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Introduction

 Water is a fascinating molecule, essential to our lives, and present in most of the 
chemical and industrial processes. As for any other compound, an accurate model of water is 
essential to design and optimize any industrial process in which water is present. Several 
models, based on ab-initio calculations and/or semi-empirical models have been proposed in 
recent years and some improvements have been obtained with respect to the previous ones. 
However, even today there is not a single model available, accurate enough to describe its 
thermodynamic and structural behavior over a wide range of thermodynamic conditions, 
including its subtle behavior in mixtures.  

One of these cases is the description of the mutual solubilities between water and 
hydrocarbons, essential for the petrochemical industry. The thermodynamic behavior of 
aqueous solutions of hydrocarbons is extremely non-ideal due to the microscopic nature of 
the associating interactions among water molecules. It results in some anomalous properties 
that are challenging to model. For example, the solubility of the hydrocarbon in water is 
several orders of magnitude lower than the solubility of water in the hydrocarbon-rich liquid 
phase. Moreover, the solubility of the hydrocarbon exhibits a minimum at room temperature, 
while the solubility of water is a monotonic function that increases with the temperature [1]. 
The presence of the minimum means that, at a certain (low) temperature, the solubility of the 
hydrocarbon in water increases when the temperature is decreased.  This phenomenon is 
related to the strong anisotropy of the hydrogen bonding formed among water molecules. As 
a consequence, the entropic effect becomes more important than the thermal molecular 
agitation. 

The purpose of this work is twofold: (1) to provide an accurate molecular model for water 
using the soft-SAFT equation of state [2,3], and (2) to check the capability of this molecular-
based equation of state for capturing the solubility minima of n-alkanes in water found 
experimentally at room temperature. 

The soft-SAFT Equation of State

Within the framework of SAFT, the equation of state (EoS) of a fluid is a perturbation 
expansion given in terms of the residual molar Helmholtz energy, defined as the difference 
between the total Helmholtz energy and that of an ideal gas at the same temperature T and 



molar density �. SAFT implicitly assumes that there are three major contributions to the total 
intermolecular potential of a given molecule: a) the repulsion-dispersion contribution typical of 
individual segments b) the contribution due the fact that these segments can form long lived 
chains and c) the contribution due to the possibility that some segments form association 
complexes with other molecules. Furthermore, we added a new term apolar which takes into 
account the quadrupolar interactions between molecules, in case they exist. According to this 
scheme, the residual Helmholtz energy can be written as: 

  
  polarassocchainrefidealres aaaaaaa +++=−≡       (1) 

where, resa is the residual Helmholtz free energy density of the system. The superscripts ref, 
chain, assoc and polar refer to the contributions from the reference term, the formation of the 
chain, the association, and the polar interactions, respectively, depending on the system 
under study.  

In the soft-SAFT EoS, [2]-[4] the reference term is a Lennard-Jones (LJ) spherical 
fluid, which accounts for both the repulsive and attractive interactions of the monomers 
forming the chain. As in previous works the accurate EoS of Johnson et al. [5] is used here. 
For the case of mixtures the same equation is used by applying the van der Waals one-fluid 
theory, with generalized Lorentz-Berthelot mixing rules: 
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� and � are the size and energy binary adjustable parameters, respectively. The equation is 
used in a fully predictive manner from the pure component parameters when � and � are 
equal to unity, while values different from unity mean the use of one or two binary 
parameters, taking into account the differences in size and/or energy of the segments 
forming the two compounds in the mixture. 

The chain and association terms come from Wertheim’s theory [6], and they are 
formally identical in the different versions of SAFT: 
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being ρ is the molecular density, T is the temperature, m is the chain length, xi is the molar 
fraction of component i, kB the Boltzmann constant and gLJ is the radial distribution function 
of a fluid of LJ spheres at density ρρ mm = , evaluated at the bond length �. Mi the number 
of associating sites of component i, and Xi

� the mole fraction of molecules of component i
non bonded at site �, which accounts for the contributions of all the associating sites in each 
specie. 

In soft-SAFT it is possible to explicitly account for multipolar interactions by the 
addition of a perturbative multipolar term. In particular, an expansion of the Helmholtz free 
energy density in terms of the perturbed quadrupole-quadrupole potential with the Padé 
approximation was proposed by Stell et al. [7]: 
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Expressions for 2a  and 3a , the second and third-order perturbation terms, were derived for 
an arbitrary intermolecular reference potential and involve the state variables, molecular 
parameters, and the integral for the reference fluid. A detailed derivation of these 
expressions is given elsewhere [8]. This new term involves an additional molecular 
parameter, Q, the quadrupolar moment, which is usually taken from experimental data. 

 The classical formulation of SAFT makes the theory unable to correctly describe the 
scaling of thermodynamic properties as the critical point is approached. A possible solution is 
to splice together an equation which incorporates the fluctuation-induced scaled 
thermodynamic behavior of fluids asymptotically close to the critical point, but that also 
accounts for a crossover to classical behavior of the thermodynamic properties far away from 
the critical point, where the effect of fluctuations becomes negligible.  This contribution is 
obtained when the renormalization group (RG) theory [9]-[10] is applied. The treatment 
followed, based on White’s work, [11]-[12] is done by incorporating the scaling laws 
governing the asymptotic behavior close to the critical point, while reducing to the original 
equation of state far from the critical point. It is expressed mathematically as a set of 
recursive equations that incorporate the fluctuations in a progressive way.  
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It is important to remark that the value of 1−na  for the first iteration correspond to the 
original soft-SAFT value. Details on the implementation of the crossover term can be found in 
the original references [13]-[14].  

The molecular model for water and hydrocarbons 

Several semi-empirical models for water have been developed along the years (see, 
for instance references [15]-[17] for excellent reviews). The goal is to capture its structure, on 
the basis that if the computed model can successfully predict the physical properties of liquid 
water, then the (unknown) structure of liquid water can be determined. Most of these models 
involve orientation electrostatic effects and LJ sites that may or may not coincide with one or 
more of the charged sites. The LJ interaction accounts for the size of the molecules. It is 
repulsive at short distances, ensuring that the structure does not completely collapse due to 
the electrostatic interactions. At intermediate distances it is significantly attractive but non-
directional and competes with the directional attractive electrostatic interactions. This 
competition ensures a tension between an expanded tetrahedral network and a collapsed 
non-directional one. Generally each model is developed to fit well with one particular physical 
structure or parameter (for example, the density anomaly, the radial distribution function or 
the critical parameters) and it comes as no surprise when a model developed to fit certain 
parameters gives good compliance with these same parameters; the challenge is then to use 
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this model to accurately predict the behavior of the system at conditions far away from which 
the parameters were fitted, or for other properties.  Figure 1a shows a bidimensional sketch 
of water, showing the orientation of the 2 hydrogen atoms and the 2 other pairs of electrons 
around the central oxygen atom of the molecule (image taken from Ref.[18]). According to 
the image, it seems that water presents 4 different associating sites. However, some 
simulations have shown that in the clusters of liquid water, only three sites are bonded per 
molecule in most of the cases [19]. Although there is still a controversy in literature about the 
number of sites to be used when modeling water we have decided to use a simple four sites 
model, as several modeling works done with SAFT [20]-[21] and CPA [22], with the same 
level of description as the model used here, have confirmed a superior performance of the 
four-site associating model. 

Figure 1. Bidimensional sketch of the model used for water. a) Ball and stick classical sketch 
(image from reference [18]) b) soft-SAFT model. The big circle represents the LJ center, while the 
small circles stand for the square-well sites mimicking the associating sites.. 

The most important features of the water + hydrocarbon mixtures can be defined at a 
microscopic level: repulsive and dispersive intermolecular forces between atoms or units in 
the real molecules, covalent-like bonds to form the hydrocarbon chain, and the association 
bonds due to the formation of hydrogen bonds among the water molecules.  Following 
several other authors we have decided not to explicitly include electrostatic interactions 
among water molecules; this effect is taken into account in an effective manner through the 
association molecular potential parameters of water. The water molecules are modeled as a 
single spherical LJ core, accounting for the repulsive and dispersive forces between different 
molecules of the fluid, with four embedded off-center square well bonding sites (see Figure 
1b).  These four sites account for the two electron lone pairs and the two hydrogen sites of 
the water molecule.  

Hydrocarbon molecules are represented as united atoms or sites: each site is 
assigned parameter values to represent a group of atoms in the molecule of interest, such as 
CH3, CH2 or CH groups.  In the soft-SAFT approach these molecules are modeled as m LJ 
segments of equal diameter, �, and the same dispersive energy, �, bonded tangentially to 
form the chain.   

Results I: Pure compounds 

The application of soft-SAFT to any mixture first requires values for the molecular 
parameters of the pure compounds. These parameters are obtained by fitting to experimental 
data, usually vapor-liquid equilibrium data. We have followed different approaches for water 
in this work. First, as with any other molecule, an overall optimization of the parameters for a 



wide range of temperature was done. For this purpose, two versions of the equation were 
used, the original soft-SAFT equation [2] and the crossover version of the equation [3], 
designed to accurately predict the phase envelope close to and far from the critical region. 
Results from the calculations are depicted in Figure 2a; temperature data from the critical 
region down to T= 400K was used in the optimization. As shown in the graph, both versions 
of the equation perform equally well in a wide range of temperatures, while, as expected, 
only crossover soft-SAFT also captures the critical point. Quantitative agreement with 
experimental data [23] up to 350K is obtained with the crossover soft-SAFT version of the 
equation. Figure 2b shows these two calculations, but it also includes two more sets: a set 
obtained by fitting experimental vapor-liquid equilibrium data over a limited range of 
temperatures (300-450K) and calculations performed with parameters from Müller and 
Gubbins [21] with a LJ-SAFT equation of state. Parameters for the different sets are provided 
in table 1.  

Figure 2: Vapor-liquid equilibrium of water. Symbols represented experimental data from [23], while 
lines represent different model calculations. Dotted line: calculations with the original soft-SAFT EoS; 
dashed line calculations with crossover soft-SAFT (using data from the critical point up to 400K); solid 
line: soft-SAFT calculations optimized in the range 300-450K;dashed and dotted line correspond to the 
soft-SAFT performance using Müller and Gubbins water parameters [21]. The graph is split in two for 
clarity purposes 

Several comments are in order here: first, the parameters obtained with the global 
optimization (figure 2a) give unphysical results for liquid densities at near ambient 
temperatures (below 350K). This is due to the fact that for these values of the energy 
parameter the reference equation is well outside the range for which it was fitted (the 
reduced temperature). Since this reference equation is just a fitting to available simulation 
data, no good extrapolations should be expected outside this range. Second, the parameters 
provided by Müller and Gubbins give a good description of the vapor phase, while the 
description of the liquid phase is worse than that obtained with the parameters used with 
soft-SAFT for global optimization. A final comment: the parameters obtained by carefully 
fitting the narrow range of temperatures of interest (solid line in figure 2b) give an excellent 
description of both densities for this range of temperatures, while deviating from experimental 
results at higher temperatures. Since the mixtures under investigation are found 
experimentally at these temperatures, these are the parameters used for the mixture study. 
Note that the crossover version was not used in this case, as the conditions are far away 
from the critical region (and the crossover equation reduces to the original equation at these 
conditions). 



Table 1. Molecular parameters for a four associating model for water using soft-SAFT with and without a 
crossover term and different options of optimization. Parameters obtained by Müller and Gubbins are also 
provided for comparison. See text for details. 

Procedure m σ(Å) ε/kB(K) εHB/kB(K) kHB(�3) 

Optimized in range (300-450K) 1.000 3.154 365 2932 2388 

Global without crossover 1.000 3.137 480 2612 923.2 

Global with crossover* 1.000 3.137 458 2501 1037 

Müller and Gubbins parameters 1.000 3.190 408.54 2707 2367.7 

* L=1.00, φ=5.0

Results II: Solubility of selected hydrocarbons in water 

We now turn on the prediction of the phase behavior of several water + n-alkane 
binary mixtures. In particular, the main interest of this work is to check the ability of the soft-
SAFT approach for predicting the existence of a minimum in the solubility of hydrocarbons in 
water at low temperatures. This minimum is observed at approximately 320K in the LLG 
three-phase line of the water + n-alkane homologous mixtures. 

We first studied the water + n-hexane, which can be considered a regular member of 
the homologous series. A binary energy parameter, �=0.68, was used to fit the solubility of 
water in n-hexane, and the same value is used to predict the solubility of n-hexane in water. 
Figure 3 shows the mutual solubilities of water and n-hexane, as functions of temperature, in 
a wide range of temperatures, from near the triple point of water to near the upper-critical 
end-point of the mixture. As can be seen, agreement between theoretical predictions and 
experimental data taken from the literature is excellent at all temperatures considered.  Apart 
from the obvious agreement between both results in the solubility of water in n-hexane (this 
property has been fitted during the optimization), it is remarkable the agreement between 
both data along the solubility curve of n-hexane in water. The soft-SAFT approach is not only 
able to capture the correct order of magnitude of these solubilities, but also the minimum of 
the solubility of n-hexane in water at low temperature, in excellent agreement with 
experimental data. To our knowledge, this is the first SAFT approach able to predict 
quantitatively the existence of this minimum. 

Figure 3: Mutual solubilities of the system n-hexane + water. Circles 
represent experimental data [24]. The solid lines are soft-SAFT 
predictions while the dashed and dotted-dashed lines represent, from 
bottom to top, SAFT  3-site (vdW rule), SAFT 4-site (vdW rule), 
SAFT 3-site (PHCT) and SAFT 4-site (PHCT) calculations. 

 The performance of the soft-SAFT equation is also compared (figure 3) with 
calculations performed with the original SAFT EoS with different water models (three- and 
four-site models) and two mixing rules: the vdW one-fluid approximation and the PHCT 



mixing rules [25]. All of them are able to describe the solubility of water in n-hexane (as 
expected since this property has been fitted directly to obtain the value of �) but they are 
unable to predict, even qualitatively, the solubility of n-hexane in water. 

 The binary parameter fitted for the mixture water + n-hexane (� = 0.68) was used to 
predict the behavior of the water + methane binary mixture, with no further fitting. This is the 
only mixture of the series that does not exhibit LLG equilibria, which may be due to the small 
size of the methane molecule that permits to be dissolved in water. Although the solubility 
issue of this work is not observed in this mixture, its vapor-liquid equilibrium (at room 
temperatures) is of crucial interest because of the hydrate formation at low temperatures, 
which often results in the blockage and shutdown of the gas and oil subsea pipelines. Figure 
4 depicts the solubility of water in methane (gas phase) at different temperatures, from 
308.11K (close to hydrate formation) up to 477K. As can be seen, the equation is able to 
predict the behavior of the solubility, as a function of composition, at all temperatures, in 
excellent agreement with the experimental data taken from the literature. 

Figure 4: Solubility of water in methane (gas phase) at different isotherms 
from 308.11K till 477K. Empty squares (308.11K), circles (313.12K) and 
triangles (318.12K) represent experimental data from reference [26]. 
Dotted diamonds (366.5K), circles (422.04K), squares (466.5K) and 
triangles (477.5K) are experimental data from reference [27].  The solid 
lines are soft-SAFT predictions. 

 The model has also been checked for the rest of the water + n-alkanes mixtures, 
from water + methane up to + n-decane. Soft-SAFT is able to predict, without need of any 
adjustable parameter, the existence of the solubility minimum of n-alkanes in water. 
However, if a quantitative description of the thermodynamic properties of these mixtures is 
desired, one binary parameter with a constant value is required to achieve a quantitative 
agreement with experimental data. We have observed, not shown here, that the value � = 
0.68 (obtained by fitting water in n-hexane) can be used in a transferable way to predict the 
behavior of the rest of the family mixtures, without any further adjustment. 

Conclusions 

The soft-SAFT equation of state has been successfully applied to accurately model 
water + hydrocarbon binary mixtures, including the mutual solubility of water and 
hydrocarbons. A four-site LJ sphere model was used to describe the phase behavior of pure 
water. The theoretical predictions were able to provide a quantitative agreement with the 
experimental data over a wide range of temperatures, although some unphysical results were 
observed at room temperature. These problems were attributed to the high value of the 
dispersive energy of water found during the optimization procedure of the molecular 
parameters. An additional set of soft-SAFT parameters was fitted in a (more reduced) range 
of temperature, from 300 to 450K. This choice allowed to describing the thermodynamic 
properties of water in excellent agreement with experimental data in this range. The model 



was able to predict the solubility minima of hydrocarbons in water at low temperatures, in 
excellent agreement with experimental data. The theoretical approach uses only a 
(temperature-independent) single binary energy parameter to describe the non-idealities of 
the mixtures. The same value is employed for the whole water + n-alkane homologous 
series, although only results for methane and n-hexane were shown here. To our knowledge, 
this is the first time that a theoretical treatment based on the SAFT approach is able to 
capture the solubility minima of hydrocarbons in water. This successful result is a 
consequence of the accurate and realistic reference term used in the soft-SAFT equation of 
state, including the radial distribution function of the reference fluid, used in both the chain 
and the association terms. 
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