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Abstract

The development of accurate models to predict the solvation, solubility, and par-

titioning of non-polar and amphiphilic compounds in aqueous environments remains

an important challenge. We develop state-of-the-art group-interaction models that de-

liver an accurate description of the thermodynamic properties of alkanes and alcohols

in aqueous solutions. The group-contribution statistical associating fluid theory based

on potentials of variable Mie form (SAFT-γ Mie) is shown to provide accurate predic-

tions of the phase equilibria, including liquid-liquid equilibria, solubility, free energies

of solvation, and other infinite-dilution properties. The transferability of the model is

further exemplified with predictions of octanol-water partitioning and solubility for a
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range of organic and pharmaceutically relevant compounds. Our SAFT-γ Mie platform

is reliable, even for the prediction of challenging properties, such as mutual solubilities

of water and organic compounds which can span over ten orders of magnitude, while

remaining generic in its applicability to a wide range of compounds and thermodynamic

conditions. The work sheds light on contradictory findings related to alkane-water sol-

ubility data and the suitability of models that do not account explicitly for polarity.

Introduction

The complex intermolecular solvation interactions between non-polar moieties and water,

and in particular the hydrophobic effect,1–3 play a central role in determining the structure

and properties of biomolecules, their compartmentalization and subsequent organization in

the living cell.4 The impact of the hydrophobic effect can be seen in the macroscopic prop-

erties of simple mixtures of water and alkanes which exhibit extreme non-ideal fluid-phase

behaviour, with very limited miscibility over broad ranges of thermodynamic conditions.5

The mutual solubilities in the two (water-rich and alkane-rich) coexisting phases are highly

asymmetric; the solubility of an alkane in the water-rich phase is several orders of magnitude

lower than the solubility of water in the alkane-rich phase. Interestingly, while the solubil-

ity of the alkanes in the aqueous phase6 at conditions of three-phase coexistence presents

a minimum at a temperature of ∼ 303 K (a phenomenon believed to be related to the hy-

drophobic effect), the solubility of water in the organic phase increases monotonically with

temperature.7 In mixtures including more functionalized molecules, such as alcohols and

larger organic molecules, a delicate balance between the hydrophilic and the hydrophobic in-

teractions of these molecules with water determines unexpected changes in phase behaviour,

self-organisation, and segregation that lead to membrane and micelle formation, protein fold-

ing, and ligand-protein binding. This balance is also relevant in industrial applications, in

refineries, petrochemical, pharmaceutical and biotechnological processes given the ubiquitous

presence of water.
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In the quest to understand and control the macroscopic behaviour of complex aqueous

mixtures, the development of theoretical approaches, grounded in statistical mechanics, that

capture the balance of the different intermolecular interactions and deliver bulk properties

predictively and accurately remains a key challenge. This can be tackled by starting with

simpler systems, such as mixtures of water and alkanes, in which the hydrophobic effect

plays a central role, and mixtures of water and alcohols where the impact of hydrophilicity is

crucial, then progressing to multifunctional compounds. The phase behaviour and solvation

properties (e.g., solubility, partition coefficient, and free energy of solvation) offer a route to

determine and probe the effectiveness of models and theories and provide a direct link to

applications such as drug development.8–10 A number of approaches can be adopted, such

as direct molecular simulation methods,11–13 activity coefficient models,14–17 the conductor-

like screening model for real solvent (COSMO-RS),18 and equations of state.19,20 From a

theoretical perspective equations of state (EoSs) are a particularly useful tool that can access

a wide range of states and properties in a computationally efficient way. Classical cubic

equations of state21,22 can be used to describe the fluid-phase behaviour of aqueous systems.

Though a degree of success can be achieved with appropriate mixing rules,23–25 cubic EoSs

are either limited accuracy or cannot be applied to aqueous mixtures. Their limited success

has been ascribed to their inability to take into account for association and solvation effects

explicitly. A breakthrough in modelling aqueous systems was the development of equations

of state that explicitly take hydrogen bonding into account, including approaches such as the

statistical associating fluid theory (SAFT)26,27 and the cubic plus association (CPA)28 EoSs;

both stem from the first-order thermodynamic perturbation theory (TPT1) for associating

fluids of Wertheim.29–32 A recent review on the application of molecular-based equations of

state for water and aqueous solutions can be found in Ref. 20.

A more challenging task involves the development of group-contribution (GC) equations

of state33 to capture the complex behaviour and subtleties of aqueous systems. GC ap-

proaches are based on the premise that the properties of a molecule can be determined from
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appropriate contributions of the chemically-distinct functional groups that the compound

comprises. A major advantage of GC approaches lies in the possibility of describing the

properties of a large number of chemical compounds with a relatively small number of group

parameters and in allowing property prediction to be carried out without the need for ex-

perimental data of the target compounds or mixtures. The GC concept was applied early

on to obtain activity coefficients of a broad range of solutes and solvents in semi-empirical

methods based on the number of carbon atoms in the solute.34 Subsequent work, such as

the analytical solution of group (ASOG)15,16 and the universal functional activity coefficient

(UNIFAC) models,14–16,35 focussed on the development of GC activity coefficient approaches

with more theoretically sound models. Mengarelli et al.36 have extended the traditional UNI-

FAC model by incorporating an association term, based on the Wertheim TPT1 framework

and demonstrated a good description of the vapour-liquid equilibria (VLE) of the ethanol +

water mixture. More recently, Soares et al.37 have proposed a functional-segment activity

coefficient (F-SAC) model that is based on the concept of functional groups as employed

in UNIFAC, but with the interaction energy between groups derived from the COSMO-RS

theory. The model has been used to model aqueous hydrocarbons, and was shown to pro-

vide an improvement over UNIFAC-type models in the prediction of the infinite-dilution

activity coefficient (γ∞) and liquid-liquid equilibria (LLE) of most systems considered.38,39

Interestingly, the use of the F-SAC model with an additional parameter for the computation

of the association energy allows one to capture the minimum solubility of hydrocarbons in

the water-rich phase.39

Our focus is devoted to the use of GC EoSs cast within the SAFT framework to model

aqueous systems. A further advantage of approaches based on molecular-based EoSs such as

SAFT is that they can be employed to develop force field for use in molecular simulation.40

Given these benefits, there is a growing body of work applying GC EoSs to aqueous systems.

The GC-CPA41 and group contribution plus association (GCA)42 EoSs have been used to

describe the mutual solubilities of hydrocarbons and waterc̃iteHajiw2014,Pereda2009 as well
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as the fluid-phase behaviour of several alcohol + water mixtures.43,44 A SAFT-based GC

approach including multipolar interactions has been used by Nguyen-Huynh et al.45 to model

aqueous mixtures. A good overall description of the LLE and VLE of alkane + water and

alcohol + water mixtures was acheived, although large deviations from the experimental data

was found for the calculated aqueous solubilities of both alkanes and alcohols at ambient

temperature. The GC-polar perturbed chain (PPC)-SAFT EoS has also been applied to

the prediction of infinite-dilution properties, e.g., Henry’s law constants and octanol-water

partition coefficients of hydrocarbons and oxygenated compounds.46,47 Recently, Ahmed et

al.48 have used a temperature-dependent diameter for pure water in the GC-PPC SAFT

EoS with an additional “non-additive hard sphere” contribution to the Helmholtz energy to

attain a satisfactory prediction of the solubility.

Especially relevant to our current work is the recasting of the SAFT EoS for interac-

tion potentials of variable range (VR)49,50 as a group-contribution EoS (SAFT-γ).51,52 The

fluid-phase behaviour of aqueous solutions of alkanes and alcohols over wide ranges of ther-

modynamic conditions has been studied in this framework based on the use of square-well

(SW) potential;53 SAFT-γ was found to provide a simultaneous prediction of both the VLE

and LLE of the aqueous mixtures using a unique set of transferable group interaction param-

eters, although the accuracy was seen to deteriorate in the prediction of the alkane solubility

in the water-rich phase. The SAFT-γ SW group parameters required to model these mix-

tures have subsequently been revised,54 leading to a better description of the properties of

the water-rich phase.

Despite this progress, there is, as yet, no generic model that can access the infinitely

dilute regime as well as the properties of concentrated aqueous solutions. In attempting to

develop such models in the framework of an EoS, the need to incorporate explicitly dipolar

interactions to treat water, and other polar molecules, has been the focus of some debate. The

original SAFT,7,55–57 hard-sphere SAFT,58 SAFT-VR,59 soft-SAFT,60 and PC-SAFT61–63

have been used successfully to study the fluid-phase behaviour of alkane + water mixtures,
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especially in the correlation of low-pressure phase equilibria (VLE), the prediction of critical

boundaries,58,64 and the description of water solubility in the hydrocarbon-rich phase at high

pressure (LLE).7,56 The models are however noticeably less accurate in the description of the

solubilities of hydrocarbons in the water-rich phase, which can be extremely small. These

larger deviations have been attributed to the use of an inappropriate model of water and to

the inadequacies of some SAFT models in accounting for the high polarity of the aqeuous

medium.60,65,66 The argument, however, remains controversial as a number of studies have

demonstrated that SAFT approaches which do not incorporate an explicit dipole (e.g., Refs.

67 and 54) can provide a good description of the n-alkane solubility in water; it is worth

noting that this is often at the expense of accuracy in the calculated concentration of water

in the alkane-rich phase. Al-Saif et al.68 and de Villiers et al.69 have used PC-SAFT with

the incorporation of dipole interactions, while Folas et al.,19 Kontogeorgis et al.,70 and Liang

et al.67 have used the original PC-SAFT and CPA without the explicit consideration for

such interactions to model the VLE and LLE of alcohol + water mixtures. Interestingly, the

results for the phase equilibrium calculations are comparable for both approaches, with and

without an explicit consideration of the polar interaction.

In our current work, we develop novel models for the accurate prediction of vapour-liquid,

liquid-liquid and vapour-liquid-liquid equilibria (VLLE) of aqueous solutions of alkanes and

alcohols within the SAFT-γ Mie group contribution approach,71 based on the SAFT-VR

EoS for Mie (generalized Lennard-Jones) potentials of variable range (SAFT-VR Mie).72 We

show that the SAFT-γ Mie EoS provides a very accurate platform for the description of

the fluid-phase equilibria over a broad range of compositions of the mixtures, including the

infinite-dilution regime, and confirm the predictive capability of the method by calculating

partition coefficients and solubilities of a number of pharmaceutical compounds that are

particularly challenging due to their highly multifunctional nature. New insights into the

modelling of polarity and hydrophobicity in aqueous systems are provided throughout our

discussion.
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Theory and molecular models

The SAFT-γ Mie group-contribution approach

In the SAFT-γ Mie approach71,73 molecules are represented as heteronuclear molecules

formed from fused spherical segments which correspond to the various chemical moieties

and which can be decorated with short-range associating sites if necessary to mediate di-

rectional interactions. The Mie intermolecular potential74 is implemented together with a

high-temperature perturbation expansion to third order72 to provide a high level of accu-

racy in the description of fluid-phase equilibria and thermodynamic derivative properties.

An example of a molecule represented in the SAFT-γ Mie treatment acn be seen in Fig. 1,

where the CH3, CH2, and CH2OH functional groups characterizing n-butan-1-ol are shown.

A given group k is formed by a number ν∗k of spherical segments, and a shape factor Sk

is used to characterize the contribution of each segment to the overall free energy of the

molecule. Two segments k and l are modelled as interacting via Mie74 potentials of variable

repulsive and attractive range:

ΦMie
kl (rkl) = Cklεkl

[(
σkl
rkl

)λrkl
−
(
σkl
rkl

)λakl]
, (1)

where rkl is the distance between the centres of the segments, σkl the segment diameter, εkl

the depth of the potential well (the dispersion energy), and λr
kl and λa

kl the repulsive and

attractive exponents of the segment-segment interaction, respectively. The prefactor Ckl is

a function of the exponents and ensures that the minimum of the interaction is at −εkl:

Ckl =
λr
kl

λr
kl − λa

kl

(
λr
kl

λa
kl

) λakl
(λr
kl
−λa

kl
)

· (2)

In common with other SAFT approaches, hydrogen bonding and strongly polar interac-

tions can be treated through the incorporation of short-range square-well association sites,

which are placed on any given segment. A segment can have a number NST,k of different
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Figure 1: Example of the SAFT-γ decomposition of a molecule into functional groups: n-
butan-1-ol is composed of one CH3 group (shaded red), two CH2 groups (shaded gray), and
one CH2OH group comprising two fused spherical segments (shaded green) with association
sites (brown and yellow) to mimic hydrogen-bonding interactions.

site types, with nk,a sites of type a = 1, ..., NST,k. The association interaction between two

square-well sites, one of type a placed on segment k, and a second of type b on segment l, is

given by:

ΦHB
kl,ab(rkl,ab) =


−εHB

kl,ab if rkl,ab ≤ rc
kl,ab

0 if rkl,ab > rc
kl,ab

, (3)

where rkl,ab is the centre-centre distance between association sites a and b, −εHB
kl,ab is the

association energy, and rc
kl,ab the cut-off range of the association interaction. The cut-off

range rc
kl,ab can be equivalently described in terms of a bonding volume Kkl,ab.75 Each site is

positioned at a distance rd
kk,aa or rd

ll,bb from the centre of the segment on which it is placed.

Once the relevant parameters are determined the total Helmholtz free energy A of a mix-

ture of associating heteronuclear chain molecules formed from Mie segments can be obtained

from the appropriate contributions of the different groups that make up the molecules as the

sum of four separate contributions,71 as in other SAFT approaches:26,27

A = Aideal + Amono. + Achain + Aassoc., (4)

where Aideal is the ideal free energy of the molecules, Amono. the contribution to the free

energy due to the segment-segment repulsion and dispersion interactions, Achain the free

energy due to the formation of chains of Mie segments, and Aassoc. the contribution due to

association. The detailed expressions of the theory and each of the four contributions are
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given in Ref. 71 and in Ref. 76 for additional details of the expressions used to describe the

association interactions. A summary of the key aspects of the approach can also be found

in Ref. 73.

Property calculations

The SAFT-γ Mie equation of state expressed in Eq.(4) provides an algebraic form of the

Helmholtz free energy as a function of volume V , temperature T , and the composition

vector N (N1, N2, ...) of the mixture. Other properties can be determined through standard

thermodynamic relations.77,78 The pressure p, residual chemical potential µres
i , and fugacity

coefficient ϕ̂i of component i in the mixture can be obtained from the Helmholtz free energy

as

p = − ∂A(T, V,x)

∂V

∣∣∣∣
T,N

, (5)

µres
i (T, p,x) =

∂Ares(T, V,x)

∂Ni

∣∣∣∣
T,V,Nj 6=i

−RT lnZ(T, p,x), (6)

and

ln ϕ̂i(T, p,x) =
µres
i (T, p,x)

RT
, (7)

respectively, where Ares = A−Aideal is the residual free energy, Z = pvp/(RT )is the compress-

ibility factor, with vp = Vp/N representing the molar volume corresponding to the specified

pressure, N is the total number of molecules and x = N/N . Through the pressure, chemi-

cal potential, and fugacity coefficient, the fluid-phase behaviour and solution properties can

be calculated. In our current work, we determine the groups parameters using fluid-phase

behaviour and limited excess property of mixing data, and assess the performance of the

models developed by predicting the solvation properties of n-alkanes and n-alkan-1-ols in

aqueous solutions, and examine several pharmaceutically relevant systems.
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Fluid-phase equilibria

At a given pressure, temperature, and total composition, the conditions of phase equilibria

are solved using the solvers available in the gPROMS software package,79 and the HELD

flash algorithm80,81 is used to confirm the stability of the equilibrium phases.

Henry’s law constant

The Henry’s law constant KHi,j of solute i in solvent j is obtained from measurements of

partial pressures of the highly dilute solute over its solution.77 It is often used as an estimate

of solubility, as larger values of KHi,j usually correspond to lower solubility of the solute in

the solvent and vice versa.64 KHi,j can be calculated from the fugacity coefficient as

KHi,j(T, p
sat
j ) = ϕ̂∞i,j(T, p

sat
j ) · psat

j , (8)

where ϕ̂∞i,j is the liquid-phase fugacity coefficient of the infinitely dilute solute i (i.e., xi → 0)

in the mixture at the corresponding saturation pressure of the solution psat
j for the specified

temperature T ; in practice, this pressure is calculated at the fluid-phase equilibrium con-

ditions of the mixture for a limiting concentration of the solute using a composition xi =

10−10.

Solvation Gibbs free energy

The solvation Gibbs free energy is defined as the change in Gibbs free energy in transferring

a solute molecule from an ideal gas phase to a solution at infinite dilution at constant

temperature and pressure. By definition, it is equivalent to the residual chemical potential

of a solute i (cf. Eq. 7) at infinite dilution in a solvent j,64 i.e.,

∆Gsol
i,j (T, p) = µres,∞

i,j (T, p) = RT ln ϕ̂∞i,j(T, p). (9)

The calculations are performed via a single-phase calculation with specified T = 298.15
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K and p = 0.100 MPa. Alternatively, the solvation Gibbs free energy can also be calculated

directly from the Henry’s constant, based on Eqs. (8) and (9), as82

∆Gsol
i,j (T, p) = RT ln

[
KHi,j(T, p

sat
j )/psat

j

]
+

p∫
psatj

vi,j(T, p) dp ≈ RT ln
[
KHi,j(T, p

s
jat)/p

sat
j

]
,

(10)

where vi,j is the partial molar volume of i in the solution. Note that the contribution of the

integral
p∫

psatj

vi,j(T, p) dp is generally negligible.83 A prefactor Mw/1000 (where Mw is molar

mass of water in g/mol) is used to convert the Henry’s constant to a hypothetical one-molal

reference solution as employed in the experimental study.83

Infinite-dilution activity coefficient

The infinite-dilution activity coefficient γ∞i,j provides an additional measure of the behaviour

of a solute molecule i in the solvent environment j. It is an excess property of mixing

calculated from the ratio of the fugacity coefficient of the solute in solution at infinite dilution,

ϕ̂∞i,j (i.e., xi = 10−10), and the fugacity coefficient of the pure solute, ϕoi (i.e., xi →1), at the

same temperature and pressure (via a single-phase calculation):78

γ∞i,j(T, p) =
ϕ̂∞i,j(T, p)

ϕoi (T, p)
· (11)

Octanol-water partition coefficient

The octanol-water partition coefficient Ki,OW is defined as the ratio of molar concentrations

of an infinitely dilute solute i (Ci,α) distributed in the two equilibrium LLE phases formed

by mixtures of n-octan-1-ol and water. It can be related to the ratio of the infinite-dilution

activity coefficients of the solute in the water-rich (WR) and octanol-rich (OR) phases with
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the molar volumes of the two phases:

Ki,OW(T, p) = lim
xi→0

Ci,OR

Ci,WR

=
vWRγ

∞
i,WR(T, p)

vORγ∞i,OR(T, p)
, (12)

where vWR and vOR denote the molar volumes of the water-rich and octanol-rich phases,

respectively, obtained using the SAFT-γ Mie EoS at T = 298.15 K and p = 0.101 MPa.

The infinite-dilution activity coefficients of the solute in the two phases (γ∞i,WR and γ∞i,OR)

are calculated at the same T and p with the specified solute compositions of xi = 10−10 and

xOR or xWR at the corresponding calculated octanol-water LLE (the dilute component i is

assumed to have no effect on the octanol-water LLE).

Model development and phase equilibrium calculations

To study the fluid-phase behaviour of aqueous mixtures of alkanes and alcohols, the SAFT-γ

Mie parameters characterizing the interactions between CH3, CH2, CH2OH and H2O func-

tional groups are required. The parameter estimation procedure is at the very heart of

any group-contribution methodology. In most cases the functional group parameters are

estimated from the description of target experimental data of compounds that contain the

relevant groups of interest. The procedure is initiated with a chemical family containing

“simple” functional groups (e.g., CH3 and CH2 of the n-alkanes) and compounds that are

composed of a single group (e.g., H2O). Once the parameters for these groups are developed,

they are transferred to study other chemical families, comprising some of the established

groups, and including additional functional groups. It is important to stress that the het-

eronuclear formulation of the SAFT-γ Mie approach allows one to estimate unlike parameter

between different chemical groups based on pure-component data alone for compounds con-

taining the appropriate chemical functionality. An example for this is the characterization of

the CH3 and CH2 groups, in which pure-component data of the n-alkane homologous series

from ethane to n-decane are used to estimate the parameters.71 Vapour-pressure and satu-
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rated liquid-density data over a temperature range spanning from the triple point to ∼ 90%

of the experimental critical temperature are typically used. Selected thermodynamic data

for mixtures can also be employed in the characterization in order to improve the relaibility

of the group parameters or to obtain unlike-interaction parameters between a functional

group (e.g., CH2) and a molecular group (e.g., H2O). A key advantage of group contribution

approaches is that it is not necessary to have experimental data for the specific compound

of interest when the interactions between the various functional groups are known.

Each functional group k is characterized by the number ν∗k of identical spherical segments

forming the group, the shape factor of the segments Sk, the diameter σkk, the energy of the

segment interaction εkk, the exponents of the Mie potential λr
kk and λa

kk, and the parame-

ters characterizing the association sites - site association interactions, the number NST,k of

different site types, and the number of sites of each type (nk,a, nk, b, ...), the energy εHB
kk,ab

and bonding volume parameters Kkk,ab for the association between sites of the same or of

different type. The interactions between groups of different types k and l are characterized

by the corresponding unlike parameters σkl, εkl, λr
kl,λa

kl, εHB
kl,ab and Kkl,ab. In order to reduce

the complexity of the parameter estimation procedure a number of parameters, typically

ν∗k , NST,k, nk,a, and λa
kk are pre-assigned fixed values based on the chemical nature of each

group, and the unlike interaction parameters σkl and λa
kl (and often λr

kl) are determined by

means of appropriate combining rules.71 The unlike segment diameter σkl is obtained using

the Lorentz-like arithmetic mean of the like diameters:84 σkl =
σkk + σll

2
. The exponents of

the unlike segment-segment interaction can be obtained as: λkl = 3 +
√

(λkk − 3)(λll − 3).

In our current work, we use previously developed parameters for the CH3, CH2, and H2O

groups71,73 and apply them to obtain new CH2OH group like- and unlike-interaction param-

eters. The like and unlike group parameters are summarized in Tables 1 and 2, respectively.

The CH3 and CH2 functional groups have been examined extensively for their applicability

and transferability for a variety of thermodynamic properties and systems.71 The parameters

for the model for H2O which includes four association sites (two sites of type H and two of
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type e1) to meditate hydrogen bonding are reported in Ref. 76. In addition to the devel-

opment of the CH2OH functional group, we refine the group parameters for the interaction

between the alkyl CH3 and CH2 groups and water reported previously73 in order to obtain

a more accurate description and improved transferability in the modelling aqueous solutions

of n-alkane. Novel CH2OH – H2O unlike interaction parameters are developed in our current

work in order to describe aqeuous mixtures of n-alkan-1-ols.

Table 1: Like group parameters for use within the SAFT-γ Mie 71 group-contribution ap-
proach: ν∗k is the number of segments constituting group k, Sk the shape factor, λr

kk the
repulsive exponent, λa

kk the attractive exponent, σkk the segment diameter of group k, and
εkk the dispersion energy of the Mie potential characterizing the interaction of two k groups
(with kB denoting the Boltzmann constant); NST,k represents the number of association site
types on group k, with nk,H and nk,e1 denoting the number of association sites of type H and
e1, respectively. The superscript † indicates the parameters developed in Ref. 71, § those
developed in our current work, and ‡ those developed in Ref. 76.

Group k ν∗k Sk λr
kk λa

kk σkk/Å (εkk/kB)/K NST,k nk,H nk,e1
CH3

† 1 0.57255 15.050 6.0000 4.0773 256.77 - - -
CH2

† 1 0.22932 19.871 6.0000 4.8801 473.39 - - -
CH2OH § 2 0.58538 22.699 6.0000 3.4054 407.22 2 1 2
H2O ‡ 1 1.0000 17.020 6.0000 3.0063 266.68 2 2 2

The alkanol CH2OH group and the CH2OH - CH3 and CH2OH - CH2

unlike interaction parameters

In general, the identification/definition of groups in GC approaches is heuristic; the final

choice is usually the combination of groups that results in the best representation of the

experimental data and the trade-off of delivering transferability. In a group-contribution

context, 1-alcohols can be modelled as having the alcohol functional group represented with

either an OH or a CH2OH group. In a recent publication on the modelling of n-alkan-1-ols

within the SAFT-γ SW approach,53 it was shown that the description of this chemical family

using a CH2OH group resulted in more realiable predictions of the fluid-phase behaviour of

binary mixtures (including aqueous solutions), whilst retaining an excellent description of the
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Table 2: Unlike group dispersion interaction energy εkl, repulsive exponent λr
kl, and site-

site association energy εHB
kl,ab, and bonding volume Kkl,ab for use within the SAFT-γ Mie 71

group-contribution approach. The unlike segment diameter σkl is obtained from combining
rules (CR)71 and all unlike attractive exponents are set at the London value of λa

kl = 6.0000.
The superscript † indicates the parameters developed in Ref. 71, § those developed in our
current work, and ‡ those developed in Ref. 76.

Group k Group l (εkl/kB)/K λrkl site a of group k site b of group l (εHB
kl,ab/kB)/K Kkl,ab/Å3

CH3 CH3
† 256.77 15.050 - - - -

CH3 CH2
† 350.77 CR - - - -

CH3 CH2OH § 333.20 CR - - - -
CH3 H2O § 358.18 100.00 - - - -
CH2 CH2

† 473.39 19.871 - - - -
CH2 CH2OH § 423.17 CR - - - -
CH2 H2O § 423.63 100.00 - - - -
CH2OH CH2OH § 407.22 22.699 e1 H 2097.9 62.309
CH2OH H2O § 353.37 CR e1 H 2153.2 147.40
CH2OH H2O § 353.37 CR H e1 621.68 425.00
H2O H2O ‡ 266.68 17.020 e1 H 1985.4 101.69

pure-component VLE data employed in the development of the group parameters. Following

the idea of including the first neighbouring methanediyl group in the definition of the alcohol

group (as initially suggested by Wu and Sandler85), we CH2OH group in our current work.

The CH2OH group (cf. Fig. 1) is modelled with two identical segments (ν∗CH2OH = 2) and

two association site types (NST,CH2OH = 2): two sites of type e1 (nCH2OH,e1 = 2) represent the

two electron lone-pairs on the oxygen atom, and one site of type H (nCH2OH,H = 1) represents

the hydrogen atom (corresponding to the 3B association scheme according to Huang and Ra-

dosz86), where only sites of different type are allowed to interact (i.e., εHB
CH2OH−CH2OH,e1e1

=

εHB
CH2OH−CH2OH,HH = 0). Of the remaining parameters, λa

CH2OH−CH2OH = 6 is fixed, so that the

task involves the determination of the SCH2OH, λr
CH2OH−CH2OH, σCH2OH−CH2OH, εCH2OH−CH2OH,

εHB
CH2OH−CH2OH,e1H, KHB

CH2OH−CH2OH,e1H like parameters and εCH2OH−CH3 and εCH2OH−CH2 unlike

parameters. These parameters are characterized by comparison with appropriate experimen-

tal data. The vapour pressure (Npvap = 214), saturated liquid density (Nρsat = 336) of the

pure n-alkan-1-ols from ethanol to n-decan-1-ol87 are employed in this regard, as well as

some mixture data (molar excess enthalpy of mixing data for n-pentan-1-ol + n-heptane88
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(NhE = 25) and LLE data for the n-tetradecane + ethanol89( NxC14
= 7 and NyC14

= 9)).

The precise form of the objective function used in the parameter estimation is provided in

the Appendix.

The estimated parameters are presented in Tables 1 and 2. The deviation of the theoret-

ical description withy respect to the experimental (exp) data is expressed by means of the

percentage average absolute deviation (%AAD) as

%AAD Rj =
1

NRj

NRj∑
i=1

∣∣∣∣∣R
exp
j,i −Rcalc

j,i

Rexp
j,i

∣∣∣∣∣× 100,

j = {pvap, ρsat, xC14 , yC14} ,

(13)

where NRj is the number of data points of a property Rj, Rexp
j,i represents the experimental

value, and Rcalc
j,i the calculated value for the same property, at the conditions of the ith

experimental point. The SAFT-γ Mie provides a good overall description of the VLE with

a %AAD of 2.48% for the vapour pressures87 and 1.82% for the saturated liquid densities87

of the pure compounds (cf. Table 3). For the mixture data,89 the %AADs of the mole

fraction of n-tetradecane in the ethanol-rich and alkane-rich phases are 5.13% and 1.19%,

respectively. The average absolute error for the molar excess enthalpy of mixing for the

n-pentan-1-ol + n-heptane88 is 0.20 kJ/mol.

As mentioned earlier, it is possible to employ exclusively pure-component data to char-

acterize the functional group parameters within the SAFT-γ Mie approach. Considering

the same model to treat the CH2OH group, the optimized parameters estimated using pure

component vapour-liquid equilibrium data from ethanol to n-decan-1-ol87 are: ν∗CH2OH = 1,

SCH2OH = 0.92122, σCH2OH = 3.6569 Å, λa
CH2OH−CH2OH = 6.0000, λr

CH2OH−CH2OH = 11.548,

εCH2OH−CH2OH/kB = 415.91 K, εHB
CH2OH−CH2OH,e1H/kB = 2510.5 K, and KCH2OH−CH2OH,e1H =

19.886 Å3. The unlike dispersion energies with the alkyl functional groups on the n-alkan-1-

ol are: εCH2OH−CH3/kB = 233.06 K and εCH2OH−CH2/kB = 391.12 K. This model of CH2OH

is found to describe accurately the pure-component data for the series of n-alkan-1-ols con-
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Table 3: Percentage average absolute deviations (%AAD) for the vapour pressures pvap,i(T )
and the saturated liquid densities ρsat,i(T ) obtained with the SAFT-γ Mie group-contribution
approach 71 compared to experiment87 (where Npvap,i and Nρsat,i are the number of vapour-
pressure and saturated-liquid density data points used for each of the n-alkan-1-ols considered
in the parameter estimation).

Compound i T range/K Npvap,i %AAD pvap,i(T ) T range/K Nρsat,i %AAD ρsat,i(T )

ethanol 231-463 30 2.55 159-463 39 2.08
propan-1-ol 280-483 25 5.85 169-483 38 1.42
n-butan-1-ol 295-506 26 2.76 186-506 39 1.17
n-pentan-1-ol 278-508 29 0.71 278-508 29 0.95
n-hexan-1-ol 310-428 17 1.40 273-547 38 1.54
n-heptan-1-ol 343-445 14 1.53 273-563 38 1.77
n-octan-1-ol 296-549 31 3.59 263-583 39 2.00
n-nonan-1-ol 366-481 15 1.08 293-596 38 2.41
n-decan-1-ol 301-526 27 2.81 293-613 38 3.01
average - - 2.48 - - 1.82

sidered, with %AADs for the entire series of 1.56% for the vapour pressures and 1.31% for

the saturated liquid densities, which are slightly smaller than those presented in Table 3.

One could be tempted to select these as the optimal set of parameters. However, when the

two sets of parameters obtained for the interactions involving the CH2OH group are com-

pared in predictions of the fluid-phase behaviour of binary mixtures containing n-alkanes

and n-alkan-1-ols a different conclusion emerges.

Thee fluid-phase behaviour of the mixtures n-heptane + n-pentan-1-ol90 and n-undecane

+ n-tetradecan-1-ol91 is presented in Fig. 2. It is apparent that both models for the CH2OH

group lead to a good description of the VLE of moderate and mixtures of alkanes and long

alkanols. The predicted fluid-phase equilibrium of mixtures of alkanes + short alkanols (with

a carbon number ≤ 4) obtained with the CH2OH model estimated solely from pure com-

ponent data, however, exhibits a region of liquid-liquid immiscibility at high pressure which

is not observed experimentally: the predictions for the mixtures n-butane + ethanol92 and

n-heptane + n-butan-1-ol93 are shown in Fig. 3. The two CH2OH models are also used for

the description of the LLE of the mixture n-tetradecane + ethanol89 (Fig. 4). Large devi-
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ations from the experimental data are observed for the predictions of the phase boundaries

when the CH2OH model estimated from pure component data alone is used; a significantly

better description is achieved with the CH2OH model developed from both pure-component

and mixture data. The inability to capture accurately the properties of small polar com-

pounds and their mixtures is a common drawback of group-contribution approaches. The

polarization caused by strongly polar groups undermines the underlying assumption of the

GC approach that the contribution made by each group to the thermodynamics properties

is independent of the molecule on which the group resides.94 This type of proximity effect

becomes more pronounced in the prediction of mixtures involving small polar compounds.

Although it is difficult to account for this in the GC approach, techniques involving the use of

second-order group interactions54 or the inclusion of mixture data to develop model parame-

ters allows one to aleviate the problem. We show here that with the inclusion of mixture data

(specifically, the LLE of n-tetradecane + ethanol89 and molar excess enthalpy of mixing of

n-heptane + n-pentan-1-ol88) in the parameter estimation improves the transferability of the

CH2OH model significantly, as testified in Figs. 2 and 3. It is worth highlighting the accurate

prediction obtained for the mixture n-undecane + n-tetradecan-1-ol91 (cf. Fig. 2b), noting

that these two compounds where not included in the estimation of the group parameters.

The alkyl-water CH3 - H2O and CH2 - H2O unlike interaction pa-

rameters

In our current work we re-evaluate the unlike interactions between the alkyl methyl CH3 and

methylene CH2 segments and H2O by estimating both εkl and λr
kl parameters to experimental

mixture data. It is not possible to obtain these interactions using pure component data since

H2O is a molecular group. Models for the CH3 – H2O and CH2 – H2O interactions were

developed in a previous study73 by estimating only the unlike dispersion interaction εkl

using the experimental liquid-liquid equilibrium data for the n-heptane + water. The rest

of the parameters (including the range of the repulsive exponent λr
kl) were determined with
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Figure 2: Isothermal pressure–mole fraction (P–x) phase diagrams of the vapour-liquid
equilibria of mixtures of n-alkanes and n-alkan-1-ols: (a) n-heptane + n-pentan-1-ol at
temperatures of T = 348.15 K (circles)90 and T= 368.15 K (triangles)90 , and (b) n-undecane
+ n-tetradecan-1-ol mixture at temperatures of T = 393.15 K (circles)91 and T= 413.15 K
(triangles)91 . The symbols represent the experimental data, the dashed curves the SAFT-γ
Mie predictions obtained with a CH2OH model based on pure-component data alone, and
the continuous curves the SAFT-γ Mie predictions obtained with a CH2OH model developed
from pure-component and mixture data (the parameters are reported in Tables 1 and 2).
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Figure 3: Isothermal pressure–mole fraction (P–x) phase diagrams of the vapour-liquid
equilibria of mixtures of n-alkanes and short n-alkan-1-ols: (a) n-butane + ethanol at a
temperatures of T = 373.27 K,92 and (b) n-heptane + n-butan-1-ol mixture at a temperature
of T = 313.15 K93 . The symbols represent the experimental data, the dashed curves the
SAFT-γ Mie predictions obtained with a CH2OH model based on pure-component data
alone, and the continuous curves the SAFT-γ Mie predictions obtained with a CH2OH
model developed from pure-component and mixture data (the parameters are reported in
Tables 1 and 2).
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Figure 4: Isobaric temperature–mole fraction (T–x) phase diagram of the liquid-liquid equi-
libria of n-tetradecane + ethanol at a pressure of p = 0.101 MPa89 . The symbols represent
the experimental data, the dashed curves the SAFT-γ Mie predictions obtained with a
CH2OH model based on pure-component data alone, and the continuous curves the SAFT-γ
Mie predictions obtained with a CH2OH model developed from pure-component and mixture
data (the parameters are reported in Tables 1 and 2).

combining rules. The previous models73 provided a good description of the solubilities of

the n-alkanes in the water-rich phase only for the medium-chain-length compounds. The

solubilities predicted for mixtures with other alkanes were not accurate enough. As well as

considering both εkl and λr
kl for parameter estimation in our current work, we use three-phase

equilibrium (VLLE) solubility data95,96 for aqeuous mixtures of n-pentane and n-octane

over the temperature range of 280 – 400 K to refine the unlike parameters. Experimental

data97–100 for the coexisting liquid compositions at 298.00 K and pressures along three-phase

coexistence for aqueous mixtures of n-hexane to n-decane aqueous mixtures are also included

in the parameter estimation (Ntotal = 42). The objective function used in the parameter

estimation is presented in the Appendix.

The estimated values for the CH3 – H2O and CH2 – H2O unlike group interaction pa-

rameters are summarized in Table 2 and the SAFT-γ Mie description of the three-phase

equilibria (VLLE) of the n-alkane + water mixtures are illustrated in Fig. 5. The relatively

large values obtained for the unlike dispersion energy parameters (εCH3−H2O/kB = 358.18 K

and εCH2−H2O/kB = 423.63 K) are compensated by the more repulsive nature of the unlike
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potentials (λr
CH3−H2O = 100.00 and λr

CH2−H2O = 100.00), making the overall attractive energy

weaker between water and alkyl segments. Despite the use of a relatively small number of

experimental mutual solubility data points, the model can be used to describe the solubilities

of the shortest alkane (ethane) to the longest alkane considered (n-decane) accurately over

a wide range of temperature, as is apparent from Fig. 5. Since the solubility of water in

the alkane-rich phase is not sensitive function of length of the alkane chain, only the solu-

bilities of water in the n-pentane-rich and n-decane-rich phases are displayed in Fig. 5 as

representative examples of the adequacy of the model. While the description obtained for

the solubility of water in the alkane-rich phase is not as accurate as the description of the

solubility of the n-alkanes in the water-rich phase, the overall quality of the representation

is very satisfactory. The solubilities of ethane to n-decane in water span over six orders

of magnitude in mole fraction over 200 K range of temperatures. It is impressive that the

group-contribution method can provide such an accurate description of this behaviour with

only a few adjustable parameters.

The aqueous solubilities of various n-alkanes at 298 K are assessed separately in Fig.

6. The SAFT-γ Mie predictions are found to be in good agreement with experimental95–102

and simulation data12 with the exception of some of the data for the longer alkanes (carbon

number > 11) data103 . The data of Sutton et al.103 exhibit a plateau in the aqueous n-

alkanes solubilities for alkanes longer than n-dodecane, while in the more recent study of

Tolls et al.102 a gradual decrease in the solubilities is found for all n-alkane studied (up

to n-pentadecane). Tsonopoulos6 had previously rationalized the existence of the solubility

plateau as related to a “collapsed” conformation of the long alkanes that reduces the contact of

the alkanes with water and results in a limiting behaviour for the solubility with increasing

carbon number. The exprimental determination of the solubility of highly hydrophobic

compounds in water is notoriously difficult given the working solubility range of a part per

billion or trillion; this could explain the discrepancies found in the experimental studies. In

this context theoretical studies can be useful in the validation of experimental data. Ferguson
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et al.12 have performed molecular dynamics simulations of the solubility of aqueous solutions

of n-alkanes, using the TraPPE force field104 for the n-alkanes and the SPC/E model105 of

water. They do not find plateau in the dependence of the solubility on increasing the carbon

number (cf. Fig. 6) in agreement with our SAFT-γ Mie predictions. The alkane solubility

calculations using previously reported SAFT-γ Mie parameters73 are also shown in Fig. 6

for reference. It is clear that the new model proposed in our current work provides a more

accurate represntation of the behaviour.
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Figure 5: Solubilities of water in the n-alkane-rich liquid phase (dashed curves) and of
the n-alkanes (C2-C10) in the water-rich liquid phase (continuous curves) obtained with the
SAFT-γ Mie group-contribution approach at conditions of three-phase (orthobaric) equilibria
as a function of temperature. The diamonds and squares denote experimental correlated
data for the solubilities of water in n-pentane-rich and n-decane-rich phases, respectively.
The circles correspond to experimental and experimental correlated data for various alkane
solubilities in water, ranging from ethane to n-decane. The filled symbols represent the
mutual solubility data employed in the estimation of the unlike CH3 – H2O and CH2 – H2O
interaction parameters. The data for ethane + water, propane + water and n-butane +
water are taken from the work of Mokraoui et al.101 . The data for n-pentane + water to
n-decane + water are taken from the IUPAC-NIST solubility data series.95–100

The estimated CH3 – H2O and CH2 – H2O interaction parameters are further assessed for

transferability by predicting the fluid-phase behaviour of n-alkane + water binary mixtures

over a wide range of conditions. Constant temperature pressure-composition slices are shown

in Figs. 7 for three mixtures: n-butane + water (at T = 477.59 K);106 n-hexane + water

(at T = 473.15 K);107–109 and n-hexadecane + water (at T = 523.15 K)108,110 . Overall, the
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Figure 6: Solubilities of n-alkanes in the water-rich liquid phase at conditions of three-
phase (orthobaric) equilibria at T = 298 K. The filled circles represent the experimental
correlated data from the IUPAC-NIST solubility data series;95–100 the circles,101 triangles102
and diamonds103 represent the raw experimental data; the crosses12 represent MD Simulation
data; the continuous curve are the SAFT-γ Mie calculations using parameters reported in
Tables 1 and 2, and the dash curve the SAFT-γ Mie calculations using previously reported
parameters73 .

predictions are very good in both the VLE and LLE regions for these systems. We emphasize

that the simultaneous description of both the VLE and LLE of a system is considered a

difficult challenge in with GC approaches. The ability of the method to describe accurately

the high-temperature/pressure fluid-phase behaviour of these systems demonstrates the wide

range of reliable applicability of SAFT-γ Mie EoS compared to other predictive approaches.

It is especially noteworthy that no n-hexadecane data were included in the estimation of the

group parameters. As can be seen in Fig. 7c), the SAFT-γ Mie method is shown to predict

the fluid-phase behaviour of the highly assymetric n-hexadecane aqueous mixture108,110 with

good accuracy. It is apparent that the newly estimated unlike group interaction parameters

allow for an accurate description of all types of fluid phase equilibria considered (VLE, LLE

and VLLE) for the aqueous alaknes over a wide range of thermodynamic conditions. In the

following section, these parameters are transferred to study the more complex n-alkan-1-ols

+ water mixtures.
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Figure 7: Isothermal pressure–mole fraction (P–x) phase diagrams of (a) n-butane + water
at a temperature of T = 477.59 K106 (which is above the critical point of n-butane, Tc,C4H10

= 425.12 K111 ), (b) n-hexane + water at a temperature of T = 473.15 K (VLE107 and
LLE108,109 ), and (c) n-hexadecane + water at a temperature of T = 523.15 K (VLE110 and
LLE108 ). The symbols represent the experimental data, the continuous curves the prediction
with the SAFT-γ Mie approach, and the horizontal lines the calculated three-phase line. The
inset image in (a) corresponds to a magnified view of the water-rich phase, and the inset
images in (b) and (c) correspond to a magnified view of the VLE region.
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The alkanol-water CH2OH - H2O unlike interaction parameters

The addition of hydroxyl functional groups to the alkyl chain to form alkanols results in

dramatic changes in the physical properties of the system. Weak attractive van der Waals

interactions dominate the phase behaviour of the very hydrophobic n-alkanes and water,

while in the case of aqueous mixtures of alkanols the strong attractive unlike interactions

mediated by hydrogen bonding are also important. While all n-alkanes are markedly immis-

cible, a number of alcohols are fully miscible in water. In particular, aqueous mixtures of

the shorter homologues of the alkan-1-ol series, i.e., methanol, ethanol, and propan-1-ol112

exhibit homogeneous liquid phases. regions of liquid-liquid immiscibility appear for aque-

ous solutions of longer chains, i.e., in n-butan-1-ol and longer n-alkan-1-ols.112 Modelling

mixtures of alkanols and is challenging as the fluid-phase behaviour is determined by the

relative magnitudes of the unlike dispersion energy and hydrogen-bonding interactions. The

simultaneous description of the VLE and LLE phase equilibria with a set of transferable

parameters constitutes a stringent test of any GC model.

To complete the development of a model for alkanol + water mixtures, the unlike in-

teraction parameters between the CH2OH and H2O groups are estimated building on the

CH3 – H2O and CH2 – H2O parameters established in the previous section. Both CH2OH

and H2O are associating groups, modelled with 3B and 4C association schemes, respectively,

following the notation of Huang and Radosz.86 The unlike association interactions between

the two groups are assumed to be asymmetric, i.e., εHB
CH2OH−H2O,e1H 6= εHB

CH2OH−H2O,He1
and

KCH2OH−H2O,e1H 6= KCH2OH−H2O,He1 . Although in SAFT approaches it is common to model

the alcohol-water hydrogen-bonding interaction as symmetric (i.e., with the same value for

the hydrogen bonding energy and volume for the O-H interaction when it involves an oxy-

gen atom of water or of the alcohol), from a physical point of view the interactions are

expected to be different; see the work of Fileti et al.113 in which differences can be seen

in the calculated hydrogen-bonding distance and dipole moment between alcohol-water and

water-alcohol heterodimers. Here we estimate the unlike dispersion energy (εCH2OH−H2O),
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the unlike association energies (εHB
CH2OH−H2O,e1H and εHB

CH2OH−H2O,He1
), and the unlike bond-

ing volumes (KCH2OH−H2O,e1H and KCH2OH−H2O,He1) using experimental data for the LLE of

n-octan-1-ol + water (Nxoct = 8 and Nyoct = 8) at p = 0.101 MPa114 . The unlike segment

diameter (σCH2OH−H2O), the unlike repulsive range (λr
CH2OH−H2O), and the unlike attractive

range (λa
CH2OH−H2O) are prescribed using combining rules.71 The corresponding objective

function is given in the Appendix. The optimal values for the unlike interaction parameters

are summarized in Table 2 and the resulting description of the liquid-liquid equilibrium of

the binary mixture of n-octan-1-ol + water is displayed in Fig. 8a). As can be seen in the

figure the estimated values of the unlike interaction parameters result in an excellent de-

scription of the data114,115 . In addition to the description of the fluid-phase behaviour of

the n-octan-1-ol + water binary mixture, the SAFT-γ Mie predictions of the densities of the

two coexisting liquid phases are found to be in excellent agreement with the experimental

data114 (cf. Fig. 8b). The objective function used in the parameter estimation is presented

in the Appendix.

Two examples of the predictive capabilities of the model based on n-hexan-1-ol + water

and n-butan-1-ol + water are shown in Fig. 9,. The SAFT-γ Mie predictions of both binary

mixtures can be seen to be in good agreement with the experimental data116–119 for the fluid-

phase behaviour of these systems. Both the VLE and the LLE regions of the phase envelope

are well represented, together with the location of the three-phase line. The accuracy of

the description of the solubility of the alkanols in the water-rich phase (cf. the magnified

regions in Figs. 8 and 9) is exceptional considering the predictive nature of the calculations.

While at ambient conditions n-butan-1-ol + water exhibits liquid-liquid demixing, the shorter

alcohols are completely miscible with water.112 The complete miscibility of ethanol + water

and propan-1-ol + water is also predicted with our model. This suggests that the right

balance between the hydrophobic and hydrophilic interactions is captured in the model. We

emphasize again that this is achieved while using a unique set of transferable interaction

parameters for all of the alkanol-water systems. The transferability of the model is to a
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Figure 8: (a) Isobaric temperature–mole fraction (T–x) phase diagram of the vapour-liquid-
liquid equilibria of n-octan-1-ol + water at a pressure of p = 0.101 MPa; (b) saturated
densities of the water-rich (right) and octanol-rich (left) phases. The circles114 and tri-
angles115 represent the experimental data, the continuous curves the description with the
SAFT-γ Mie approach, and the horizontal line the calculated three-phase line. The inset
image in figure (a) corresponds to a magnified view of the water-rich boundary.

28

Page 28 of 67

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



large degree due to the reliability of the alkyl-water interactions, as well as to the use of the

asymmetric association parameters in the description of the CH2OH – H2O interactions.
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Figure 9: Isobaric temperature–mole fraction (T–x) phase diagrams of the vapour-liquid-
liquid equilibria at p = 0.101 MPa of (a) n-hexan-1-ol + water (triangles116 and circles117 )
and (b) n-butan-1-ol + water (triangles118 and circles119 ). The symbols represent the
experimental data, the continuous curves the predictions with the SAFT-γ Mie approach
and the horizontal lines the predicted three phase lines. The inset image in figure (a)
corresponds to a magnified view of the water-rich boundary.

Prediction of solvation properties

An important application of the models developed here is the study of the infinite-dilution

(solvation) properties. To the best of our knowledge, reports of the prediction of different

types of fluid-phase equilibria (VLE, LLE, and VLLE) over the entire range of composi-

tion including the infinite-dilution region with GC approaches are very scarce. Pereda et

29

Page 29 of 67

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



al.43,44,120,121 have used the GCA-EoS model to predict the VLE, LLE, and infinite-dilution

activity coefficients of mixtures containing water, alcohols, and hydrocarbons, although dif-

ferent sets of alkyl-water unlike parameters (H2O-CH∞3 and H2O-CH∞2 ) were required to

provide accurate predictions of the mutual solubility of water and hydrocarbons. Possani

et al.39 have used the F-SAC model to represent the mutual solubilities as well as the

infinite-dilution activity coefficients of aqueous hydrocarbon, finding good agreement with

the experimental data, although it should be noted that experimental γ∞i,j data were used

in the calibration of the model parameters. A unique set of SAFT-γ Mie group parameters

(cf. Tables 1 and 2) is employed in our work to predict the phase equilibria as well as the

infinite-dilution properties for the hydrocarbon and alkanol aqueous systems without the

need to include the experimental infinite-dilution data to calibrate the models or further

adjust any parameters.

Numerous experimental studies101,122–124 report the distribution of a solute between water

and a gaseous phase in terms of Henry’s law constants KHi,j . Experimental data of the

KHi,j for ethane, n-butane, n-hexane, and n-octane in water over a temperature range are

compared with the corresponding SAFT-γ Mie predictions in Fig. 10. It is apparent from the

figure our predictive approach is found to represent correctly the experimental measurements

for the different hydrocarbons considered. In addition, the solvation Gibbs free energies

∆Gsol
i,j , which are directly related to the Henry’s law constants (cf. Eq. 10), are presented in

Fig. 11 for a series of n-alkanes and n-alkan-1-ols in an aqueous environment at T = 298.15 K

and p = 0.100 MPa. The calculations are performed as single-phase calculations, i.e., using

Eq. (9) with specified T , p, and xi = 10−10. In the case of the shorter alcohols, however, the

coexisting composition of the alcohol in the aqueous environment is far from the dilute limit

at the specified T and p, and therefore a single-phase calculation in which the composition of

the solute is specified explicitly is employed. As expected from the hydrophobic nature of the

n-alkanes, large positive values are seen in ∆Gsol
i,j for these molecules (cf. Fig. 11a); we note

that the values increase as the chain length of the hydrocarbon increases. On the other hand,
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the hydration of the alkanols is favourable, with corresponding negative values of ∆Gsol
i,j (cf.

Fig. 11b). The values of ∆Gsol
i,j of the n-alkanes (Fig 11a) predicted with the SAFT-γ Mie

GC approach are in excellent agreement with the experimental data83 , especially for ethane

to n-undecane, with slightly larger deviations observed for the longer n-alkanes. The level

of agreement seen here is consistent with the predictions of the solubility of the n-alkanes

in water shown earlier in Fig. 6. The Gibbs free energy of hydration can be obtained from

experimental aqueous solubility data (or from Henry’s law constants or activity coefficients

of a solute in aqueous solution at infinite dilution)83 . The larger uncertainties reported

in the experimental data83 for ∆Gsol
i,j data for the longer alkanes are due to the higher

uncertainty in the solubility measurements of these highly hydrophobic compounds. While

our solvation Gibbs free energy predictions for the n-alkanes are in overall good agreement

with the experimental data83 (cf. Fig. 11a), a larger deviation is observed in the case of the

shorter alkanols (cf. Fig. 11b). The assumption of the transferability of group parameters

is less applicable in these small polar molecules due to proximity effects.
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Figure 10: Henry’s law constants KHi,j for n-alkanes in water as a function of temperature at
the corresponding vapour pressure of the mixture. The symbols represent the experimental
data and the continuous curves the predictions with the SAFT-γ Mie approach: ethane
(triangles122 and diamonds123 ), n-butane (circles101 ), n-hexane (squares101 ) and n-octane
(pentagons124 ).

The infinite-dilution activity coefficient γ∞i,j provides a measure of solvation with reference

to the fugacity coefficient of the pure solute (cf. Eq. 11). It describes the behaviour of
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Figure 11: Gibbs free energies of solvation ∆Gsol
i,j for (a) n-alkanes and (b) n-alkan-1-ols in

water at T = 298.15 K and p = 0.100 MPa. The circles83 represent the experimental data,
the error bars the standard deviations, and the continuous curves the predictions with the
SAFT-γ Mie approach.
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a solute i entirely surrounded by solvent j and reflects the maximum deviation from the

ideal solution behaviour. Reliable information on γ∞i,j is of importance in predicting the

fate of chemicals in the environment.125 It is apparent from Figs. 12 and 13 that γ∞i,j of

n-alkanes and n-alkan-1-ols in water predicted with the SAFT-γ Mie model are also in good

agreement with the experimental data102,126 . Some deterioration of the agreement is seen

for the longer n-alkanes (carbon number > 11)103) , though we note there are discrepancies

among the different sets of experimental data103 and simulation results.12 As in the case

for ∆Gsol
i,j , the γ∞i,j data for long n-alkanes are commonly obtained from aqueous solubility

data102,103 (cf. Fig. 6), which can be extremely difficult to measure. The same argument

can therefore be used to explain the disagreement between the experimental and theoretical

values as for the aqueous solubility and ∆Gsol
i,j of the longer n-alkanes. The quantitative

description of most of the experimental data and with the simulation data suggests that

our theoretical approach can be used to validate the experimental measurements for the

longer n-alkanes. The predicted values of γ∞i,j of n-alkan-1-ols at different temperatures are

compared with experimental data in Fig. 13. As can be seen very good agreement with

the experimental data is observed for the entire temperature range available for compounds

larger than n-butan-1-ol. We only consider n-alkan-1-ols larger than n-butan-1-ol since, as

was pointed out earlier, our group-contribution method is not as accurate for the shorter

alcohols. The level of agreement observed for the longer alaknols suggests that our SAFT-γ

Mie model should also provide accurate predictions of Ki,OW given the relation between the

two thermodynamic quantities (cf. Eq. (12)).

The octanol-water partition coefficient Ki,OW is an infinite-dilution property describing

the distribution of a solute i across coexisting octanol-rich and water-rich phases which are

of significantly different polarity. At ambient conditions, water and n-octan-1-ol are partially

miscible, the mixture exhibits an octanol-rich liquid phase of composition xoct = 0.726, and

a water-rich liquid phase of composition xoct = 5.60×10−5.114 The activity coefficients con-

tained in Eq. (12) strictly refer to a three-component mixture (water, n-octan-1-ol, and
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Figure 12: Infinite-dilution activity coefficients γ∞i,j of n-alkanes (top curve) and n-alkan-1-
ols (bottom curve) in aqueous solution at T = 298.15 K and p = 0.101 MPa (except for
ethane-butane, where the calculations are done at 5.00 MPa). The circles126 , triangles102 ,
diamonds103 , and squares126 represent the experimental data, the crosses12 the MD simu-
lation data, and the continuous curves the predictions with the SAFT-γ Mie approach.
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Figure 13: Infinite-dilution activity coefficients γ∞i,j of n-alkanes (n-pentane and n-hexane)101
and n-alkan-1-ols (n-butan-1-ol127 , n-heptan-1-ol127 , n-octan-1-ol128 ) in aqueous solution
at p = 0.101 MPa (except for n-pentane and n-hexane, where the calculations were carried
out at 7.00 MPa). The symbols represent the experimental data and the continuous curves
the predictions with the SAFT-γ Mie approach.
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the relevant solute i), although it is useful to note that the water-rich phase is essentially

pure water given the very small amount of octanol present and hence the γ∞i,j of a solute

in pure water provides a direct link to the Ki,OW calculation. Having acknowledged this,

most solutes behave in a more non-ideal manner in the water-rich phase6,129 (suggesting

that the variation of γi,WR is much greater than that of γi,OR) and we find that an accurate

prediction of γi,WR plays a vital role in the reliability of the description of Ki,OW. Knowl-

edge of Ki,OW is very useful in product and process design applications as it is often used

to indicate the lipophilicity of compounds.8 A key example is the application of Ki,OW in

predicting the pharmacokinetic properties and toxicity of organic chemicals, especially drug

molecules.10,130 The prediction of Ki,OW using thermodynamic approaches is also an active

subject of research.131–135 The predictions of Ki,OW for various n-alkanes andn-alkan-1-ols

using the SAFT-γ Mie approach are presented in Fig. 14, where excellent agreement with

the experimental data136,137is found. We emphasize that within our approach all the thermo-

dynamic variables involved in the calculation of Ki,OW (cf. Eq. (12)), including the molar

volumes of the phases (cf. Fig. 8b) are determined with the SAFT-γ Mie approach; nu-

merous alternative thermodynamic approaches131–133,135 employ the experimental saturated

volumes for the Ki,OW prediction instead.
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Figure 14: Octanol-water partition coefficients Ki,OW of n-alkanes (top curve) and n-alkan-
1-ols (bottom curve) at T = 298.15 K and p = 0.101 MPa. The symbols (squares136 and
circles137 ) represent the experimental data, the error bars the corresponding uncertainty,137
and the continuous curves the predictions with the SAFT-γ Mie approach.
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Prediction of partitioning and solubility of pharmaceuti-

cals

The prediction the thermodynamic properties and fluid-phase behaviour of complex multi-

functional molecules is often the primary goal of group-contribution approaches and con-

stitutes a stringent test of the validity of the models. We investigate the prediction of

Ki,OW for several multifunctional compounds, as well as the solubility of a number of active

pharmaceutical ingredients (APIs) in different solvents. These properties are of particular

relevance in the development of new drugs and the corresponding manufacturing processes.

The APIs studied range from valproic acid (an anti-epileptic drug), azelaic acid (a topical

anti-inflammatory treatment), phenylalkanoic acids (drug precursor) to ibuprofen and keto-

profen (nonsteroidal anti-inflammatory drugs). The octanol-water partition coefficients are

calculated using Eq. (12) and are reported in Table 4. The relevant SAFT-γ Mie parameters

are provided in the Appendix. Despite the presence of a larger number of functional groups

present in these API compunds compared to the molecules considered in previous sections, it

is apparent that the predicted values of Ki,OW agree well with the experimental data137–139 .

The level of agreement of our predictions is particularly encouraging considering that al-

though experimental uncertainties of some of the APIs were not reported in the literature,

an error of ±0.5 log units is generally observed in different the determination of Ki,OW from

different experiments140 . In the case of ibuprofen, for instance, the reported experimental

values for Ki,OW vary from 2.48141 to 3.97.142 Our predictions of the partition coefficient

suggest that an appropriate balance of the various energetic contributions has been achieved

with the current set of group interaction parameters, especially in terms of the like and unlike

interactions and of the balance between the dispersion and hydrogen-bonding interactions.

The solubility of solid organic compounds is also a key physicochemical property in

many industrial applications. In the pharmaceutical industry, the solubility is of particular

importance because APIs are commonly recovered/purified as pure solids by crystallization
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Table 4: Octanol-water partition coefficients (Ki,OW) of active pharmaceutical ingredients
at T = 298.15 K and p = 0.101 MPa. The deviation is defined as | logKexp

i,OW − logKcalc
i,OW|.

Exp. SAFT-γ Mie
API Structure logKi,OW Uncertainty logKi,OW Deviation

Valproic acid137

O OH

2.75 0.25 3.04 0.29

Azelaic acid138
HO OH

O O

1.57 n/a 1.69 0.12

Phenylacetic acid137

OH

O 1.41 0.15 1.12 0.29

Hydrocinnamic acid137

O

OH

1.84 0.15 1.77 0.07

Ibuprofen139
OH

O 3.50 n/a 3.32 0.18

Ketoprofen139

O

OH

O 3.12 n/a 3.06 0.06

and, as a result, the solubility of a pure crystalline API xAPI in a given solvent as a function

of temperature plays a key role in the development of downstream processes. A detailed

knowledge of solubility is also of importance in the determination of the bioavailability of

the compound. The solubility can be calculated by considering the solid-liquid equilibrium

(SLE) between the pure crystalline solid and the liquid phase containing the solvent and the

API using the following expression:143

lnxAPI(T, p) =
∆H fus

m

R

(
1

Tm
− 1

T

)
− ln γAPI(T, p,x), (14)

where ∆H fus
m and Tm are the molar enthalpy of fusion and the melting temperature of the

solute, respectively, and where the difference ∆cp between the heat capacities of the solid

and the liquid form of the solute has been neglected. The values for ∆H fus
m and Tm are taken

from experimental data144–146 . The SAFT-γ Mie EoS is employed in the calculation of the

activity coefficient of the API in the liquid phase γAPI(T, p,x) at a pressure of p = 0.101
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MPa. The calculation of the solubility through this route is predictive, as neither SLE data

nor data relating to the APIs have been used to obtain the interaction parameters of our

SAFT-γ Mie model. Information about the melting point and enthalpy of fusion of is of

course still required for each API.

The solubilities of azelaic acid, ibuprofen, and ketoprofen in different solvents as pre-

dicted using the SAFT-γ Mie approach are compared with the corresponding experimental

data in Fig. 15. Whereas azelaic acid is a relatively simple molecule, comprising only of a

linear alkyl chain and two carboxylic acid groups, ibuprofen and ketoprofen are multifunc-

tional compounds with at least one aromatic ring, alkyl chains and carboxylic acid groups.

In Fig. 15a), the prediction of the solubility of azelaic acid in water is compared with three

sets of experimental data147–149 . It is apparent that there are inconsistencies between the

sets of experimental data. One could use the theoretical SAFT-γ Mie approach to discrim-

inate between the different data sets. Our predictions find remarkable agreement with the

data of Chen et al.148 . These authors attribute the deviation between the different sets of

experimental data to the different measurement techniques used in each of the studies and

to standard experimental error. Though it is worth mentioning that the differences observed

appear larger than might be expected from the use of different techniques. Solubility predic-

tions of ibuprofen and ketoprofen in water and n-butan-1-ol are shown Figs. 15b) and 15c),

respectively. As can be been the SAFT-γ Mie predictions provide a very good representa-

tion of the experimental data,150–156 accurately capturing the markedly different ranges of

solubility in the different solvents. The solubility of these APIs in water is four orders of

magnitude smaller than that in n-butan-1-ol and our GC approach captures this behaviour.

We note that there is also some inconsistency in the aqueous solubility data,150–152,157–159

possibly due to their very small magnitude, which makes the experimental determination

challenging. In addition, a small deviation from the experimental measurements in the pre-

diction of the solubility of these ionizable APIs160,161 in aqueous solution is also likely due

to the fact that our approach does not at this point account for the ionization.
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In addition to the solubilities in alcohol and water, the predicted solubilities of ibuprofen

and ketoprofen in acetone are presented in Fig. 15d). The excellent agreement between the

SAFT-γ Mie predictions and the experimental data is found, demonstrating the applicability

of the method to predict the solubility of a selection of APIs in different solvents.

Pharmaceutical compounds are composed of several functional groups, which often favour

intramolecular association. This type of interaction gives rise to conformational changes

within the molecules, which often also impacts the solubility of the molecules.162 The pre-

dicted Ki,OW and solubilities of a number of compounds presented in this study have been

obtained using a novel approach to treat intramolecular hydrogen bonding effectively within

the SAFT-γ Mie framework. In brief, we “mimic” the intramolecular hydrogen bonds (IMHB)

by switching off sites, both the electron donating (e site) and the electron accepting (H site),

that are involved in the IMHB, thus preventing them to interact with other molecules. De-

tails of this effective approach and the impact on the thermodynamic properties of the system

is the subject of future work.

Conclusions

The description of the fluid-phase equilibria of aqueous mixtures of alkanes and alkanols

using theoretically sound models, especially in a group-contribution framework, remains a

challenge due to the non-ideality and complexity of interactions that the systems exhibit.

For design purposes, a thermodynamic model should ideally be able to predict quantitatively

with a single set of parameters the phase behaviour of the systems of interest over a range of

thermodynamic conditions and the entire composition range, including the infinite-dilution

region. In our work, the SAFT-γ Mie group-contribution approach is used to predict vapour-

liquid and liquid-liquid equilibria of mixtures containing n-alkanes, n-alkan-1-ols, and water

using a single set of group parameters. New interaction parameters for the description of

the family of n-alkan-1-ols by means of a CH2OH functional group are obtained, and revised
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Figure 15: Prediction of the solid-liquid equilibria in binary systems of APIs in different
solvents as a function of temperature at ambient pressure. The symbols represent the ex-
perimental data and the continuous and dashed curves the description with the SAFT-γ
Mie approach: (a) azelaic acid (triangles147 , diamonds148 , and circles149) in water; (b)
ibuprofen (diamonds157 , star158 , plus159 , circle150 , squares151 , triangles152 , and con-
tinuous curve) and ketoprofen (cross153 , pentagons154 , and dashed curve) in water; (c)
ibuprofen (triangles155 and continuous curve) and ketoprofen (squares156 and dashed curve)
in n-butan-1-ol; (d) ibuprofen (triangles155 and continuous curve) and ketoprofen (circles154
and dashed curve) in acetone.
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unlike parameters between the alkyl methyl CH3 and methylene CH2 groups and the H2O

group for water are developed. The predictive capability of the models is confirmed for the

fluid phase equilibria of n-alkane + n-alkan-1-ol and n-alkane + water mixtures by stringent

comparison with experimental data. The solubilities of n-alkanes in the water-rich phase

at conditions of three-phase coexistence are predicted for long n-alkanes in good agreement

with experimental and simulation data for concentrations as low as 10−14 in mole fraction of

the alkane for the larger chains (C22). This interesting result highlights the difficulty in the

experimental determination of these extremely low concentrations. New model parameters

characterizing the CH2OH - H2O unlike interaction have also been determined and used to

predict the phase behaviour of a number of alkanol + water binary mixtures that are not

used in the development of the model. Our SAFT-γ Mie models provide good predictions for

several aqueous mixtures of n-alkanes and n-alkan-1-ols over a wide range of thermodynamic

conditions, including VLE, LLE, and VLLE. The robustness of the group parameters is

further demonstrated in the prediction of several infinite-dilution properties. The Henry’s

law constants, solvation Gibbs free energies, and infinite-dilution activity coefficients of n-

alkanes and n-alkan-1-ols in water are predicted and found to be in good agreement with

the experimental data. The octanol-water partition coefficients (Ki,OW) of n-alkanes and

n-1-alkanols are also obtained as an example of an infinite-dilution property of a ternary

mixture. Obtaining an accurate prediction of Ki,OW of these chemical families is very much

reliant on an accurate description of the alkane solubility in the aqueous phase; this in turn

relates to the group interaction parameters between the alkyl groups and water. In addition,

we present the first example of the predictive capability of the SAFT-γ Mie approach for

the solvation properties of more complex molecules such as active pharmaceutical ingredients

(APIs). The predictions ofKi,OW and solubilities of a number of representative APIs in water,

n-butan-1-ol, and acetone are found to be in very good agreement with the corresponding

experimental data. The SAFT-γ Mie approach accurately captures the marked differences

in the solubilities of the API in different solvents. This is particularly gratifying considering
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that no data related to the APIs are used to obtain the model parameters. The findings

of our study validate the applicability and generic nature of the SAFT-γ Mie platform and

confirm it as a promising tool in modelling complex molecules of relevance to pharmaceutical

systems.
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and used under the Creative Commons Attribution licence.
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Appendix

SAFT-γ Mie parameter tables

Table 5: Like group parameters for use in the SAFT-γ Mie group-contribution approach:
ν∗k is the number of segments constituting group k, Sk the shape factor, λr

kk the repulsive
exponent, λa

kk the attractive exponent, σkk the segment diameter of group k, and εkk the
dispersion energy of the Mie potential characterising the interaction of two k groups; NST,k

represents the number of association site types on group k, with nk,H, nk,e1 , and nk,e2 denoting
the number of association sites of type H, e1, and e2 respectively.

k Group k ν∗k Sk λrkk λakk σkk/Å (εkk/kB)/K NST,k nk,H nk,e1 nk,e2 Ref.
1 CH3 1 0.57255 15.050 6.0000 4.0773 256.77 – – – – 71
2 CH2 1 0.22932 19.871 6.0000 4.8801 473.39 – – – – 71
3 CH 1 0.07210 8.0000 6.0000 5.2950 95.621 – – – – 73
4 C 1 0.04072 8.0000 6.0000 5.6571 50.020 – – – – 73
5 aCH 1 0.32184 14.756 6.0000 4.0578 371.53 1 0 1 0 73
6 aCCH 1 0.20650 8.0000 6.0000 4.3128 61.325 1 0 1 0 73
7 aCCH2 1 0.20859 8.5433 6.0000 5.2648 591.56 1 0 1 0 73
8 aCCH3 1 0.31655 23.627 6.0000 5.4874 651.41 1 0 1 0 163
9 COOH 1 0.55593 8.0000 6.0000 4.3331 405.78 3 1 2 2 164
10 CH3COCH3 3 0.72135 17.433 6.0000 3.5981 286.02 3 1 1 1 164
11 H2O 1 1.0000 17.020 6.0000 3.0063 266.68 2 2 2 0 76
12 CH2OH 2 0.58538 22.699 6.0000 3.4054 407.22 2 1 2 0 this work
13 aCCOaC 3 0.18086 9.8317 6.0000 4.0670 656.71 – – – – 165
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Table 6: Group dispersion interaction energies εkl and repulsive exponent λr
kl for use in the

SAFT-γ Mie group-contribution approach. The unlike segment diameter σkl is obtained
from the arithmetic combining rule and all unlike attractive exponents λa

kl = 6.0000; these
are not shown in the table. CR indicates that the unlike repulsive exponent λr

kl is obtained
from a combining rule71 and * indicates parameters obtained in this work.

k l Group k Group l (εkl/kB)/K λr
kl Ref. k l Group k Group l (εkl/kB)/K λr

kl Ref.
1 1 CH3 CH3 256.77 15.050 71 4 12 C CH2OH 0.00000 CR 165
1 2 CH3 CH2 350.77 CR 71 5 5 aCH aCH 371.53 14.756 163
1 3 CH3 CH 387.48 CR 73 5 6 aCH aCCH 429.16 CR 73
1 4 CH3 C 339.91 CR 73 5 7 aCH aCCH2 416.69 CR 73
1 5 CH3 aCH 305.81 CR 73 5 8 aCH aCCH3 471.23 CR 163
1 6 CH3 aCCH 455.85 CR 73 5 9 aCH COOH 331.61 9.0687 73
1 7 CH3 aCCH2 396.91 CR 73 5 10 aCH CH3COCH3 333.11 CR 73
1 8 CH3 aCCH3 358.58 CR 163 5 11 aCH H2O 357.78 38.640 73
1 9 CH3 COOH 255.99 CR 164 5 12 aCH CH2OH 386.05 CR 165
1 10 CH3 CH3COCH3 233.48 14.449 164 6 6 aCCH aCCH 61.325 8.0000 73
1 11 CH3 H2O 358.18 100.00 * 6 7 aCCH aCCH2 462.04 CR 73
1 12 CH3 CH2OH 333.20 CR * 6 9 aCCH COOH 599.28 CR 73
2 2 CH2 CH2 473.39 19.871 163 6 10 aCCH CH3COCH3 459.22 CR 73
2 3 CH2 CH 506.21 CR 73 6 11 aCCH H2O 314.03 CR 165
2 4 CH2 C 300.07 CR 73 6 12 aCCH CH2OH 436.14 CR 165
2 5 CH2 aCH 415.64 CR 73 7 7 aCCH2 aCCH2 591.56 8.5433 73
2 6 CH2 aCCH 345.80 CR 73 7 9 aCCH2 COOH 473.66 CR 73
2 7 CH2 aCCH2 454.16 CR 73 7 10 aCCH2 CH3COCH3 394.83 CR 73
2 8 CH2 aCCH3 569.18 CR 163 7 11 aCCH2 H2O 329.03 CR 165
2 9 CH2 COOH 413.74 CR 164 7 12 aCCH2 CH2OH 434.37 CR 165
2 10 CH2 CH3COCH3 299.48 11.594 164 8 8 aCCH3 aCCH3 651.41 23.627 163
2 11 CH2 H2O 423.63 100.00 * 8 11 aCCH3 H2O 360.70 CR 165
2 12 CH2 CH2OH 423.17 CR * 8 12 aCCH3 CH2OH 486.62 CR 165
3 3 CH CH 95.621 8.0000 73 9 9 COOH COOH 405.78 8.0000 164
3 4 CH C 2.0000 CR 165 9 10 COOH CH3COCH3 393.71 CR 73
3 5 CH aCH 441.43 CR 73 9 11 COOH H2O 289.76 CR 165
3 6 CH aCCH 67.510 CR 73 9 12 COOH CH2OH 656.80 CR 165
3 7 CH aCCH2 65.410 CR 73 10 10 CH3COCH3 CH3COCH3 286.02 17.433 164
3 9 CH COOH 504.99 CR 73 10 11 CH3COCH3 H2O 287.26 CR 164
3 10 CH CH3COCH3 637.29 CR 164 11 11 H2O H2O 226.68 17.020 76
3 11 CH H2O 275.75 CR 165 11 12 H2O CH2OH 353.37 CR *
3 12 CH CH2OH 329.22 CR 165 12 12 CH2OH CH2OH 407.22 22.699 *
4 4 C C 50.020 8.0000 73 13 13 aCCOaC aCCOaC 656.71 9.8317 165
4 11 C H2O 420.82 CR 165 - - - - - - -

Table 7: Group association energies εHB
kl,ab and bonding volume parameters Kkl,ab for use

within the SAFT-γ Mie group-contribution approach.

k l Group k Site a of group k Group l Site b of group l (εHB
kl,ab/kB)/K Kkl,ab/Å3

5 11 aCH e1 H2O H 563.56 339.61
6 11 aCCH e1 H2O H 563.56 339.61
7 11 aCCH2 e1 H2O H 563.56 339.61
8 11 aCCH3 e1 H2O H 563.56 339.61
9 9 COOH H COOH H 6427.9 0.8062
9 11 COOH e1 H2O H 1451.8 280.89
9 11 COOH e2 H2O H 1252.6 150.98
9 11 COOH H H2O e1 2567.7 270.09
9 12 COOH e1 CH2OH H 1015.5 21.827
9 12 COOH e2 CH2OH H 547.42 53.150
9 12 COOH H CH2OH e1 524.04 14.017
10 10 CH3COCH3 e1 CH3COCH3 H 980.20 2865.2
10 11 CH3COCH3 e1 H2O H 1588.7 772.77
10 11 CH3COCH3 e2 H2O H 417.24 1304.3
10 11 CH3COCH3 H H2O e1 1386.8 188.83
11 11 H2O e1 H2O H 1985.4 101.69
11 12 H2O e1 CH2OH H 621.68 425.00
11 12 H2O H CH2OH e1 2153.2 147.40
12 12 CH2OH e1 CH2OH H 2097.9 62.309
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Objective functions

The objective function function used in the parameter estimation for the CH2OH group and

its binary interaction parameters is given by:

min
Ω
fobj = w1

NC∑
i=1

Npvap,i∑
q=1

[
pexp

vap,i(Tq)− pcalc
vap,i(Tq; Ω)

pexp
vap,i(Tq)

]2

+ w2

NC∑
i=1

Nρsat,i∑
q=1

[
ρexp

sat,i(Tq)− ρcalc
sat,i(Tq; Ω)

ρexp
sat,i(Tq)

]2

+ w3

N
hE∑
q=1

[
hE,exp(Tq, pq,xq)− hE,calc(Tq, pq,xu; Ω)

hE,exp(Tq, pq,xq)

]2

+ w4

NxC14∑
q=1

[
xexp

C14
(Tq, pq)− xcalc

C14
(Tq, pq; Ω)

xexp
C14

(Tq, pq)

]2

+ w5

NyC14∑
q=1

[
yexp

C14
(Tq, pq)− ycalc

C14
(Tq, pq; Ω)

yexp
C14

(Tq, pq)

]2

,

(15)

where the first two sums are over the NC pure components i included in the estimation over

the number Npvap of experimental vapour pressure points (Npvap = 214) or Nρsat saturated

liquid density points (Nρsat = 336), while the third term sums over the number NhE of

experimental molar excess enthalpy points (NhE = 25). The last two terms sum over LLE

data points of the ethanol+tetradecane mixture: NxC14
ethanol-rich equilibrium mole fraction

data points (NxC14
= 7) and NyC14

alkane-rich equilibrium mole fraction data points (NyC14

= 9). Ω denotes the vector of parameters to be estimated. The desired level of accuracy for

each calculated (calc) property can be adjusted by means of weighting factors: w1 for Npvap ,

w2 for Nρsat , w3 for NhE , w4 for Nxj , and w5 for Nyj . In this case, w1 = w2 = 5, w3 = 1,

w4 = w5 = 10 are employed. The estimations are performed using the commercial software

package gPROMS.79

The objective function function used in the parameter estimation for the CH3 - H2O and
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CH2 - H2O binary interaction parameters is given by:

min
Ω
fobj = w1

∑
C5,C8

Nxi∑
q=1

[
xexp
i (Tq)− xcalc

i (Tq; Ω)

xexp
i (Tq)

]2

+ w2

C10∑
C5

[
xexp
i (298)− xcalc

i (298; Ω)

xexp
i (298)

]2

+ w3

C10∑
C5

Nyj∑
q=1

[
yexp
j (Tq)− ycalc

j (Tq; Ω)

yexp
j (Tq)

]2

,

(16)

in which sums over the square of the relative residuals between the experimental (exp) and

calculated (calc) equilibrium mole fraction of the alkane in the water-rich (liquid) phase

xi(T ) and xi(298) (water-rich phase compositions at T = 298.00 K) and alkane-rich (liquid)

phase yj(T ) of a given mixture at specified values of temperature (including yj(298)) over

all experimental points, where i denotes n-alkane and j denotes water. Nxi = 15, Nyj =

21, and weighting factors w1 = 5, w2 = 10 and w3 = 1 are used. The minimisation is

performed using the commercial software package gPROMS.79 A multistart gradient-based

optimisation algorithm (HELD algorithm)80,81 is used as input to local optimisations.

The objective function used in the parameter estimation for the CH2OH - H2O binary

interaction parameters is given by:

min
Ω
fobj = w1

Nxi∑
q=1

[
xexp
i (Tq, pq)− xcalc

i (Tq, pq; Ω)

xexp
i (Tq, pq)

]2

+ w2

Nyi∑
z=1

[
yexp
i (Tq, pq)− ycalc

i (Tq, pq; Ω)

yexp
i (Tq, pq)

]2

,

(17)

where the first sum is over the square of the relative residuals between the experimental

(exp) and calculated (calc) values of the equilibrium mole fractions of the water-rich (liquid)

phase xi(T ) and the second over the equilibrium mole fractions of the octanol-rich (liquid)

phase yi(T ) and where i denotes 1-octanol. Here Nxi = 8, Nyi = 8, w1 = 1 and w2 = 20.
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