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ABSTRACT: A comprehensive model has been developed for calculating the interfacial tension (o) in liquid—liquid systems
with or without electrolyte components. The model consists of an equation for computing the interfacial tension of two-liquid-
phase nonelectrolyte systems and an expression for the effect of the electrolyte concentration. The dependence of the interfacial
tension on the electrolyte concentration was derived by combining the Gibbs equation with a modified Langmuir adsorption
isotherm that represents the interfacial excess of the solute species. The Langmuir adsorption formalism was extended by
introducing the effects of binary interactions between solute species (ions or molecules) on the interface. The equation for the
interfacial tension of nonelectrolyte liquid—liquid systems was derived using a general thermodynamic framework that was
empirically extended by introducing an effective interfacial area that is defined for each component and takes into account the
effects of other components at the interface. The model was found to reproduce experimental data for a variety of liquid—liquid
systems. In particular, the interfacial tension of ternary systems can be accurately predicted using parameters determined from
only binary data. Furthermore, the interfacial tension model was coupled with a previously developed thermodynamic model to
provide activity coeflicients and equilibrium concentrations in coexisting liquid phases. This makes it possible to reproduce the
effects of speciation and salting out or salting in. Because of the coupling of the thermodynamic model with interfacial tension
calculations, the variation of ¢ with electrolyte concentration can be reasonably predicted even without introducing electrolyte-
specific parameters in the interfacial tension model. Thus, the model can be used to estimate the electrolyte effect on ¢ in the
absence of experimental data. With regressed model parameters, the average deviations between the calculated results and
experimental data were 0.50 mN-m™" for 30 binary nonelectrolyte systems, 0.88 mN-m™" for 23 ternary nonelectrolyte systems,

and 0.16 mN-m™" for 26 systems with ionic components.

1. INTRODUCTION

Interfacial tension is one of the most important properties
characterizing inhomogeneous liquid systems. Understanding
the behavior of liquid—liquid interfaces is of paramount
significance for the rational design of numerous processes
such as those encountered in coatings and adsorption,
industrial separations involving extraction, enhanced oil
recovery, and emulsions and suspensions in the food and
pharmaceutical industries. For example, interfacial tension is an
important factor that influences the partitioning behavior of
species (molecules or ions) between two liquid phases. The
degree of interfacial adsorption of species is directly associated
with interfacial tension. Furthermore, the properties of the
liquid—liquid interface and, in particular, the value of the
interfacial tension provide insight into the mechanism of
distribution of species in liquid—liquid systems, which is of
interest for the design of liquid—liquid extraction in separation
processes. Because of their practical importance, studies of
interfacial tension and interfacial chemistry have represented an
area of active research over the past century. Accurate
determination of interfacial tension for various liquid—liquid
systems is important for gaining insight into the interfacial
processes for the transfer of mass and energy across the phase
boundary. Over the past several decades, a large amount of
experimental interfacial tension data has been reported for

basis for a comprehensive analysis of the factors that influence
the interfacial tension in two-liquid systems involving non-
electrolyte (e.g., organic + water) and electrolyte components.

Various approaches have been reported in the literature to
model the liquid—liquid interfacial tension. Most of the
methods that are available for the prediction of nonelectrolyte
liquid—liquid interfacial tension are based on the mutual
solubility as an input variable' ™'® because the miscibility and
interfacial tension reflect the same intermolecular forces and are
inherently related.>"" Interfacial tension between two liquid
phases has also been correlated with the surface tensions of the
two coexisting liquid phases by the simple Antonow’s rule'* or
through an interaction parameter that characterizes the
similarity of the intermolecular forces between the two
liquids."® The published interfacial tension models range from
applications of the thermodynamic equation of Shain and
Prausnitz,' as exemplified by the models of Fu et al’ and
Bahramian and Danesh,” to those based on solution theories
such as the quasilattice and regular solution approximations,””
the gradient theory,'* and the scaling theory of critical
phenomena.”> Moreover, a model based on the Gibbs—
Langmuir monolayer adsorption isotherm has been reported.'’
There are also empirically based models®'>'¢ that are often
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convenient in practical engineering calculations. Assessments
and comparisons of various methods that are available for
estimating interfacial tension in nonelectrolyte systems have
also been reported.""”'®

In contrast to nonelectrolyte systems and also to liquid—gas
surface tension, the liquid—liquid interfacial tension behavior of
systems containing electrolytes is much less comprehensively
understood, even though the interfaces of two immiscible
electrolyte solutions have been studied for many years'® and
models for the electrolyte effect on interfacial tension have been
reported. The most recently published models for such systems
include those of Bier et al,*° Onuki*' and dos Santos and
Levin.”>** Because of the low dielectric constants of organic
solvents, especially of oil components, ion interactions at oil—
water interfaces have been assumed to be similar to those at the
liquid—gas interfaces in treatments using the dielectric
continuum theory.”* Indeed, the liquid—liquid interfacial
tension data that are reported as a function of electrolyte
concentration seem to show a trend similar to that of the
liquid—gas surface tension, namely, the interfacial tension
increases nearly linearly with electrolyte concentration at large
ionic strengths for most of the reported systems. On the other
hand, limiting behavior derived from the theory of Onsager and
Samaras™* for liquid—gas surfaces at low ionic strengths cannot
be expected for liquid—liquid interfaces because of ion
partitioning between the two phases.”® Rather, a limiting
behavior that scales with the square root of the ionic strength
has been derived for liquid—liquid interfacial tension.””*" For
more concentrated electrolyte solutions, an approach that
combines the thermodynamic treatment embodied in the Gibbs
equation'® with an adsorption isotherm has been proposed.*>°
In such an approach, the adsorption isotherm defines the
interfacial concentrations of the electrolyte components. The
activities required in the Gibbs equation are then determined
by introducing an activity coefficient model. The applicability
range of this approach is generally limited by that of the activity
coefficient model. For example, the Meissner”” method for
predicting activity coefficients was used by Li and Lu*® in their
interfacial tension model, and therefore, the applicability range
of the Li—Lu®® model coincides with that of the Meissner
model, which is generally valid up to a few molal for most
electrolyte systems.”” These models have been successfully
applied to represent interfacial tension between an organic
solvent and aqueous electrolyte solutions. It should be noted
that these models do not take into account the chemical
speciation in electrolyte solutions, which can be significant for
highly associated systems such as sulfuric acid. For example, it is
noteworthy that interfacial tension in the benzene—water—
H,SO, system shows a minimum as a function of acid
concentration, which would be difficult to represent using the
existing models without taking into account the complex
speciation patterns of sulfuric acid. Also, these models neglect
the presence of electrolytes and water in the organic, or second
liquid, phase and assume that the activities of the organic
solvent and possible metal—organic complexes are negligible in
the aqueous phase.”**® Such assumptions might be justified for
systems in which the solvent components (i.e, water and an
organic compound) show a wide miscibility gap and the organic
solvent is highly hydrophobic, but might lead to unreasonable
results for systems in which both liquid phases contain
significant or non-negligible amounts of ionic species (e.g,
ionic liquids + water) or both phases are water-dominated (e.g.,
aqueous two-phase systems, or ATPSs).
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In a liquid—liquid system containing electrolytes, interfacial
tension is determined not only by the concentrations of
electrolytes, but also by the mutual solubility of the solvent
components, which is often a function of temperature and
pressure. Thus, liquid—liquid interfacial tension strongly
depends on the equilibrium concentrations of the mixed-
solvent electrolyte system. In addition, in systems with strong
ion association effects, interfacial tension—like most thermo-
physical properties—is expected to be influenced by the
concentrations of both ions and associated ion pairs. Thus, a
comprehensive treatment of interfacial tension in mixed-solvent
electrolyte systems requires one to take account not only the
ion—solvent and ion—ion interactions that predominate in
aqueous solutions, but also the solvent—solvent and ion pair—
solvent interactions. This is possible only if a comprehensive,
speciation-based framework is used as a thermodynamic
foundation for the interfacial tension model.

The objective of this work is to develop a comprehensive,
engineering-oriented model for predicting liquid—liquid inter-
facial tension in systems containing nonelectrolyte and
electrolyte components. The model is designed to account
for speciation effects, such as complexation or ion association,
which can be obtained from a separate speciation-based
thermodynamic model. The model developed in this study
consists of two parts: (1) computation of the interfacial tension
of nonelectrolyte liquid—liquid systems and (2) evaluation of
the dependence of the interfacial tension on the electrolyte
concentration.

2. INTERFACIAL TENSION IN NONELECTROLYTE
LIQUID—-LIQUID SYSTEMS

The interfacial tension model for nonelectrolyte systems is
derived on the basis of a rigorous thermodynamic framework
that was introduced by Shain and Prausnitz." For completeness,
the derivation of this framework is summarized in Appendix A.
In this approach, the interfacial tension (o) is related to the
activities of a component in the bulk liquid phases (a; = xy;)
and at the interface (x%™"")
GAilnt

RT

_ __ . int_int
a, = xi}/l. =X }/l

exp| —
(1)
where Tii"t is the partial molar interfacial area of component i.
The exponential term in eq 1 can be interpreted as a correction
to the product x™y™ and is necessary to account for the
interfacial effects determined by A.™. Combining eq 1 with the
mole fraction constraint for the interfacial phase, that is

Z xiint =1

i

results in the expression

)
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Whereas the activity coeflicients of the components in the bulk
liquid phases can be determined directly from the activity
coefficient model,®® those at the interface, nt need to be
evaluated separately, together with the partial molar interfacial

A int

area, A;
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To evaluate the act1v1ty coefficients of the components at the
interface, Backes et al.® assumed that the composition of the
interfacial region is a point on the tie line that links the bulk
phases in an N-dimensional concentration space, where N
stands for the number of components in the system. The
activity coeflicients of the components at the interface are then
calculated using the same model as for the bulk liquid phases.
An alternative approach was proposed by Bahramian and
Danesh,” who employed lattice theory and the regular solution
assumption to relate the activity coefficients of each component
at the interface (y™) to those in the two bulk liquid phases (y#
and 7¥)

/)’)1 /2

"= 3)

= o,

By applying eq 3 and the equilibrium condition x{’y{
eq 2 becomes

Z (sx])!* exp| ——

o Amt

(4)

where the sum in eq 4 is over all components in the system. In
this study, we adopt the approximation of Bahramian and
Danesh,” namely, eq 4. Computation of the interfacial tension,

o, from eq 4 requlres a prior determination of the partial molar
ll'lt

estimated A;
from the partial molar volume of component i in the 1nterfac1al

mixture (?‘t)

A= (M)

interfacial area A,™. Sprow and Prausnitz”®

©)

where N, is Avogadro’s number. The partial molar interfacial
area can also be estimated from the van der Waals area of the
molecule as described by Bondi***' The estimation of the
partial molar interfacial area using eq $ and other methods®**'
has been based on spherical molecules, which can be a crude
assumption. The partial molar volume of a component in the
interfacial phase should, in general, depend on the temperature,
pressure, and composition of the two liquid phases that are
adjacent to it. In view of the absence of a rigorous method for
calculating the partial molar interfacial area, a mixing rule is

proposed in this study for estimating A™ using eq 5. The
mixing rule uses the pure-component molar volume of
component i as a reasonable reference point for the partial
molar volume. Then, it adds binary terms that account for the
effects of other components on the partial molar volume in the
mixture. The binary terms need to be weighted by the
concentrations of components in the coexisting phases because
the interfacial concentration is intermediate between those in
the bulk phases @ and . Accordingly, the mixing rule for the
interfacial molar volume of component i is expressed as

" =y, +Z(x +xﬂ)kl”

jti (6)

where v? and v] are the molar volumes of the pure liquids i and
J respectlvely, " and xﬂ are the equilibrium concentrations (in
mole fractlons) of component j in liquid phases @ and f,
respectively; and k; is an adjustable parameter that can be
determined from experimental interfacial tension data.
Equation 6 reflects the effect of the compositions of the two
coexisting liquid phases on the partial molar volume of the
component at the interface. The parameter k; represents the
extent of this effect. When all k; values are zero, v™ becomes

6824

equal to the pure-component liquid volume, 1. Equation 6
remains invariant to dividing any component into two identical
pseudocomponents, and therefore, it satisfies an important
internal consistency check for empirical mixing rules (1e, it
avoids the so-called Michelsen—Kistenmacher syndrome*?).
By combining the equilibrium composition of the two liquid

phases with the partial molar interfacial area A™ from egs 5
and 6, the interfacial tension, o, can be obtained by solving eq 4.
It should be noted that the equilibrium concentrations in the
two liquid phases, x* and «?, which are required for calculating
the interfacial tension in eq 4, are determined here from the
thermodynamic activity coefficient model.”® The thermody-
namic model was developed previously and has been
extensively validated using experimental data on phase
equilibria and other thermodynamic properties for a variety
of sz;tems including those with liquid—liquid phase split-
ting.

3. EFFECT OF ELECTROLYTE CONCENTRATION ON
INTERFACIAL TENSION

3.1. Thermodynamic Treatment: The Gibbs Equation.
For a given system at constant temperature and pressure, the
change with composition of the interfacial tension ¢ between
two liquid phases, a and f, can be expressed using the Gibbs
equation

- T dy,
Z (7)

where y; is the chemical potent1a1 of species i and I7 is the
interfacial excess of component i,'> which represents the excess
(a positive difference from the bulk value) or deficiency (a
negative difference) of any component i, per unit area, at the
interface. I'{ depends on the compositions of the two liquid
phases and the interface. Equation 7 thus describes the change
of interfacial free energy between two equilibrium states of a
two-phase system.

Based on the theory of the Gibbs dividing interface,'>*® the
interfacial excess can be defined on the basis of any arbitrarily
chosen dividing 1nterface in the interfacial region. Following
Shain and Prausnitz,’ a dividing interface was selected such that
the interfacial excess of any solvent component is identically
equal to zero, or Y[ du; = 0, where the sum is over all
solvent components | and N, is the number of solvent
components (miscible or immiscible). Such a definition of the
dividing interface is equivalent to a reference state in which any
deviation from the interfacial tension of an immiscible solvent
mixture is attributed to the effect of the solute (i.e., electrolyte)
concentration.

To transition from eq 7 to a practical equation that can work
together with engineering-oriented Gibbs energy models for
liquid—liquid equilibrium (LLE) calculations, it is necessary to
consider the general LLE conditions for systems with ionic
components. The liquid—liquid equilibrium criterion for such
systems was discussed in a previous study.*® Fundamentally, the
chemical potentials of each neutral species i in the two
coexisting phases, & and f, are equal

(8a)

When the system contains electrolytes (e.g, C,A,),

liquid—liquid equilibrium condition can be defined as*
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a
He,a, 5 (8b)

La

where

Heoa Ut + Lty

LY

(8¢)

Equations 8b and 8c lead to the equality of the mean activities
of the electrolyte in the two liquid phases at equilibrium

(a)" = (a)

where a, = (agay)"* and v = v + v,. Such a definition is based
on the fact that only the chemical potential of an electrically
neutral salt is experimentally accessible because of the
electroneutrality condition for every phase. Consequently, this
constraint can be applied to all cation—anion pairs when the
system contains multiple ions.>® Notwithstanding this thermo-
dynamic relationship, it has been noted in the literature that a
complete thermodynamic treatment of liquid—liquid equilibria
in multicomponent electrolyte systems requires calculation of
the contact potential between the two phases in equilibrium.*®
Specifically, the electrochemical potential of the ionic species
should include an electrostatic contribution in addition to a
chemical term

(8d)

W= ,ufhem + zFp = ptio + RT In g, + zFp (9)

where ¢ is the electrostatic potential. The contact potential can
then be obtained as the difference in the electrostatic potentials
in two phases. The equality of the electrochemical potentials of
the neutral cation—anion pairs in both phases at equilibrium as
represented by eq 8b results in the cancellation of the terms
that contain ¢. In fact, Haynes et al.*® noted that knowledge of
the interfacial electrostatic potential difference between two
phases in equilibrium is not necessary for the determination of
equilibrium compositions or any other thermodynamic proper-
ties of two-liquid-phase systems, but is useful for understanding
the intermolecular forces acting on the charged species at the
interface.

An appropriate expression for the composition dependence
of the interfacial tension can then be derived by considering the
fact that the chemical potential of species i, u; should be the
same at equilibrium in each of the two liquid phases and at the
interface. Thus, for neutral species

3
py =l = py = pul (10a)
Hy = /‘13 + RT Inay (10b)
d/lN =RT dlnay (10¢)

where ay is the activity of species N in the liquid phase, which is
the same in the phases a and f. For an electrolyte C, A,

=l

H HE o = HE
C,A C,A,, C.A,

vy,

A (11a)

He a Ve T Lty

b

= (y’ + yp)) + (RT Inac + yRT In a,)
(11b)

dﬂCvCApa =yRT dlnac + yRT dlna, (11¢)
where ac and a, are the activities of cation C and anion A,
respectively, which satisfy the equilibrium criterion defined in
eq 8d. In eq 11a, the electrostatic potential terms cancel. Thus,
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eq 7 can be expressed to include contributions from neutral
species (N) and the electrically neutral cation—anion pairs
(Cb(Aba)

do=-)Tfdu,— Y ¢ a, duc o
N C.A, (12)
It can be easily shown that
c o chem

> T¢a, due o = > I dy,

CA, 1 (13a)
where I denotes the constituent ions and

d,u;hem =RT dlng, (13b)

o _ o
I'r= Z Uleca,m (13¢)

chem
1

In eq 13b, the superscript chem in du;™™ is used to distinguish
the chemical contribution to the chemical potential from the
complete electrochemical potential, dy;, which includes the
electrostatic term for ion I that was canceled in dyc 5 . The

sum in eq 13c includes all electrolytes C, A, that contain the
ion I, and v is the number of ions I (cation or anion) in C, A, .

Substituting eqs 10c and 1lc into eq 12 and applying eqs
13a—13c yields

do=—RT ) I7dlIng,
i (14)

Because of the selection of the Gibbs dividing interface, the
sum in eq 14 includes only solute species, and i denotes both
neutral and charged species.

3.2. Modified Langmuir Adsorption Model. The most
convenient way of determining the interfacial excess, I'f, is by
introducing an adsorption isotherm. Following our previous
work on surface tension®” and the methodology of Desnoyer et
al>® and Li and Lu’®** for modeling the vapor—liquid and
liquid—liquid interfacial tensions of aqueous electrolyte
solutions, an extended version of the Langmuir isotherm is
used in this study. Further, it is coupled with a speciation-based
thermodynamic model®® within the framework of the Gibbs
equation so that any change of interfacial tension due to
chemical speciation can be explicitly represented as a function
of electrolyte composition. The activities that are required for
the calculation of interfacial tension are also determined from
the thermodynamic model. The use of an extensively validated
thermodynamic equilibrium model makes it possible for the
interfacial tension model to be applicable over a wide range of
electrolyte concentrations (i.e., from infinite dilution to the
fused salt limit) and for any composition of solvent mixtures.
For modeling interfacial tension, the adsorption isotherm needs
to be applied to all solute species, namely, ions, ion pairs, and
neutral molecules, that contribute to adsorption. Furthermore,
the derivation of the expression for interfacial tension needs to
take into account the interactions between solute species at the
liquid—liquid interface.

In the classical Langmuir model, the equilibrium condition
for the competitive adsorption of multiple species can be

expressed by

ki,a(l - Z 9;)“1' = ki,dgi
j (15)
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where k;, and k4 are the adsorption and desorption rate
constants, respectively, of species i; 6, is the interfacial coverage
fraction of the adsorbed species i; and a; is the activity of
species i. Equation 15 can be rearranged to give

_ K,
1+ 2}. Kga;

i
(16)
where K; = k;,/k;4 is the adsorption equilibrium constant for
species i. Assuming that the adsorption layer has a fixed
capacity for a given species, the interfacial fraction 6; can be

related to the interfacial excess I'7 by introducing a maximum

interfacial excess, F?’0,25’26’38 that is
re
0==75
v (17)

Combining eqs 16 and 17 leads to the following expression for
I7

Kia,
1+ 2}. K

c,0
1 1
(18)
By substituting eq 18 into eq 14 and integrating the resulting
expression from a; = 0 (for which the liquid—liquid interfacial
tension is that of the solute-free system, i.e., 0,,,) to the actual
value of a;, an expression for the effect of electrolyte
concentration on interfacial tension is obtained as

Ka,
6 — G, :RTZFf'Oln 1- —
. 1+ Z}. Kga;

1

(19)

Equation 19 was previously obtained by Li and Lu®® and
successfully applied to calculate the interfacial tension between
organic solvents and aqueous electrolyte solutions at mostly
moderate concentrations (up to ca. S m) by assuming a
complete dissociation of the electrolytes. A further extension of
eq 19 is necessary, however, when ionic concentrations in two-
liquid-phase systems reach higher levels in either of the two
liquid phases (e.g., in some ionic liquid + water mixtures or in
aqueous two-phase systems) or when the effect of chemical
speciation on interfacial tension becomes significant. To
develop an extension of eq 19, it can be noted that interactions
between adsorbed species in the interfacial region cannot be
neglected, in particular at elevated concentrations of the
solutes. Thus, in a multicomponent system, the interfacial
excess of species i is likely to be affected by the presence of
other species. Although classical approaches such as the
Frumkin and related isotherms can account for the effects of
interactions between species in an adsorbed layer,” such
isotherms do not lead to an analytical expression for the
interfacial tension when combined with the Gibbs equation (eq
14). Numerical integration of eq 14 in conjunction with a more
complex isotherm is possible, but such an approach would
require calculating the activities numerous times and would be
very cumbersome, especially for process simulation applica-
tions. Therefore, following our previous work on vapor—liquid
surface tension,”” an extended expression for the electrolyte
effect on interfacial tension is introduced to allow for pairwise
interactions. The methodology used in the derivation of this
extension was described in detail in a previous study.’” In this
extended expression, binary pairwise contributions are intro-
duced, and the mean activities of species i and k, a;, are used
rather than those for single species. This expression is an

6826

empirical extension of eq 19 in which the single-species
contributions Kia; are replaced by pairwise contributions Kjay

K;a,
6—o0..=RT rofm|1 — — =&k
e Z 2T 1+ Y Kya,
ik ij kY (20)
where
— (g% P\ Vi
ay = (aja) (21)

v; = lzl, v = Izl, and vy = v; + 1. For neutral species k (or i), v;
=1 (ory, = 1).

Because of the selection of the Gibbs dividing interface in the
present study, eq 20 does not explicitly reflect the effects of the
chemical nature of the solvent and its composition on the
electrolyte-related increment in the interfacial tension, 6 — 0.
However, the parameters in eq 20 (ie, I'?’ and Kj) are
unavoidably dependent on the solvent environment in which
the electrolyte components find themselves. If such depend-
ence were ignored, the interfacial tension increment due to the
presence of electrolytes would be the same in all solvents at the
same electrolyte activities. Therefore, eq 20 needs to be further
extended to introduce the specificity of I'}° and Ky to the
solvent environment. In a previous study of the surface tension
of mixed-solvent electrolyte systems,’” the dependence of 6 —
Oms ON solvent composition was introduced by using a factor of
(! %)%, where x/, and «x/, are the salt-free mole fractions of the
solvents m and n, respectively. For liquid—liquid systems, the
solvent composition at the interface is expected to be
intermediate between those in the two liquid phases. Thus,
the factor (x/x.)"? needs to be redefined using the average
mole fractions of the solvent components in the two liquid
phases to approximate the composition in the interfacial region.
Thus, the dependence of 6 — 6, on the solvent composition in
a liquid—liquid system containing N solvent components and
N, solutes (ions, ion pairs, neutral molecules) is expressed as

N, N,
— /2
m n
N, N,
Z Z 1—«7,0 1 I<ik,mnaik
ik,mn nfl— 1 K
Pk + X Kt e (22)
where
— 1 ’ 17/ — 1 ’ 73
X, = z(xma +«7), =x = E(xna + x) (222)
and x'% x?, x/% and «/? are the salt-free mole fractions of

solvents m and n in phases @ and f, respectively. It should be
noted here that the parameters I'7’ and K in eq 20 are
redefined in eq 22 as I'7),, and K, respectively, to reflect the
specificity of these parameters to the solvent environment.

4. PARAMETER EVALUATION

4.1. Parameters in the 6,,, Model for Nonelectrolyte
Systems. The model for calculating the interfacial tension
(0s) of partially miscible nonelectrolyte mixtures (eqs 4—6)
has an adjustable parameter, k;, that can be determined using
experimental data for binary mixtures. The model does not
impose any inherent constraints on the parameters k; and k;;.
However, for alkane + water systems and most polar +
nonpolar pairs (e.g, water + arene, alcohol + toluene, and
acetone + n-hexane) that were tested in this study, one of the k;
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Table 1. Parameters of Eqs 4—6 and 23 for Selected Binary Liquid—Liquid Nonelectrolyte Mixtures

components parameters
i j K i

n-pentane” water 0.782011 -3.17913 X 107
i-pentane” water 0.787278 —3.34465 X 1073
n-hexane” water 0.685479 —-5.72128 x 1073
n-heptane” water 0.548139 —2.88041 X 1073
n-octane” water 0.499618 —3.13330 x 10°°
n-nonane” water 0.452275 —2.38740 x 107°
n-decane” water 0.417498 —1.78937 x 107°
n-C Hy,? water 0.376729 —2.20430 x 107°
1n-C 1, Hy” water 0.361881 —3.18661 x 1073
1-Cy3Hy water 0320000 0

n-C 4Hz” water 0.308065 —2.63945 x 107°
n-CsHy” water 0.264839 0

n-C6Hy,” water 0235272 —-2.39391 x 107°
n-CyHye” water 0.138619 0

cyclohexaneb water 0.744518 —124771 X 1073
benzene” water 0.990853 0

toluene” water 0797632 1.13649 X 107
ethylbenzene” water 0.738741 0

o-xyleneb water 0.773514 0

decalin® water 0.484498 0

phenol® water 5.81920 225971 x 1072
n-butanol® water 3.94941 8.50784 x 107
heptanoic acid”  water —0.277073 —-9.51782 X 1073
n-butyl acetate”  water 0.830000 0

triethylamineb water 14.0244 -3.12001 X 1072
cclr water 0.798132 0

CHCL" water 0.977163 0

nitrobenzene” hexane 7.83484 3.36921 x 1072
benzene® formic acid 242212 —4.07105 X 107
octane” phenol 8.13704 -2.16211 X 1072

b
O = 0, K = 0. RO = k), k) = D),

t (°C) no. points A (mN-m™") ref(s)
15—149 14 1.158 75—=79

15-30 4 0.024 75

1060 29 0.554 6, 43, 75, 77—84
10-50 19 0.337 6, 77—80, 82, 83
1060 26 0.296 43, 77-80, 82, 83
10—-60 17 0.236 79, 80, 82, 83
10—-176 44 0.972 43, 78—83, 85—89
15-55 14 0.205 79, 80, 82

10—60 20 0.345 43, 78-80, 82, 83
20, 22 3 1.464 79, 82

20-50 5 1227 43,79, 82, 90
20-25 6 1.544 43,78, 79, 82, 83
20—80 9 0.793 43,78, 79, 82, 83
44.6 1 0.000 83

7-70 20 0.770 6,87, 91, 92
7-176 37 0.488 6, 45, 68, 75, 77, 82, 85, 86, 88, 92—95
10-80 17 0.819 6, 77, 81, 9597
20—-80 6 1.024 6, 77, 97

20, 23 2 0.101 13, 47

25 1 0.000 44

5—66 15 0.023 56

—10-80 21 0.089 6, 66—69

5—65 14 0.073 98

25, 50 2 0.383 2, 99

20—60 10 0.286 56

20-25 6 0.631 6, 68, 88

1040 7 0374 6, 68, 95

—2-20 27 0.027 56

10—60 6 0.718 56

27-53 11 0.037 56

or k; parameters was set equal to zero, for example, k;; # 0 and
ki = 0, whereas for most other systems, the equality of these
parameters was assumed, namely, k; = k. Only four polar/
nonpolar pairs required two distinct parameters, that is, k; # k.
According to eqs 5 and 6, the interfacial tension has an inherent
temperature dependence due to the temperature dependence of
the liquid molar volumes of the mixture components, »}.
However, the temperature dependence of the liquid volumes
might not provide a sufficient variation of ¢, with temperature
because the change in interfacial tension with temperature can
be more or less pronounced than that implied by the liquid
molar volumes. Thus, an additional temperature dependence of
the binary parameter k; is introduced, when necessary, to
represent the variation of o, with temperature

ky = k) explk{(T - T,)] (23)
where T is in Kelvin and T, = 273.15 K

4.2, Parameters I';° and Kj,. Most interfacial tension data
that are available in the literature for liquid—liquid systems
containing electrolytes are limited to a single temperature (ie.,
25 °C) or cover only a narrow temperature range. Therefore,
an explicit temperature dependence of the binary parameters
I'° and Kj is necessary only for systems for which the data
cover relatively wide temperature ranges (e.g., 20—50 °C in the
case of ionic liquid + water systems). The dependence of I'}°
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and K, on temperature can be expressed by the simple
functions
0,02
1—~¢_>',0 — 1—\1_7,01 + ik
ik ik (24;1)

K
K + —T"

K, =
ik (24b)
It should be noted that the parameters I'7° and K}, are solvent-
dependent, as implied by eqs 22 and 22a. For example, these
parameters can be different for a given species pair in water +
benzene and in water + hexane mixtures.

5. RESULTS AND DISCUSSION

5.1. Liquid—Liquid Interfacial Tension (6) in Non-
electrolyte Systems and Variation of ¢ with Mutual
Solubility. Experimental data for a number of binary and
ternary liquid—liquid systems were used to validate the mixing
rule described in section 2. For all systems for which the
interfacial tension model was tested, thermodynamic model
parameters®® were first developed to provide appropriate
liquid—liquid equilibrium compositions as input for interfacial
tension modeling. Table 1 lists the parameters k; for selected
binary systems, together with the average error, defined by

dx.doi.org/10.1021/ie303460c | Ind. Eng. Chem. Res. 2013, 52, 6822—6840
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Figure 1. Comparison of the calculated interfacial tension with literature values for binary liquid—liquid systems. References to the literature data are

given in Table 1.

B = (Z laexp,k - Gcal,kl)/n
k (25)

where 7 is the number of experimental data points. Literature
data sources are also included in the table. These results are
further visualized in Figure 1, which compares the calculated
interfacial tensions with experimental data.

Using the parameters determined from binary data, the
interfacial tensions of ternary systems can be predicted. For
most of the ternary systems for which interfacial tension data
are reported, only a few systems have more than one
constituent binary subsystem for which interfacial tension
data are available. Table 2 summarizes the predicted results for

Table 2. Results for Ternary Mixtures Predicted Using the
Binary Parameters in Table 1

solvent mixture

no. Ao
i j k t (°C) points (mN-m™) ref
benzene water  formic acid 25 8 0.224 45
CCl, water  n-heptane 25 7 3.801 S0
n-hexane  water n-CoH,, 25, 50 6 0.161 43

three such ternary systems using the binary parameters listed in
Table 1. The predicted and experimental interfacial tensions are
in good agreement, as illustrated in Figure 2.

When experimental data and, hence, binary parameters for
some of the constituent binary systems are not available, the
interfacial tension data for ternary systems were used to
determine the missing parameters for the pairs for which binary
data are unavailable or cannot be directly determined (e.g, in
the ternary system benzene + water + ethanol, the water +
ethanol binary is fully miscible, and therefore, no liquid—liquid
interfacial tension exists). In general, for a ternary system, only
the parameters for one missing pair are necessary to model the
interfacial tension. The pair that is most prone to form two
liquid phases (e.g,, a polar/nonpolar pair) is then selected to
determine the parameters k; by fitting the o data in ternary
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systems. Table 3 summarizes the interfacial tension results for
such systems. Thus, the parameters for the pair {i, k} were
determined using data for ternary systems, whereas those for {i,
j} were taken from Table 1. The interfacial tension results that
were obtained using the parameters in Tables 1 and 3 are
further compared with literature data in Figure 3 for five ternary
liquid—liquid systems of the type benzene + water + polar
organic (where polar organic = acetone, acetic acid, i-propanol,
ethanol, and methanol). Strong effects of the polar organic
components on the interfacial tension are evident, as these
components cause a significant decrease in the interfacial
tension upon being added to the benzene + water mixtures.
The results that were obtained for the nonelectrolyte liquid—
liquid systems indicate that the model (eqs 4—6) can accurately
reproduce the experimental data and is capable of predicting
interfacial tension in ternary mixtures using parameters
obtained from data for binary subsystems (cf. Figure 2). It is
noteworthy that the values of the parameter k; are usually
positive, with the exception of that for the heptanoic acid +
water mixture. The positive values of these parameters indicate
a certain augmentation of the interfacial molar volumes of the
components and, consequently, their interfacial molar areas
compared to those for the pure liquids. This can be attributed
to systematic variations of the intermolecular interactions on
the interface, which result from the dissimilarity of the two
fluids in the system. These parameters have a general trend of
becoming less positive as the number of carbons (or the
molecular weight) increases. This trend can be observed for
alkanes and for alkylbenzenes, as seen in Table 1 for their
mixtures with water. An increase in the number of carbons
causes an increase in the interfacial tension, which is
accompanied by a simultaneous decrease in the solubility of
the hydrocarbon in water. This is demonstrated in Figure 4,
where both interfacial tension and hydrocarbon solubility in
water are plotted as functions of the number of carbons. The
increase in the interfacial tension and, hence, in the interfacial
Gibbs free energy appears to be a result of an augmentation in
intermolecular interactions at the interface due to an increased
dissimilarity in the coexisting fluids as the hydrocarbon chain

dx.doi.org/10.1021/ie303460c | Ind. Eng. Chem. Res. 2013, 52, 6822—6840
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and

the lines were predicted using eqs 4—6 and the parameters in Table 1.

length increases. At the same time, as the number of carbons
increases, the liquid molar volume contribution (v?) to the
interfacial molar volume (), as defined by eq 6, also
increases. The increases in the interfacial molar volume (v™)
with number of carbons can be largely explained by the increase
in the liquid molar volume, leading to a decreased, although still
positive, binary parameter k; as the v;) and k; parameters
partially compensate each other.

The strong relationship between the mutual solubility and
the interfacial tension can also be demonstrated by analyzing
the three binary systems phenol + water, triethylamine + water,
and n-butanol + water. The results for these systems are shown
in Figures 5—7. These results show that the interfacial tension
decreases in lockstep with increasing mutual solubility as the
temperature changes. In the phenol + water mixtures (Figure
5), the mutual solubility of phenol and water increases, whereas
o decreases with temperature. The interfacial tension drops to
zero as the temperature approaches the upper critical solution
temperature (UCST), above which the components become
fully miscible. Conversely, the triethylamine + water system
exhibits a lower critical solution temperature (LCST), as shown
in Figure 6. In this case, the interfacial tension is zero at the
LCST point at which complete miscibility is reached and
increases with temperature as the miscibility gap widens (or,
equivalently, the mutual solubility decreases). For the n-butanol
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+ water system (Figure 7), the solubility of n-butanol in water
shows a minimum. Correspondingly, ¢ exhibits a maximum as a
function of temperature and then decreases as the miscibility
gap shrinks with a further increase in temperature. The
interfacial tension model accurately reproduces the variation of
o with temperature on the basis of the thermodynamic mixed-
solvent electrolyte (MSE) model, which provides the liquid—
liquid equilibrium compositions. Thus, both ¢ and LLE can be
reproduced simultaneously.

5.2. Effects of the lonic Concentration on the
Interfacial Tension. Applications of the new interfacial
tension model to systems with ionic components focused on
two classes of mixtures: (1) electrolytes in “base systems” in
which interfacial tension is well-defined and experimentally
known (e.g., in nonelectrolyte liquid—liquid systems) and (2)
ionic systems for which a base system of an immiscible
nonelectrolyte mixture does not exist or cannot be determined.
Systems that belong to the first class include organic + water +
salt mixtures where the organic + water subsystem is a partially
miscible base system. Examples of the second class include
ionic liquid + water mixtures and aqueous two-phase systems
such as poly(ethylene glycol) + water + salt ternaries. As a first
step toward understanding and predicting the liquid—liquid
interfacial tension as a function of ionic additives, only systems
with simple electrolytes were studied in the present work. Ionic

dx.doi.org/10.1021/ie303460c | Ind. Eng. Chem. Res. 2013, 52, 6822—6840
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Table 3. Results for Ternary Mixtures Predicted Using the Binary Parameters in Table 1¢

solvent mixture pa.ra.metersb

i j k KO ) t (°C) no. points Ao (mN-m™) ref(s)
benzene water acetic acid 47.3520 1.85611 25 10 0.174 6, 45
benzene water butyric acid 11.1387 11.1387 25 6 1.133 4S
benzene water acetone 34.6726 0 30 6 0.849 S1
benzene water methanol 41.5975 0 25 14 0.627 51, 53
benzene water ethanol 82.3613 0 20, 25 14 1.092 52, 54
benzene water i-propanol 104.695 0 25 18 0.837 52,53
benzene water n-propanol 134.518 4.75045 30 8 0.445 2
benzene water NH; 1.29302 1.29302 25 3 0.076 45
n-hexane water acetone 164.342 0 2S5 11 1.174 S3
n-hexane water ethanol 137.350 0 20 8 0.324 54
n-hexane water i-propanol 282.062 1.70347 25 11 0.702 53
n-hexane water n-propanol 419.674 2.82100 25 S 0.850 6
n-heptane water n-propanol 585.015 0 25 S 1.255 6
toluene water ethanol 95.5544 0 25 7 0.823 S2
toluene water i-propanol 122.201 0 25 6 0.694 S2
toluene water n-propanol 165.892 0 25 7 0.639 52
CCl, water n-propanol 174.652 0 20 6 0.634 S1
CHCl, water acetone 9.58169 0 25 N 1.496 6
cyclohexane water i-propanol 212.194 0 21, 25 12 0.720 52, 100
n-butyl acetate water n-propanol 77.6398 0 S0 4 1.399 99

“Interfacial tension data for ternary systems were used to determine additional binary parameters for the pairs {i, k} for which no data on the
corresponding binary systems were available. D = k) = 0 for all {i, k} pairs.

40
35 @] acet_one .
5 < acetic acid
30 O i-propanol
ethanol
25 O methanol

0.0

0.1 02 03 04 05 06
Xpolar organic (Aqueous phase)

0.7

Figure 3. Variations of the interfacial tension with the equilibrium
mole fraction of the polar organic component in the aqueous phase of
the ternary liquid—liquid systems polar organic + benzene + water (25
°C), where polar organic = acetone, acetic acid, i-propanol, ethanol,
and methanol. The symbols denote literature data,**>*'~>* and the
lines were calculated using eqs 4—6.

surfactants were not considered here because they have specific
structural and compositional characteristics and physicochem-
ical properties that require a different treatment.

Experimental interfacial tension data for systems containing
ionizable components are available from various literature
sources**™* but are much less extensive than surface tension
data for vapor—liquid systems. The majority of the available
data have been reported for systems that contain a single
electrolyte component. Published data for systems with mixed
electrolytes are sparse.zs’43 Moreover, it should be noted that
thermodynamic model parameters”® must be developed prior
to modeling interfacial tension to provide the necessary
speciation, activity coeflicients, and miscibility gap composi-
tions. However, in some cases, the exact chemical composition
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of the organic solvent is not explicitly stated,” and relevant
liquid—liquid equilibrium data and thermochemical properties
that are necessary to construct a phase equilibrium model as a
thermodynamic foundation for modeling interfacial tension are
lacking. Thus, in the present study, the interfacial tension
model is applied only to systems for which the relevant
thermodynamic properties can be calculated.*® Nonetheless,
the available literature data for systems with well-defined
solvents and electrolyte solutes provide a sound basis for testing
the new model.

Table 4 lists the adjustable parameters in eqs 22, 24a, and
24b, namely, ['}® and Kj, for selected systems containing ionic
components. If necessary, the parameters of eqs 4—6 are also
included (e.g., for ionic liquid + water systems).

The performance of the model for aqueous salt + organic
solvent systems is illustrated in Figures 8 and 9. In Figure 8, the
calculated interfacial tension is compared with literature data
for the systems n-hexane + water + electrolyte, n-dodecane +
water + electrolyte, and benzene + water + electrolyte as a
function of electrolyte concentration for various salts and acids
and a base. Figure 9 shows the results for various combinations
of organic solvents and aqueous NaCl. These results show that
the effects of electrolytes on interfacial tension can differ
depending on the system. For the aqueous electrolyte + organic
systems studied in this work, interfacial tension increases with
electrolyte concentration with the exception of the aqueous
sodium chloride + o-xylene system, for which a decrease with
salt concentration is observed (Figure 9). The aqueous sulfuric
acid + benzene system (Figure 8d) shows a decrease in
interfacial tension with acid concentration at low H,SO,
molalities. Then, the interfacial tension reaches a shallow
minimum and rises with a further
concentration. Such behavior can be associated with changes
in the speciation of sulfuric acid solutions. For this system, it is
necessary to introduce the '}’ and Kj, parameters for both the

increase in the acid

dx.doi.org/10.1021/ie303460c | Ind. Eng. Chem. Res. 2013, 52, 6822—6840
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Figure 4. Variations of the interfacial tension and solubility of hydrocarbons in water at 25 °C with the number of carbons in the hydrocarbon
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Figure 5. Variations with temperature of (a) the interfacial tension and (b) the corresponding mutual solubility in phenol + water mixtures. In panel
a, the symbols denote experimental data,”® and the line was calculated using egs 4—6. In panel b, the symbols denote experimental mutual
solubilities,”” "% and the lines were calculated using the MSE model.>5%3,

H,0*/HSO,” and H;0*/SO,*™ pairs to represent the variation
of interfacial tension with acid concentration.

In our previous work on modeling surface tension,’” negative
values of I'7° were observed for systems in which surface
tension increases with electrolyte concentration, thus indicating
a negative adsorption (or deficiency) of the electrolyte on the
solution surface. Conversely, a positive '’ value led to a
decrease in surface tension with electrolyte concentration.
However, such trends were not observed for all systems in
modeling interfacial tension. This is due to the fact that the
value of o, namely, the baseline interfacial tension in the
absence of electrolytes, is calculated based on the equilibrium
concentrations of nonelectrolyte components on a salt-free
basis. Such salt-free nonelectrolyte compositions in electrolyte-
containing systems can be different from the equilibrium
compositions in the absence of salts, because of the electrolyte
effects on liquid—liquid equilibria that are associated with
salting-in (increased solubility) or salting-out (reduced
solubility) effects. For systems with a salting-out effect, the
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reduced mutual solubility in the presence of an electrolyte leads
to a greater value of o0,, compared to that obtained for the
equilibrium composition in the absence of the electrolyte. Thus,
when the ionic binary parameters (I'7’ and Kj;) are regressed to
reproduce the variation of interfacial tension with electrolyte
concentration, the elevated o, value can result in either a
positive or a negative ['7° value, depending on how strong the
salting-out effect is. This is demonstrated in Figure 10, where
the interfacial tensions in the systems benzene + aqueous HCl
and benzene + aqueous NaCl are plotted as functions of the salt
concentration. To elucidate the effect of salting in or salting out
on the interfacial tension, predictions obtained with zero values
of I'?° and Kj. (which are equivalent to 6, in eq 22) are shown
as dashed lines. They are compared in Figure 10 with the
results obtained using regressed I'7° and Kj; values in Table 4
(o, solid lines). For the system benzene + aqueous HCI, the
calculated o, value, based on the equilibrium salt-free
concentrations of the solvent components (benzene and
water), is greater than ¢ (cf. Figure 10a), and therefore, a

dx.doi.org/10.1021/ie303460c | Ind. Eng. Chem. Res. 2013, 52, 6822—6840
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positive I'7° value is obtained for the {H;0%, CI"} pair. In
contrast, for the system benzene + aqueous NaCl, the o,
values that incorporate the salting-out effect are smaller than
the total o values (Figure 10b), and therefore, a negative I'Z’ is
obtained for the {Na*, CI"} pair. Thus, I'}’ in the present
model represents the excess (positive increment) or deficiency
(negative increment) of the electrolyte at the interface using, as
a reference state, a salt-free liquid—liquid system whose
composition varies with the electrolyte concentration. As
shown in Figure 10, the o values that are predicted without
the I'?° and K;; parameters (i.e., the dashed lines) capture the
trend of interfacial tension with electrolyte concentration based
solely on the salt effects on liquid—liquid equilibria. Thus, for
systems for which no data are available, eqs 4—6 and 22 can
predict a reasonable interfacial tension trend as long as accurate
liquid—liquid equilibria can be obtained from thermodynam-
ics.”® The internal linkage with phase equilibria, as quantified by
the salting-in or salting-out effects, provides the present model
with a distinctive capability to predict the variation of ¢ with
electrolyte concentration. This is an advantage of the new
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model compared to other existing interfacial tension models for
electrolyte systems.

For systems containing ionic liquids and water, both water
and the undissociated ionic liquid molecules [e.g, BMIM:-N-
(CF;80,)," and EMIM-N(CF;S0,),"] need to be treated as
solvent components because of the strong ion association
effects that are evident in the treatment of thermodynamic
properties.”* At the same time, the dissociated cation and anion
are treated as solute species because they can exist in significant
amounts in both liquid phases. In such systems, speciation can
change dramatically with the concentration of the ionic liquid.**
The binary parameters that are used in the model for this type
of systems include the I'?" and Kj parameters between the
cation and the anion in eq 22 and the k;; parameter between the
solvent components [ e.g, H,O and BMIM-N(CF,50,),°] in
eqs 4—6. For example, the best fit for the system BMIM:-N-
(CF;80,), + H,0 was obtained when the parameters

Fg’l(\)/IIM,NTfZ/HZO,IL,J KBMIM,Nsz/Hzo,ILg and kHZO,ILl were introduced
[where NTf, = N(CF;S0,),”, IL, = BMIM-N(CF,S0,),’, and
ki, 1,0 = ko). These parameters are listed in Table 4. As

dx.doi.org/10.1021/ie303460c | Ind. Eng. Chem. Res. 2013, 52, 6822—6840
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Figure 8. Variations of interfacial tension with the square root of electrolyte concentration (m®®) in (a) n-hexane + water + salt, (b) n-dodecane +

water + salt, and (c) benzene + water + salt systems. The symbols denote literature data,

42434548 and the lines were calculated using eqs 4—6 and 22.

The results for the benzene + water + H,SO, system in panel c are extended in panel d to show more detail.
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Figure 9. Variations of interfacial tension with the square root of NaCl
concentration (m®®) in the aqueous phase of organic/aqueous NaCl
systems. The symbols denote literature data,">****™*® and the lines
were calculated using eqs 4—6 and 22.

6835

illustrated in Figure 11, good agreement with experimental data
was obtained for the investigated ionic liquid + water systems
over the temperature range from 20 to 50 °C.

In the two investigated ternary systems with ionic liquid
components, EMIM-BF, + water + n-hexane and BMIM-BF, +
water + n-hexane, both ionic liquids are miscible with water but
immiscible with n-hexane.*” These systems were treated in the
same way as the organic + water + salt systems. Accordingly,
the dissociated and undissociated ionic liquid components were
treated as solutes, whereas water and n-hexane were defined as
solvents. The interfacial tension in these two systems decreases
significantly with the ionic liquid concentration at low IL
contents and then levels off with a further increase in IL
concentration. The decrease in the interfacial tension is more
pronounced for the system with BMIM-BF,, which also exhibits
a dip at a mole fraction of 0.03 in the aqueous phase (cf. Figure
12). By calculating LLE from the thermodynamic model and
introducing the I'7’ and K, parameters for the {EMIM’,
BF, }or {BMIM*, BF,”} pairs and for the {EMIM-BE,’,
BF, }or {BMIM-BF,’, BF, "} pairs, the complex behavior of the
interfacial tension in these two systems is accurately
reproduced. The calculated interfacial tension is compared
with experimental data in Figure 12, and excellent agreement
can be observed.

dx.doi.org/10.1021/ie303460c | Ind. Eng. Chem. Res. 2013, 52, 6822—6840
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Figure 11. Interfacial tension along the liquid—liquid phase boundary
in the BMIM-N(CF,S0,), + water and EMIM-N(CF;S0,), + water
systems as a function of temperature. The symbols denote literature
data,*® and the lines were calculated using eqs 4—6 and 22.
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Figure 12. Interfacial tension along the liquid—liquid phase boundary
in aqueous BMIM-BF, + n-hexane and aqueous EMIM-BF, + n-hexane
systems as a function of the ionic liquid mole fractions in the aqueous
phase. The symbols denote literature data,*” and the lines were
calculated using eqs 4—6 and 22.

The interfacial tension model was also applied to aqueous
two-phase systems (ATPSs) containing a polymer and a salt.
Such systems are an important class of mixtures used for
separating and concentrating biomolecules. Interfacial tension
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in these systems is important because it influences the
partitioning behavior of the materials that are to be separated.
In an ATPS, both immiscible phases are water-based. The
polymer component in the ATPS is water-soluble and does not
form two liquid phases with water without the presence of a
salt. The interfacial tension model was tested for the ATPS
systems composed of poly(ethylene glycol) (PEG) and a salt.
Results of calculations for two such systems are given in Table
4. The interfacial tension data can be best reproduced when the
binary ion parameters I'7° and K are introduced between the
prevailing cations and anions (e.g, K*/HPO,” and NH,'/
SO,*") in each system. Although no liquid—liquid base system
exists for the ATPS, PEG and water are treated as solvent
components in the interfacial tension model. However, no
solvent interactions (i.e,kppgy,0) are introduced. It is note-

worthy that the interfacial tension in such systems is very low
(ie., below 0.4 mN-m™") and is very sensitive to the accuracy of
the calculated liquid—liquid equilibria. For example, an average
deviation of only 0.068 mN-m™ for the system PEG4000 +
water + K,HPO, corresponds to a relative error of 67%. An
improved representation of liquid—liquid equilibria for such
systems can enhance the accuracy of the calculated interfacial
tension.

The interfacial tension model was also tested for liquid—
liquid systems containing mixed electrolytes, although the
available data for such systems are sparse. Table 4 lists the
results for two quaternary systems: NaCl + CaCl, + water + n-
hexane and NaCl + CaCl, + water + n-decane.*’ Both systems
have only a limited number of data points at 25 and 50 °C at a
single set of mixed electrolyte concentrations. The results for
the system NaCl + CaCl, + water + n-hexane are shown in
Figure 13. It is noteworthy that the interfacial tension in this
system is represented well within the experimental uncertainty
based only on the binary parameters I'z° and K for {Na*, Cl"}
and the predicted salting-out effects of CaCl,. No binary
parameters for {Ca®", CI} were introduced.

6. CONCLUSIONS

A general model has been developed for calculating the
interfacial tension of liquid—liquid systems with or without
electrolyte components. The model consists of an equation for
computing the interfacial tension of two-phase nonelectrolyte

dx.doi.org/10.1021/ie303460c | Ind. Eng. Chem. Res. 2013, 52, 6822—6840
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Figure 13. Predicted interfacial tension along the liquid—liquid phase
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function of the NaCl molality at a fixed CaCl, concentration (mc,c, =
0.699) in water. The symbols denote literature data,*® and the lines
were calculated using eqs 4—6 and 22.

systems and an expression for the effect of electrolyte
concentration. The expression for the interfacial tension of
nonelectrolyte liquid—liquid systems was derived using a
general thermodynamic framework, which was parametrized
by introducing an effective interfacial area that is defined for
each component and takes into account the interactions
between different components at the interface. The depend-
ence of interfacial tension on electrolyte concentration was
derived from the Gibbs equation combined with a modified
Langmuir adsorption isotherm that quantifies the interfacial
excess of solute species. The model extends the Langmuir
adsorption formalism by introducing the effects of binary
interactions between solute species (ions or molecules) on the
interface. The combined model was shown to reproduce
experimental data for a variety of liquid—liquid systems. In
particular, it accurately predicts the interfacial tension of ternary
mixtures using parameters determined from only binary data.
The coupling of the interfacial tension model with a previously
developed thermodynamic model for equilibrium concentra-
tions and activity coefficients makes it possible to reproduce the
effects of complexation or other solution reactions on interfacial
tension. For systems with electrolyte components, the model
predicts reasonable trends of ¢ with electrolyte concentration
using only bulk-phase thermodynamic input information
without the need to introduce specific binary parameters for
ions. This is an important advantage of the new model for
predicting interfacial tension in the absence of experimental
data. In all cases for which experimental data are available and
have been tested, the new model was shown to reproduce
interfacial tension over wide ranges of temperature and
electrolyte concentration.

B APPENDIX A. THERMODYNAMIC FRAMEWORK
FOR INTERFACIAL TENSION IN NONELECTROLYTE
LIQUID—-LIQUID SYSTEMS

Following Shain and Prausnitz,' the derivation of the
thermodynamic framework for interfacial tension starts from
a definition of a fictitious chemical potential at the interface
between the two liquid phases, @ and f3, so that a restriction of
constant area does not appear. Accordingly
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int _ oG
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/TP NT NS N (k) (A1)

where G is the Gibbs energy, T is the temperature, P is the
pressure, N; is the number of moles of component i, and the
superscript int pertains to the interfacial region. Equation 1 can

also be written as
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where y; is the true chemical potential of component i and is
related to the activity (4;) in the liquid phase by

M, = ,uio + RT In g (AS)
In egs A3 and A4, ¢ is the interfacial tension, and Tii“t is the
partial molar interfacial area of component i. Equations A1—A4
yield

Iuiint — /-'t,v +0 iint (Aé)
In analogy to eq AS for bulk fluids, a fictitious interfacial
activity, a}™, is defined as

luiint — ’uiO,int + RT 11‘1 aiint (A7)

When the standard chemical potential in the interfacial phase is
chosen to be the same as in the bulk liquid phase, that is, y"™™ =
WY, eq A7 becomes

ﬂiint — 'uiO + RT In aiint (A’7a)
Equations AS—A7 lead to the following expression for the
interfacial tension

RT

aint
— In|] —
in
A, a;

in

where a; # a™, a, = af =
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This equation, originally derived by Shain and Prausnitz,’
provides a thermodynamic foundation for the model developed
in this study.
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