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ABSTRACT
In this work, a short review of different approaches to estimate the surface tension, density profiles and other interfacial
properties of pure fluids and mixtures is described. Particular attention is paid to two relevant methods usually coupled to
molecular based equations of state from the SAFT family: the Density Functional Theory (DFT) and the Density Gradient
Theory (DGT). The DFT approach is based on the construction of a free-energy functional by generally dividing the freeenergy in two parts: a reference term that incorporates only the ideal and short-range interactions, and a perturbative term in
which the long-range interactions are included. On the other hand, The DGT approach is based on the van der Waals theory for
inhomogeneous fluids, as popularized by Cahn and Hilliard, where the Helmholtz free-energy density is expanded as a Taylor
series in the density profile, which is truncated after the second term. Both treatments are physically well sounded and they are
applicable to these type of EoSs, showing a very good performance to describe a wide variety of fluids, including
hydrocarbons, amines, carbon dioxide, water and ionic liquids. Some examples will be shown here, highlighting the
advantages and disadvantages of each methodology.

assumption far away from the critical point. Other popular
approaches are based on the corresponding-states principle of
Guggenheim [7], where empirical relations can be developed
in terms of a specific reference fluid to provide an accurate
representation of the surface tension [8]. Though useful in
correlating data for the interfacial tension of fluid mixtures,
these empirical relations offer little in way of predictive
capability. This is the advantage of approaches developed
from a more rigorous theoretical foundation such as the
squared gradient theory (also referred to as density gradient
theory (DGT)) and density functional theory (DFT).
The DGT methodology is rooted in the original theory for
inhomogeneous fluids of van der Waals [9], which was
rediscovered and popularized by Cahn and Hilliard. [10] In
DGT, the local free energy density is expanded as a Taylor
series about the density profile to second order, i.e., to the
second derivative of the profile with respect to the distance
from the interface (which in this case also corresponds to the
square of the density gradient). The first term of the DGT
essentially corresponds to the Helmholtz free-energy density
of the uniform fluid evaluated at the local density. The squaregradient term can be expressed in terms of c(r), the direct
correlation function [11] because the form of c(r) is generally
unknown, it is often treated phenomenologically with the help
of an adjustable parameter, the so-called “influence”
parameter, which is estimated from real surface tension data.
By contrast to DGT, the DFT formalism in principle offers
an entirely predictive approach with no adjustable parameters.
DFT methods are based on the construction of a free-energy
functional from which the thermodynamic properties of the
inhomogeneous system can be calculated. Several authors
have discussed the general approaches for the construction of
free-energy functionals and the different approximations that
are commonly employed. Though the functional form of the
free energy in typical DFTs is mathematically more complex

INTRODUCTION
The type and magnitude of the molecular interactions that
occur at interfaces are responsible for many of the phenomena
that are observed in nature. A detailed knowledge of the
interfacial behaviour is required to deal with many industrial
technological processes, especially those ones related to
separation and extraction. However, the modelling of
interfacial properties remains as a challenge due to its
inhomogeneous nature. Only theories that explicitly consider
property fluctuations are able to reproduce the physics behind
the interface.
A quantitative evaluation of interfacial phenomena can be
developed by starting from an accurate representation of the
bulk homogeneous fluids. Among several possibilities, one of
the most successful equations of state (EOSs) for fluid-phase
equilibria is the statistical associating fluid theory (SAFT) [1],
and its different versions. The general form of the SAFT
expression for the Helmholtz free energy stems from the firstorder perturbation theory for associating systems by Wertheim
[2]-[4]. The total free energy comprises a sum of terms that
contribute to the total energy of the systems, each with a
rigorous statistical mechanical foundation.
A large body of literature has been devoted to the
description and estimation of phase equilibrium properties of
fluids following a variety of approaches. However, the
application of theories of inhomogeneous systems is less
common. One of the first successful approaches for the
description of interfacial tensions in mixtures is the so-called
parachor method, introduced by Macleod [5]. One can use this
empirical approach to correlate the interfacial tension with the
difference of the bulk coexisting densities. Despite its
empirical basis, Fowler [6] showed that the relation can be
derived as an explicit function of the intermolecular potential
in the case of a stepwise density profile, which is a reasonable
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(involving iterative variational techniques for their solution)
than for a DGT treatment, they have become quite popular
because of the enhanced predictive capability.
As a consequence, intermolecular parameters which have
been estimated by optimization of experimental data for the
bulk phases are sufficient to provide a predictive platform for
the interfacial properties of the system within a DFT
formalism without the need for additional surface tension data.
The fundamental details of the DFT approach can be found in
the seminal reviews by Evans [12] and Davis [13], including
the various options for going from a general DFT formalism
to an approximated theory that can be used to compute
accurate results when applied to real fluids.
The purpose of this contribution is to show the capability
of combining a physically sounding SAFT-type equation of
state with the DGT and DFT methods for the estimation of the
surface tension, density profiles and other interfacial
properties of pure fluids and mixtures.
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The crossed parameter c12 is assumed to be given by the
geometric mean combination rule, c12 = β c1c2 . β is an
adjustable parameter, either fitted to the mixture experimental
surface tension data or kept equal to one for predictive
purposes. For a fair comparison with DFT, β has been set to
unity in all cases.
Using the above mentioned transformation, Poser and
Sanchez [14] also derived an equation for the surface tension
in binary mixtures that considers the change in the partial
densities ρ1 and ρ2 within the interface,
ρ2 (z)

γ= 2

∫

c ' ∆Ω(ρ1 , ρ 2 )dρ 2

(5)
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THEORY
where the limits of integration are the bulk densities of
component 2 in the coexisting phases. Further details
concerning the computational performance of the grand
thermodynamic potential for binary mixtures and how this can
be coupled to a SAFT-type within framework can be found in
literature [15].

DGT
The Density Gradient Theory (DGT) was originally
proposed by van der Waals,[9] and rediscovered many years
later by Cahn and Hilliard [10]. In the DGT approach, the
Helmholtz free energy density is expanded in a Taylor series
around a0, the free energy density term of the homogeneous
fluid at the local density, and truncated after the second order
term.


1
A = ∫  a0 ( ρ ) + ∑∑ cij ∇ρi ∇ρ j  d 3r
i
j 2


(1)
where a0 (ρ) is the Helmholtz free energy density of the
homogeneous fluid at the local density ρ and ρi and ρj are the
molar densities of components i and j; cij is the influence
parameter, which is treated as an adjustable temperature
independent parameter regressed from experimental data.
Eq. (1) is usually simplified by assuming a planar interface
and neglecting the density dependence of cij. Hence, the
surface tension γ is related to the square gradient expression
following
∞

γ = ∑ ∑ ∫ cij
i j −∞

(

)
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dρ i dρ j
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dz dz
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DFT
The Density Functional Theory (DFT) formalism is based
on a standard perturbative approach in which the Helmholtz
free-energy functional is approximated as the sum of a
reference functional and a perturbative contribution.
(5)
The theory is based on the grand potential functional
Ω[ρm(r)] of an inhomogeneous system. Assuming an open
mixture at temperature T and chemical potential µi for each
component in a volume V, and in the absence of external
fields:
(6)

(2)

where A[{ρm(r)}] is the intrinsic Helmholtz free energy
functional. The minimum value of Ω[{ρm(r)}] is the
equilibrium grand potential of the system and the
corresponding equilibrium density profiles ρeq,i(r) satisfy the
condition

where ∆Ω is, by definition, the grand thermodynamic
potential:
∆Ω(ρi , ρ j ) = ao ( ρ ) −
µo,i ρi + Po . µ0i and P0

∑
i

correspond to the equilibrium chemical potential and pressure,
respectively, and z is the direction perpendicular to the
interface. The right hand expression of Eq. (2) had infinite
limits in the integration. Poser and Sanchez [14] applied a
transformation from local space to density space, allowing a
way to evaluate density profiles. For the particular case of a
binary mixture, the equation reads:
ρ2 (z)

z = zo +

∫
ρ

2 ( zo )

c'
dρ 2
∆Ω(ρ1, ρ 2 )

(7)
The DFT approach tries to find an expression to relate the
Helmholtz energy with the density of the system at the
interface. From Eq. (5), the first term takes into account the
short-range interactions between the segments that form the
molecules. For a SAFT-type equation of state, they
correspond to the ideal, hard-sphere, chain, and associative
contributions, which are evaluated using the well-known local
density approximation (LDA) [16].

(3)

where z0 denotes an arbitrary chosen origin and c’ is the
result from the influence parameters of the pure components
and the density profiles across the interface, and is described
by,

(8)
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equation of state. Soft-SAFT is a variant of the original SAFT
developed in 1997 by Vega and Blas [20] and it is mainly
characterised by using a Lennard-Jones (LJ) interaction
potential among the monomers that form each molecule.
In Fig. 1, the surface tension of three common refrigerants
(hydrofluorocarbons R134, R143 and R152) are modelled
with the soft-SAFT equation of state + the DGT treatment. As
it can be observed, excellent agreement with the experimental
data is obtained in the whole range of temperatures
corresponding to the vapour-liquid equilibrium line.

The second term accounts for the long-range attractive
interactions among the molecules of the system
(corresponding to the first-order perturbation terms of the free
energy):

(9)
At this point, two different approximations for the
perturbative term can be applied: a full treatment in which the
correlations between the chain segments are incorporated in
an average manner through a set of approximations to estimate
the pair distribution function of the inhomogeneous hardsphere mixture fluid [17], and a mean-field approach where
the effect of the pair distribution function is neglected.
The final expression using the full approach and applied to
the case of the SAFT-VR equation of state reads:

(10)
The simplified mean-field expression is:
Fig. 1. Vapor–liquid interfacial tension for R125(∆), R152a(+),
R134a (□). Lines are the theoretical calculations and the symbols
represent the experimental data [21].

(11)
The variation of the reference contribution with respect to
densities ρi(r) correspond to the local chemical potential
which can be obtained from derivation of the Helmholtz free
energy by the density. Once the equilibrium density profile is
known, the surface tension is determined by using the
thermodynamic relation

The density at each point of the interface is calculated
using soft-SAFT, which establishes a reliable molecular model
for each molecule. Hence, an accurate density estimation is
also a key requirement for a good calculation of the surface
tension. Additionally, it is important to remark that the
influence parameter cij has been fitted to the surface tension
data. This is the main disadvantage of the DGT approach,
although in some cases, the influence parameter can be
transferred from some compounds to others or related to the
molecular weight within the same family of compounds [15].
An accurate estimation of the influence parameter is very
important to have reliable predictions of mixtures. In Fig. 2,
the surface tension of a mixture between two
hydrofluorocarbons (R134 + R32) has been predicted from the
information obtained for each pure compound [22]. No
mixture data has been used. As it can be seen, the predicted
results are in very good agreement with the experimental data.

(12)
A final point to remark is the discussion about the effect of
capillary waves on the surface tensions. The standard DFT
approach washes out capillary fluctuations. These
fluctuations, which can be viewed as a superposition of
sinusoidal surface waves (or two-dimensional normal modes,
provided their amplitudes are small), would become
increasingly important close to the critical point. These
capillary-wave fluctuations are not taken into account
explicitly here, based on the fact that a significant contribution
to the thermodynamic properties of the interface away from
the critical region is not expected. In fact, Henderson [18] has
shown that the interfacial tension described by a capillary
wave theory is equivalent to the thermodynamic interfacial
tension (accessible, e.g., through a DFT treatment) in the case
of long wavelength fluctuations. However, this is a point for
discussion among different authors who consider the effect of
capillary waves to be important and necessary in order to have
a proper estimation of the surface tension [19].
INTERESTING EXAMPLES
In this section, we want to show the surface tension of
different compounds calculated with the DGT and DFT
treatments. We start first with the Density Gradient Theory,
which has been used in conjunction with the soft-SAFT

Fig. 2. Vapor–liquid interfacial tension of a R134 + R32 mixture at
two different isopleths with a mass fraction of 0.4194 (∆) and 0.6084
(○) of R32.
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The DGT treatment is a very versatile treatment, not only
limited to classical fluids but also applicable to novel fluids,
such as ionic liquids. In Fig. 3, the surface tension of several
ionic liquids from the [Cnmim][Tf2N] family have been
calculated using the soft-SAFT + DGT treatment. The surface
tension estimation of ionic liquids is particularly difficult, due
to several reasons associated to their structure and
thermophysical properties: Firstly, ionic liquids are
characterized by a negligible vapour pressure. Secondly, as
observed experimentally, the value of the interfacial tension
decreases as the alkyl chain length of the cation increases,
contrarily to the behaviour of other organic compounds.
Finally, these compounds are exceptional in terms of
interfacial phenomena, as they show an almost constant value
when the alkyl chain length increases, as it happens for the
[Cnmim][Tf2N] family beyond [C7mim][Tf2N]. All these
particularities can be captured with DGT, and very good
agreement is obtained between the experimental data and the
theoretical calculations. Moreover, the fitted influence
parameter can be correlated with the molecular weight (or
number of carbons CN) following a parabolic function [23],
allowing the prediction of other ionic liquids of the same
family with a longer chain in the cation tail.

Fig. 4. Density profiles across the interface at 298.15 K for
[C4mim][NTf2] + [C2mim][NTf2].

Let us proceed to see some examples of the possibilities of
the Density Functional Theory (DFT) methodology. As stated
in the theory, this is a fully predictive approach, which can be
particularly useful when experimental information is missing.
The DFT theory has been coupled here with the SAFT-VR
equation of state of Gil-Villegas and co-workers [25], another
SAFT-type version that, in this case, uses a square-well
potential to describe the interaction between the monomers of
the system.
In Fig. 5 the interfacial tension of two amines is provided
using SAFT-VR + DFT. The surface tension of
monoethanolamine (MEA) is depicted in Fig. 4a and the one
of 2-amino-1-propanol (AMP) is shown in Fig. 4b. In both
cases, excellent agreement is achieved with the experimental
data, although for the AMP case, only a limited range of data
is available for comparison. As for the DGT case, the density
at each point of the interface is taken from the SAFT-VR
calculation, hence, a reliable estimation of this property is
absolutely necessary for obtaining the right trends.

Fig. 3. Interfacial tensions for [C2mim][Tf2N] (□), [C4mim][Tf2N]
(○), [C6mim][Tf2N] (∆), [C8mim][Tf2N] (+), and [C10mim][Tf2N]
(◊).

This is the expression obtained by fitting the ionic liquid
members of the [Cn-mim][Tf2N] family with the alkyl chain
length ranging from C2 to C8.
1019 cTf2 N = 0.2233 CN 2 − 0.1872 CN + 15.275 [ Jm 5 mol −2 ]

(13)

This correlation allows obtaining the interfacial behaviour
of heavier compounds of the series not included in the fitting
procedure.
The surface tension is not the only property that can be
evaluated through the use of DGT. Density profiles are a
supporting tool that provide a lot of information on the
mixture and cannot be obtained experimentally. For the case
of mixtures, they allow explaining deviations from the ideal
behaviour, due to the relative enrichment of one compound in
the interface. In Fig. 4, an example of the density profile of a
[C4mim][NTf2] + [C2mim][NTf2] mixture. The dashed line
corresponds to the [C4mim][NTf2] density profile, who is
adsorbed in the interface, reaching a maximum. However, this
is not affecting the total density profile (solid line) of the
mixture. As mentioned, this information can become crucial in
order to understand the non-ideal behavior of some mixtures
[24].

Fig. 5. Interfacial tensions for a) MEA b) AMP. More information is
provided in reference [26].

The DFT treatment, as DGT, can also be applied to a wide
variety of fluids and extended to mixtures. A very interesting
field of application includes the carbon dioxide (CO2) +
hydrocarbon mixtures for enhanced oil recovery purposes.
The CO2 + n-decane mixture is particularly relevant because it
is seen as a reasonable first approximation of a crude oil
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easiness of application and accuracy of results. These
treatments have been coupled into SAFT-type equations of
state to reproduce the surface tension of compounds of
different molecular nature. Both approaches can accurately
reproduce the surface tension of pure fluids and binary
mixtures. The DGT approach requires the use of an additional
parameter, the so-called influence parameter “c”, although it
keeps an elevated degree of predictability for mixtures, with
excellent agreement in the calculation of the surface tension of
complex ionic liquid mixtures. On the other hand, the DFT
approach is fully predictive and it is accurate enough to
estimate aqueous and CO2 mixtures in a semiquantitative way,
although it is computationally more demanding and, as a
consequence, more difficult to extend to multicomponent
systems. Therefore, there are still some open questions for
both approaches, like the use of the β binary parameter on
DGT and the inclusion of the effect of capillary waves on
DFT. In any case, they both offer a reliable path for an
accurate estimation of the interface of a wide variety of
compounds.

mixture. In Fig. 6 an example of the surface tension of this
mixture is shown. The SAFT-VR DFT (solid lines) is found to
provide good predictions of the surface tension of the mixture
over the whole range of pressures [27]. As for the mixtures of
n-alkanes, the use of the mean-field approximation (dashed
lines) is seen to lead to lower values of the vapour–liquid
interfacial tension (in comparison with those corresponding to
the version of the functional incorporating the correlations),
especially at low pressures.
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Fig. 6. Vapour-liquid interfacial tensions of a Carbon Dioxide + ndecane mixture at 344K (□) and 377K (○).

Another interesting ability of the DFT treatment is that it
can be used to calculate either vapour-liquid (VL) or liquidliquid (LL) interfacial tensions. In Fig. 7 the VL and LL
interfacial tensions of a water + CO2 mixture are modelled
with SAFT-VR-DFT. Good agreement is found in a very wide
range of temperatures and pressures, moving from one type of
equilibrium to another. The methodology is able to capture the
change from an equilibrium to another one using an only set
of parameters and without mixture data [28].

NOMENCLATURE
Symbol

Quantity

SI Unit

A
a0
γ
cij

Helmholtz free energy
Helmholtz free energy density
Surface tension
Influence parameter
Density
Chemical Potential
Distance from the interface
Crossed influence parameter
Grand Potential
Volume
Temperature
Pressure
Pair radial distribution function
Boltzmann constant
Chain length SAFT parameter

J/mol
J/dm3
mN/m
J·m5/mol2
mol/dm3
J/mol
Ǻ
Adim.
J/mol
dm3
K
MPa
Adim.
J/K
Adim.

ρ
µ
z

β
Ω
V
T
P
gij
kB
m
Fig. 7. Interfacial tension modelling and measurements of the
(H2O+CO2) system as a function of pressure for different isotherms:
(▲) at 297.9 K; (●) at 312.9 K; (♦) at 333.5 K; (x) at 343.3 K; (■) at
373.3 K.
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