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Abstract

This study looks for the first time at the possibility of predicting the interfacial tension in mixtures without preliminary resource to their
experimental data. For this purpose the quantitative global phase diagram (kIGPD)-based approach (GPDA), which needs only two or three
key experimental points of one homologue for predicting the complete phase behavior in whole homologues series of binary systems, is
combined with the gradient theory (GT) methodology. The resulting model is able to predict the data in satisfactory manner, although the
increasing asymmetry between the compounds of the mixture probably affects the ability of GPDA to yield accurate predictions of phase
equilibria and interface tension simultaneously.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction der Waals and lately reformulated by Cahn and Hilligz}l
is more efficient and accurate than the principle of two-scale

A vast body of literature has been devoted to the develop- factor universality (TSFU). Hence, the GT-based approach
ment of thermodynamic models for the prediction and cor- seems today to be the most promising way to model the
relation of vapor—liquid equilibria (VLE), but modeling of interfacial tension in mixtures. The GT approach is based
other very important thermodynamic properties such as in- on the mean field approximation that describes a continu-
terfacial tension, has not received so far significant attention. ous evolution of the density of the Helmholtz energy along
Data on interfacial tension are necessary for the descriptionthe interface and thus it allows description of the interfa-
of phenomena that take place at interfacial boundary layerscial properties such as concentration profile and interfacial
and which define the efficiency of industrial processes such tension in mixtures.
as mass transfer during extraction, heat transfer under boil- The GT-based approach requires the values of the density
ing conditions, flow in porous catalytic media, enhanced oil of the Helmholtz energy of the homogeneous mixture and the
recovery, etc. For example, the interfacial tension data of influence parameters of the non-homogeneous mixture. The
carbon dioxide—hydrocarbon mixtures suggest that €&h density of the Helmholtz energy can be estimated using an
be very effective as an oil-displacing agent. equation of state (EOS) of the homogeneous mixture while

Sahimi and Taylof1] have demonstrated that the method the influence parameters, which carry the information on the
based on the gradient theory (GT), first developed by van molecular structure of the interface, are obtained by fitting

the interfacial tension data of pure compounds. It should

_ be noticed that the principal advantage of this approach is
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of interfacial tensions and demonstrated that the experimen-approaches is then defined by their accuracy and also by the
tal data of different kind of mixtures may be accurately relation between the amount of data fed to the amount of
described by the GT-EOS approach. However, their calcu-data predicted.

lations were implemented in a correlative rather than in a  Recently{9-11]we have proposed the quantitative global
predictive manner. From these references, it follows that the phase diagram (kIGPD)-based semi-predictive approach
basic elements to predict interfacial tensions of mixtures are (GPDA), that requires no more than two or three experi-
the following. mental critical points to predict the complete phase behavior
in whole homologues series of binary systems. This ap-
proach is characterized by a very high ratio between the
data predicted and the data fed. The successful implemen-
tation of GPDA is based on the fact that the configuration
of vapor-liquid equilibria phase boundaries at any temper-
ature is defined by the position of the vapor-liquid critical
point and by the distance from any particular temperature to
the upper critical solution temperature (UCST) of the sys-
tem at which the homogenous liquid phase splits into two
phases. This observation is supported by that fact that the
inflections of bubble-point curves always changmtinu-
ously from VLE to liquid—liquid equilibria (LLE). Hence,

the accuracy in describing VLE is determined by the ex-
actness with which the model predicts LLE, a fact which
is not always evident when dealing with a local fit of data.
In other words, different kinds of phase equilibria, such as
VLE and LLE, are inter-related not onlgualitatively but
alsoquantitatively.

Thus it appears that an appropriate description of phase
equilibria in the system can be achieved by the accurate
correlation of only two experimental points that character-
ize the VLE and LLE in it, namely the upper critical end-
point (UCEP) and the critical pressure maximum (CPM).
In addition, it has been demonstrated that the experimental
values of these key points in different homologues can be

N ) . correlated by EOSs using the same values of the binary pa-
lumped on the estimation of mixture’s influence parame- y 9 yp

i Certainly. the devel t or test of theori h rameters;, andli2 (seeEq. (8)). In other words, each ho-
ers. Lertainly, tne development or test of theones, or e.mologue series has its own characteristic balance between

ﬁgﬁj::';?;gﬁ%nsshomd be based on accurate phase €AU/LE and LLE. This observation has allowed us to formu-
' late a novel semi-predictive GPD-based approach (GPDA)
Modern process design requires models capable of pre-involving estimation of the binary interaction parameters for
dicting data without preliminary resource to experimental @ certain homologue using kIGPD, with further implemen-
results. At its current state of development, the GT-EQS tation for predicting the data of other homolog{®k Since
approach has been shown to be useful for smoothing datathis approach requires only two to three experimental points
Thus the objective of the present study is to look for the first of one system in order to predict the complete phase be-
time at the possibility of “predicting the interface tension of havior of whole homologue series, it is advantageous over
mixtures without fitting data”. To validate this possibility, ~other widely used semi-predictive approaches, which require
we consider mixtures of carbon dioxide with alkanes and alarge amount of data for evaluating their parameters. Since
the semi-predictive approach detailed below. GPDA considers not just numerous experimental points but
VLE, LLE and the critical lines simultaneously, it produces
a reasonable distribution of the inevitable deviations from
2. Theory the experimental data over the whole thermodynamic phase
space. Hence, this approach can be reliable for prediction of
The present development of molecular theory does not data, which are not available experimentally.
allow an adequate evaluation of entirely predictive meth-  Appreciation of the fact that all parts of the thermody-
ods, which could yield reliable predictions of data in asym- namic phase space are closely inter-related encourages the
metric systems. Therefore, the usual practice is to developdevelopment of an equation of state, which would be si-
semi-predictive approaches that use some experimental datanultaneously accurate for the largest number of properties
in order to predict the missing ones. The quality of such and be free of numerical pitfalls. The following EOS that

e An adequate description of the interfacial tension of pures
fluids by means of the calculation of pure component in-
fluence parameters. According Miqueu et[8], gener-
alized techniques have been developed for the purpose
In addition, the availability of interfacial tension data for
pure fluids allows to develop generalized correlations of
their influence parameter for every EOS model.

e An adequate prediction of the phase equilibrium condi-
tion that gives place to coexisting bulk phases. In general,
and due to the limited capability of EOS models to predict
phase equilibrium in a wide range of conditions, it can be
observed that this problem has received minor attention in
the field of interfacial tension calculations. Physical co-
herence is needed between the interfacial tension predic-
tion and the phase equilibrium condition that allows the
generation of interfaces. In current practice EOS models
are locally fitted to a reduced set of phase equilibrium data
and then used to calculate interfacial tensions. The good-
ness of fit of interfacial tension data is usually expressed
in terms of the liquid phase concentration, although
rarely discussed in terms of the equilibrium pressure or
temperature.

e The availability of a reduced set of experimental data, or
theory, from which to infer mixture effects on the interfa-
cial tension. In the GT-EOS approach mixing effects are
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meets these requirements in a satisfactory manner has bee(GPDA) is centered on the proper evaluation of the values

recently proposeflO0]: of these parameters. As already pointed out, for members
-|-<m1Tr"2> of the same homologue series the intersection between the

_ RT@+0125)  al 1) loci that represent the experimental values of CPM and
v(v—0.875h)  (V+o)(v+d) UCEP on kIGPD, necessary for the appropriate and overall

where 7 is molar volume andm and mp are adjustable description of mixtures{_g], usually _takes place at sim_ilar
parameters for the appropriate representation of the vaporvalués ofkiz andlio. This observation reveals the basis of
pressure curve. Their values for light gases (for which high the GPDA. To predict the complete phase behavior of a
quality data are available) and for complex polar compounds Whole homologue series it is necessary to know only the ex-
should be evaluated separately (for example, fop 6@ = perimental 'value of UCEP (or at least some value of UCST)
—0.33595 andn, = —0.15187). For other compounds the together with the pressure (and sometimes the temperature
values ofmy andmy can be generalized. For example, it has of CPM) of one of the homologues. It is helpful to (_:0_n3|der
been proposed that fal hydrocarbonsm, be taken as 0.25 ~ 8S reference systems those homologues that exhibit type I

and for those having a carbon number smaller than 10, bePehavior qnd which havg beep investigated in d.e{feiﬂ..
calculated by the following expression: In the series under consideration the best candidate is the

0.00849— 0293240 + 06193402 — 1.7792,3 system CG@-n-decane. Here the binary parameters of the

my = 2 series have already been evaluated using the kIGPD of this
b system[10].
and for the heavier hydrocarbons by The range of applicability of GPDA can be enlarged sub-
04162+ 1.54470— 2.528502 + 0.814664 stannal!y if the values of binary interaction pafameters vary
mi = (3) proportionally to the values of the corresponding pure com-
o _ b pound parameters. Such proportionality can be easily es-
Although b is given in (L/mol), the values ofry and my tablished for the case of a linear combination rule for the
should be considered as dimensionless. covolume, as follows:
The values ofa, b, ¢, andd are obtained solving the by — b11
followi f the f jons: lig=-——"L12 9
ollowing systezm of the four equations e 9)
(ﬁ) - (ﬁ) -0 (4) wherel, is a value characteristic for a given homologues
9 /7, 902 ) 1, series.
B EOS= Clc EXPT (5) The following proportional relation for the binary inter-

action parametek; o, including the appropriate temperature
where ¢ is a dimensionless number, having the value dependency, has been developed:

(1 + Vtriple point) . (
- 12=
b= %Utriple point (6)

For light gases and heavy substances having carbon numbeWhereKi1 andKz; are characteristic values for a given ho-

ume of the solid phase, and for others: to the liquid one. The l€ss functionality:

T
K11 — llziz> (1= 1)+ Koot (10)
Tcl

pure compound data have been obtained from the DIPPR T — Tep \?
databasg¢12]. The system oEqgs. (4)—(6)is easily solved. t =tanh (ﬁ) (11)
The parameters dq. (1)for mixtures are obtained using c2™ el
the following classical van der Waals mixing rules: For homologues heavier than the reference homologue
_ o 7 (COx—n-decane)Ty, = Tco. For lighter homologuegy, is
= Zx’xfz” (7) equal to theT, of the reference homologue. Therefore, for
! all lighter homologue&;, will be taken as 617.7 K, th&: of
wherez = a, b, ¢, andd. n-decang12]. This will allow keeping the same temperature
The cross-interaction parameters are obtained with thedependency ok;» along the homologues series. For the se-
following combination rules: ries CO—alkanesk1; = 0.1, K22 = 0.35, andL12 = 0.02.

In what follows, we will describe the procedure of cal-
az1=a12 = (1 — ki2)y/anaz2, culation of interface tension from this EOS when the GT
bio=by1=(1—- 112)(%1911 + by)), is applied to mixtures at a planar interface. The interfacial

tensiono for a mixture is given by the following equation

c12=c21 = (3c11+ c22). d12 = do1 = (3du1+ d22)
(8)

i i g S dpi \ (dpj
where kyo and l12 are binary adjustable parameters. The o = 2(d + PY) ZCij P AT (dpy) (12)
global phase diagram-based semi-predictive approach oY i, j=1 Ps Ps

[3,4]:
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where ne stands for the number of components; the For the case of mixtures;; is obtained by averaging
cross-influence parametesj (e ¢ji), p; the concentration of  the pure component influence parameters according to the
component through the interfacep; the relat%d to the con-  following geometric combining rule:

centration of the mixture,, by p; = x; p,, P" is the bulk R

equilibrium pressure, and the superscripts L and V denote the ™ — Vi1l (16)
liquid, and vapor bulk equilibrium condition, respectively. The calculation o& depends not only on the EQS, its mixing
The lower scripts represents the componentofij), whose rules, andc;;, but also onp;. The variation ofp; across to
pattern, along the interface region, shows a monotonic be-the interface is given by the GT. For the case studied here
havior. @ is thegrand thermodynamic potentidefined as (planar interface and; described byEq. (16)) this variation

is given by the following set of algebraic equations:

Vesdii(p) — 1] = Vaadis(p) — 10,
k=1,2,...,s—1,s+1,...,n¢ a7)

nec
®lpi, pm] = aolpi pm] = Y_pind[T°, VO, p}] (13)
i=1

In EqQ. (13)ag is the density of the Helmholtz energy in the

homogeneous systeny(e= A/ V), u; the chemical potential ~ Finally, we can observe from the previous expressions, the
of component, V, andT are the volume and temperature, present approach needs only pure component data and pre-
respectively, and the superscript 0 denotes the equilibriumdicts the interfacial tension in mixtures without resource
condition (here G= V (vapor) or L (liquid)).ap andu; can to experimental results. The predictions yielded by this ap-

be determined directly from the EOS, as follof#$8,14]: proach are discussed in the following section.
fag P, &
— = — — = ]dv—1In i In x; 1l4a
RT fv <RT 5) voinvt ;x’ i (143) 3 Results
1=
d[n vao) 14b Fig. 1compares the calculated and experimental isotherm
Hi= an; — (14b) data on the surface tension-pressure projection of the sys-
Y tem carbon dioxide—n-butane. It can be seen that at 319.3K
In Eqg. (14)n; is the number of moles of speciesandn is GPDA yields an exact prediction of the high-pressure data
the total number of moles. and slightly overestimates them below 30 bar. In addition,

Inspection ofEgs. (12)—(14yeveals that the calculation = GPDA slightly underestimates the data at 344.3 K; the devi-
of o depends on the EOS model selected and its mixing ation increases at 377.6 K. However, it should be noticed out
rules, thec;; and thep;. In this work we have adopted the that GPDA still predicts the interface tension data more ac-
EOS model given b¥gs. (1)—(11)g; is calculated using  curately than the EOS of Peng—Robinson with thfigeand
the procedure suggested by Caf8} For the case of pure
fluids (i = j) ¢;i is calculated at constant temperature from
experimentab values as.

oF -2
Cii = ngp (/v V2P + PO) dpi) (15)
Pi

whereoexp is the experimental values ef, which can be
taken from a data base compilatiftb,16]. The pertinent
values at the pertinent temperature are listedable 1. It
should be pointed out that the temperature dependergge of
may be correlated by a linear function, which will increase
the predictive character of the approach.

o/ mN/m

Table 1

Influence parameter for pure flutls

Fluid 319.3K 344.3K 377.6K

1070 x @ (3P mol—2)
n-Butane 17.34110 18.10632 19.89718 100
Carbon dioxide 4.93163 5.62942 6.55889
Cyclohexane 37.8986 P/ bar
n-Decane 106.28063 105.70090 . L L .
n-Tetradecane 14054567 Fig. 1. Interface tension in the system carbon dioxideutane: (—) data

predicted by GPDA;[(J) 319.3K; O) 344.3K; (A) 377.6 K experimental
@ As obtained fromEq. (15). data[17].
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one[4] binary parameters adjusted to the VLE data of this
particular system. The imperfect results of this EOS com-
bined with the GT approach have been explaiffgdso far

by two factors: inaccurate description of volumetric proper-
ties in pure compounds and inability to describe the scaling
behavior around the critical point.

Another very important factor is the accuracy in modeling
of VLE data. Comparison between the results of different ¢
models is necessary for estimating the influence that these %
factors exert on the accuracy of modeling of the interface <
tension data.

It is seen that when the parameters of Peng—Robinson’s
EOS are locally adjusted to the VLE experimental points
of this particular systerfiL,4]. This EOS correlates the data
more accurately than GPDA predicts them. In addition, in
these studies the EOS of Peng—Robinson was combined with
the GT approach using an additional binary parameter in
Eq. (16), omitted by our approach in order to support its
predictive character. Therefore, the relative success of GPDA
in predicting the interface tension data may be explained
by a better accuracy dq. (1)in describing the volumetric
properties of pure compounds.

In addition, it has also been shovj# that an improve-
ment of the scaling behavior of the Peng—Robinson EOS sig-carbon dioxide—n-decane. It can be seen that GPDA under-
nificantly improves the accuracy in modeling the interface estimates the data at both temperatures and this time it is
tension data in the system carbon dioxide—n-butane. The resslightly less accurate even in comparison with the results
sults of the EOSs that incorporate the critical scaling terms of previous studiefl,4]. Nevertheless, GPDA yields a very
are superior over the predictions of GPDA. However, these accurate prediction of the interface tension data in the sys-
models are rather complex, which hinders their implemen- tem carbon dioxide—cyclohexane (Fig. 3). Presently we do
tation for engineering computations. not know the reason for such a difference in results because

Fig. 2compares the calculated and experimental isotherm GPDA predicts the VLE data and the volumetric proper-
data on the surface tension-pressure projection of the systemnties in both systems with the same accuracy. We can only

P/ bar

Fig. 3. Interface tension in the system carbon dioxideyclohexane: (—)
data predicted by GPDA(J) 344.3K experimental datf0].
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Fig. 2. Interface tension in the system carbon dioxiddecane: (—) data
predicted by GPDA; ©) 344.3K; (A) 377.6K experimental dafas];
(A) 344.3K experimental datf9].

Fig. 4. Interface tension in the system carbon dioxid&etradecane: (—)
data predicted by GPDA(J) 344.3K experimental datf1].
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