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Abstract

This study develops a model to fit the surface tension of the water/ethanol mixture for the
complete composition range from 0 to 1. The theoretical framework complements Van Der
Waals’s theory on the density gradient. The modelling results overcome the limitation of Gibbs
adsorption isotherm, which completely ignores the composition of the interfacial layer.
Furthermore, the model presents a new method to correctly calculate the composition of the

interfacial layer for binary liquid mixture and surfactant solutions.
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Preamble

The nature of the surface tension has fascinated many generations of scientists. In 1830, Gauss
summarised the earlier works of Young and Laplace to describe the surface tension via the
difference in density. The Young-Laplace-Gauss equation treats the interface between two
fluids as a static surface with a zero thickness, also known as a capillary surface [1]. However,
the static theory cannot describe the interfacial layer, which is central to surface science. By the
19" century, it was well accepted that liquid molecules are in a rapid and steady state of motion.
As a result, the thermodynamic equilibrium is developed to relate the surface energy, or the
surface tension, to liquid composition. One of the critical advances of the thermodynamic model
is the Gibbs adsorption isotherm [2], which predicts the change of surface tension from the bulk
concentration. Gibbs’s equation reduces the continuous transition between liquid and vapour
phases to a discontinuity, defined as a dividing plane. Thus, the equation becomes an
irreplaceable basis of surfactant studies [2]. However, the equation cannot fit the surface tension
of water/alcohol mixtures, which are miscible for the entire composition range [3,4]. The
shortcoming of Gibbs adsorption was evidenced by non-aqueous binary mixtures [5]. The
equation also leads to controversies around the saturated adsorption of surfactants [6]. For the
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water/ethanol mixture, the usage of the equation led to a conflicting interpretation of the
interfacial thickness [7-9].

Shortly after Gibbs’s proposal, Van der Waals developed an alternative treatment of the
thermodynamic interface with a finite thickness and continuously variable density [10]. The
theory, commonly known as “density gradient theory”, is one of the few available tools to
quantify the properties of liquid surface [11]. On the other hand, the density-based model is too
complicated to describe the surface tension effectively [12]. Recently, we have experimentally
investigated the composition of the surface layer for water/deuterated ethanol mixtures.
Although the results were only obtainable for low concentrations (due to the limitation of the
neutron reflectometry [7]), it was found that the surface tension follows the linear interpolation
of the interfacial composition [13,14]. This short communication presents a model to describe
the water/ethanol surface tension for the complete composition range. The successful model
can effectively calculate the surface energy via interfacial composition without using
complicated density gradients.

Theoretical model and results

The surface tension of the liquid mixture is given by linear interpolation of the molar
composition of the interfacial layer, as proposed by Eberhart [13]. The rule has been validated
for water/ethanol by neutron reflectometry [7] and simulations [14]. The surface tension of
water/ethanol for a given bulk molar fraction, x, is given by:

y(x) =y,Sat7,,[1-Sq ] 1)

Where Sz is the ethanol molar composition of the interfacial layer, y(x), ya and yw are the surface

tension of mixture, pure ethanol and pure water, respectively.

This model aims to relate Sa to the bulk molar fraction, x. Since the adsorption is required for
the entire composition, from 0 to 1, a sigmoidal isotherm is used [15]:

Sg = %{arctan (%) —arctan (%4)} 2
D = arctan (1%4) — arctan (%4) 3

Where A and B are the dimensionless adsorption parameters.
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Equation (2) was derived from a distribution function of adsorbed molecules, in which the
adsorbate-adsorbate interaction dominates the adsorbent-adsorbate interaction. The value of A

represents the locus of the distribution, and B represents the width of the distribution [15].

In contrast to the conventional analysis [16], the model considers the interfacial layer as a
separate region with a non-zero thickness and distinguishing composition. As the interfacial
region has a uniform composition, the surface coverage, Ss, can be assumed as the volume
fraction of ethanol in the interfacial layer. The value of Sa in Eq.(1) can be directly related to Ss

via the molecular volume of water and ethanol:

Sa=p /([ +52) @)

Va Vo Vi
Where V, and V\, are the molar volume of ethanol and water, respectively.
At 25°C, the values of Va and Vi can be calculated from the densities [17] as 58.67 and 18.07

cm®/mol. Similarly, ya (22.02 mN/m) and yw (71.89 mN/m) are readily obtained from the

experimental tension [3,18]. The above equations can be fitted to experimental data of y versus

x (Figure 1).
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Figure 1. Modelling surface tension of water/ethanol (A= -1.46 x102, B=5.00x107).
Experimental data were collected from the literature values [3,18].
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It can be seen that the new model can fit the surface tension for the whole composition range
from 0O to 1. The simplicity of the model overcomes the complexity and limitation of the Gibbs
adsorption isotherm. As discussed by many researchers, the Gibbs adsorption is based on the
activity as, not a molar fraction. The issue with the conventional method is that the activity
coefficient (that is, the ratio between activity and molar fraction) is not constant. Consequently,
a variable activity coefficient is required. Furthermore, the application of the Gibbs isotherm
indicated a failure above the apparent “critical micelle concentration”, at X ~ 0.02 (or as ~ 0.1)
in Figure 2 [3]. Similarly, Yano applied the modified partial pressure of alcohol and found a
critical shift of activity at x ~ 0.06 [4]. In most cases, the conventional methods require at least
three parameters. In contrast, this work avoids the obstacle around the activity coefficient by
using the distribution adsorption equation (Eg.(2)). The model in Figure 1 provides a smooth

transition, with two adjustable parameters, over the entire composition range.
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Figure 2. Surface tension of water/ethanol mixtures using the Gibbs adsorption isotherm [3].
In this figure: ys is the activity coefficient, and as is the activity. Reprinted with permission
from reference 3. Copyright 1999 American Chemical Society.

One of the potential expansions of the equation is to redefine A and B to include the temperature
[15]. Furthermore, the new model can be extended to the surface tension of other binary
mixtures. For example, the modelling of water/propanol is showed in Figure 3. Similarly, the
solution of non-ionic surfactants can be considered as a binary mixture of the solvated
surfactant and free water. The molecular volume, Vi, of solvated surfactants should be
calculated from the solubility [19]. The value of y. can be estimated from the saturated surface

tension or the hypothetical tension of a pure solute, as proposed by Wexley and Dutcher [20].

Page 4



For ionic surfactants, the model needs to consider the surfactant and counter-ion separately [21].

The comprehensive extension is under development.
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Figure 3. Modelling surface tension of water/n-propanol at 25°C (A= - 1.41 x1073, B=2.75x10"
%). Experimental data were collected from the literature values [3,18,22].

After more than a century since the Van der Waals proposal for the density composition of a

finite transition layer, it is demonstrated the composition of such layer can be used to quantify

the surface energy correctly. The proposed model fits surface energy to the surface composition

without a complicated computational scheme [12]. The model provides an important foundation

to treat the surface of surfactant solutions as a real fluid interface instead of a capillary surface

[1].
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