
A semi-empirical equation for describing the surface tension of
aqueous organic liquid mixtures

M. Soledade C.S. Santos a, *, Jo~ao Carlos R. Reis b

a Centro de Química e Bioquímica, Faculdade de Ciências, Universidade de Lisboa, 1749-016 Lisboa, Portugal
b Centro de Química Estrutural, Faculdade de Ciências, Universidade de Lisboa, 1749-016 Lisboa, Portugal

a r t i c l e i n f o

Article history:
Received 1 February 2016
Received in revised form
27 April 2016
Accepted 29 April 2016
Available online 3 May 2016

Keywords:
Surface tension
Surface pressure
Surface molar area
Chemical potential
Thermodynamics
Liquid mixtures
Water
Ethanol
Propan-2-ol
Ethanenitrile
1,4-Dioxane

a b s t r a c t

A thermodynamic analysis is made for the dependence on composition of the surface tension showing
that the latter is a mechanical thermodynamic property which is linearly related to the reciprocal of each
component standard molar surface area; and that there is no simple mixing formula linking the ideal
surface tension to pure-component surface tensions.

The ability of five current empirical equations to correlate the surface tension of the ideal and real
binary systems watereethanol or propan-2-ol or ethanenitrile or 1,4-dioxane at T ¼ 298 K is examined.
Polynomial equations are not able to describe the general, overall trend of surface tension variation
across the entire composition range, where equations containing a hyperbolic term perform much better.
This is the case of the proposed new equation in which two of its parameters can be estimated
theoretically.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

We have been developing a new approach to the thermody-
namics of surface tension for planar liquid mixtures [1,2]. Basically,
we took the surface phase of a pure liquid component subjected to
the mixture surface tension for its standard state, designed an ideal
surface phase having the same chemical composition of the cor-
responding real surface phase and worked out quasi-exact ex-
pressions for estimating ideal surface tensions and surface-phase
compositions depending only on the knowledge of pure-
component thermo-physical properties [1]. Furthermore, sup-
ported also on experimentally determined surface tensions and
bulk activity coefficients, we developed a rigorous formalism to
calculate activity coefficients in the surface phase of liquidmixtures
[2].

Here we will show how most of the previous formalism can be

expressed in terms of standard molar surface areas of the mixture
constituents. Besides greater formal simplicity, the reorganised
equations provide theoretical insights into the dependence of sur-
face tension on the composition of liquid mixtures. We briefly
summarise past proposals [3e5] of simple mixing rules of pure-
component surface tensions to assist as reference of approxi-
mately ideal mixtures, and show that these attempts are doomed to
fail because only implicit equations in the surface tension, whether
ideal or real, are valid [1,6].

Building on recent work [1] leading to theoretical expressions
for the limiting slopes for the dependence of surface tension on
composition, we propose a new semi-empirical equation for the fit
of experimental data which contains two constrained parameters.
We demonstrate its good fitting ability using extensive ideal and
real surface tension values of watereethanol [7,8], waterepropan-
2-ol [9], watereethanenitrile [9] and watere1,4-dioxane [10]
spanning the full concentration range at T ¼ 298 K, ideal values
being theoretically calculated, and contrast it with the not-so-good
description obtained with five different equations proposed earlier
by other authors [3,11e14]. We also show that the purely empirical* Corresponding author.
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form of the proposed equation is the second best choice.

2. Surface thermodynamics of liquid mixtures. Theory

2.1. Thermodynamic context

Our approach to the chemical thermodynamics of a planar
surface phase regards the latter as a separate phase at thermody-
namic equilibrium with the underlying bulk phase. This formalism
is also the basis of former treatments by Butler [15], Guggenheim
[16], Hoar andMelford [17] and Sprow and Prausnitz [18]. However,
we adopt a different view in terms of surface ideality definition,
namely subjecting it to two constraints: same chemical potential of
the ideal bulk phase along with identical composition to the real
surface phase, conditions pictorially represented in Fig. 1.

Considering molecular substances A and B at constant temper-
ature T and pressure p, standard states in the surface phase,
denoted by superscript s, are the pure liquid components under the
surface tension of the mixture at the same T and p. Hence the ne-
cessity of an expression describing the chemical potential, m�B,
dependence on the surface tension, g, for a pure substance B. To this
end we used Taylor's formula for a single variable around
m*BðT ; p;g�

BÞ leading to m0;sB ¼ m�B þP∞
n¼1½ðg� g�

BÞn=n!�vnm�B=vðg�
BÞn

and noted thatvnm�B=vðg�
BÞn ¼ �vðn�1ÞA�

B=vðg�
BÞðn�1Þ because

vm�B=vg
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B, where A�
B is the molar surface area of B. Assuming

pure liquid surface phase constant thickness we found that [1]: 
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where V�
B is the molar volume of B. At this stage we assumed, as

most monolayer surface models do, that A�
B is proportional to some
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B is the isothermal compressibility of B.
Working out the higher order derivatives of Eq. (1) gives: 
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Introducing this expression in the Taylor's expansion and using
an equation for the sum of series we arrived at Eq. (4) without any
further simplification:
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Since surface and bulk ideal mixtures are at thermodynamic
equilibrium, with reference to Fig. 1 we write:

m*B � m0;sB
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As an analogue of Eq. (6) is valid for component A and since xsA þ
xsB ¼ 1 in binary mixtures we find that:
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The Gibbs Adsorption Equation (GAE) for the real binarymixture
may be written as [1]:
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where Am is the molar surface area and fB is the activity coefficient
of B in the bulk phase.

The corresponding ideal mixture GAE becomes [1,16,19]:
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with the boundary conditions Am ¼ Aid
m ¼ A�

A and
xBðvln fB=vxBÞT ;p ¼ 0 at xB ¼ 0; and Am ¼ Aid

m ¼ A�
B and

xBðvln fB=vxBÞT ;p ¼ 0 at xB ¼ 1. Hence combining Eq. (7) with GAE
leads to the following important results:
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We note that these limiting slopes can be estimated from pure
component properties and therefore can be used as constraints in
empirical equations used to describe the composition dependence
of mixture surface tensions.

2.2. Surface tension and molar surface area

The analogue of Eq. (4) for the real mixture is (see Fig. 1):
Fig. 1. Schematic thermodynamic requirements for establishing the surface ideality of
a liquid mixture.
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