in intrinsic volume of the interface\v,, is subtracted:
aturbid layer is formed at the bottom of the chamber already

at 200 MPa. This shift in crystallisation point may be due to <aa> - _ Z IxT + Avy 2)
a change in liquid—solid phase equilibria associated also to \ 9P/ 7.4 P

a change in mixture dgnsity. On the other hand, gas clusters Neglecting the volume of the molecule layer at the inter-
ir::g)g\?:gifr:t?grl]e?g)LTr:“gs%yp?ggggsﬁgﬁiu_ﬁqse i:i‘;i;gface leads to the Gibbs-like equation for relating the change
e o -~ Zin interfacial tension to the adsorptifi:
start forming at the bottom because of their higher density. U]
At pressures above 200 MPa it was not possible to visual- I P (9o 3
ize drops because of turbidity of the complete surrounding “ ' = ~r7 \ 5p . 3

0il + COy phase. .
Molecules at the water—oil interface take more space as

bulk molecules leading to a negative excess concentration,
which isrelated to arise of the interfacial tension as a function
of pressure below 100 MPa. Depending on the molar volume
of athird component at the interface there is a changing influ-
ence of pressure on its surface activity. In order to determine
the effect of this component on the pressure coefficient in a
two phase system Hoath-Szab et al. [25]used the concept

of the so-called conditional relative surface excess (CRSE):
the difference in surface excess volume densities between a
two phase system containing surfactant and a reference sys-
tem without surfactant each being described by its specific
pressure coefficient (left hand side of §8)), leads to the
actual molar volume of the surfactant at the interface. Trans-
ferred to an oil-water system containing £8s a possible
surface-active agent, this would mean that the difference in
pressure coefficient compared to the pure oil-water system
Fig. 7. Water drop in corn germ oil containing 200 MPa, 293K. The is related to the surface activity of carbon dioxide. Compar-
turbid front at the bottom influences the drop shape. ing Fig. 4to Fig. 6 reveals that in both cases, the pressure
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Fig. 8. Interfacial tension as a function of pressure in liquid—gas systems.
(#) No—styrene, 296 K; (H) b-gasoil, 296 K; &) No—n-decane, 398 K; (@)
methane-n-decane, 398 K; (x) ethane-n-decane, 398 K.

coefficient takes values close to zero. Only the concentra-
tion of carbon dioxide itself takes influence on the interfacial
tension. Sun and Chd8] also find, that at low C®concen-
trations the slope of the interfacial tension is hardly affected
while the absolute value clearly decreases at increasing CO
concentration.

Turkevich and Manif23] conclude that the pressure effect
on the interfacial tension is composed of the rather smaller

thermodynamic effect discussed above and a larger effect
by the behaviour of the bulk phases. In case of a gas being !
strongly miscible in the adjacent liquid phases this becomes

clear from the results presentedHig. 8using the set-up from
Fig. 1only with SP1 to generate the liquid drop and SP2 for

establishing the desired gas/fluid pressure: the interfacial ten-

21

above 230 MPa fat crystals are formed that impede visual
detection of drops within the oil phase and stabilize water
drops against coalescing. In presence of a dissolved gas like
carbon dioxide, formation of fat crystals take place at lower
pressures as a consequence of shifted phase equilibria and
earlier nucleation. In terms of emulsification especially using
high-pressure homogenizers, this fact implies possibilities of
innovative processes aiming for new product properties and
optimizing energy consumption.
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