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Chapter 1: Introduction 
 
 
In the words of the famous chemical engineer and entrepreneur Bodo Linnhoff  “Most 

chemical processes are network of different pieces of equipment. Usually, even the best 

pieces of equipment will give a poor overall process if linked up inappropriately in the 

network [1].” The fundamental concept behind process design is the selection of 

processing steps in the correct order and their integration into an operation unit. Since the 

1970’s, in the midst of the energy crisis, a new generation of process modeling tools and 

software were developed that led to the modernization of industrial chemical process 

design [1, 2]. The annual worldwide expenditure by the chemical industry on conceptual 

design, engineering, operation and maintenance of chemical, refining, polymer and power 

plants is estimated to be around $500 billion[3]. Process design decisions are therefore 

made with the aim of reducing unnecessary waste and reducing operating costs[4]. This 

calls for reliable theoretical frameworks, including equation of state or activity coefficient 

models, within process modeling tools that can accurately capture the thermo-physical 

properties and phase behavior of the systems under consideration.  

 Traditional theoretical methods, such as cubic equation of state and activity 

coefficient models, are still predominantly used in chemical process industries for 

thermophysical property and phase behavior calculations in fluid/solid systems. For 

example, the Soave-Redlich-Kwong[5] equation finds its application in air separation, 

gas processing, and petroleum refining processes. Similarly, the non-random two liquid 

(NRTL)[6] equation is often the model of choice in processes dealing with polymers/ 

oligomers while processes containing electrolyte solutions can be described using 

1 
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electrolyte NRTL[3, 7]. Although, these activity coefficient models and cubic equation of 

state are intuitive and simple to apply, in practice there is considerable room for 

improvement. These approaches typically work as correlative tools able to correlate 

experimental data, with extrapolation outside the range of available experimental data 

often unreliable The key point is that there needs to be sufficient experimental data in 

order to make these highly parameterized theoretical frameworks work[3]. In cases where 

inadequate experimental data is available to develop parameters or validate the model, 

empirical methods show limitations. Although group contribution methods such as 

UNIFAC[8] have somewhat helped to eliminate this limitation, there are still voids as its 

application is limited only to low pressure systems, which need to be filled in terms of 

thermodynamic property predictions for complex systems such as polymers and ionic 

liquids. An extensive discussion on the advantages and disadvantages of currently-used 

activity coefficient models and cubic equation of state and their applicability can be 

found in the review articles of Chen et al.[3] and Valderrama[9]. To summarize these 

reviews, the primary limiting aspect of classical cubic equation of state and activity 

coefficient models is that they are reliant on fitted parameters that do not carry any 

physical meaning. As a result, classical methods often fail in the study of complex fluids 

and mixtures to provide accurate predictions, as several fitted interaction parameters are 

required. 

 Over the years, the systems of interest from a process modeling perspective 

increase in complexity. For example, compounds such as surfactants, polymers with 

multiple functional groups, mixed solvents and multiple salt electrolyte systems, ionic 

liquids and polyfunctional molecules such as amino acids, peptides, and fatty acids are 
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now commonly considered during process development. These compounds contain 

anisotropies: anisotropy in molecular level interactions (for example, hydrogen bonding, 

polar, ionic fluids) or structural anisotropy (for example, long chains, molecules with 

branches e.g. branched alkanes). Thus, there is a need to have a thermodynamic modeling 

framework, which explicitly captures these molecular level interactions through 

physically meaningful parameters. In recent years, the statistical associating fluid theory 

(SAFT)[10, 11] has provided a major advancement in thermodynamic modeling as a 

molecular based theoretical framework that contains physically meaningful parameters. 

Due to the molecular model basis and firm statistical mechanical roots, systematic 

improvement of the SAFT theory is possible with the approximations made able to be 

validated against computer simulation results for the same molecular model. This has 

allowed many different versions of SAFT to be proposed that have been used to correlate 

as well as predict the thermophysical properties and phase behavior of a wide range of 

pure fluids and their mixtures. These systems include low molecular weight alkanes to 

simple polymers[12, 13], perfluoroalkanes[14, 15], alcohols[16, 17], water[18, 19], 

refrigerant systems[20, 21], carbon dioxide [22, 23], amines[24, 25], electrolytes[26-29], 

ionic liquids[30],  biomolecules[31], nanoparticles[32], polyhedral oligomeric 

silsesquioxanes (POSS)[33] and their binary mixtures[34, 35].  

Initial versions of the SAFT equation were somewhat simplistic in nature, with 

the contributions due to the monomer and chain interactions being described by different 

levels of theory. Such inconstancies in the theoretical framework of so-called first-

generation SAFT based equations of state were eliminated in subsequent versions, with 

both the monomer and chain terms typically being described by second order perturbation 
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theory[29, 36-38].  However more recently, in an effort to increase the predictive ability 

of SAFT-based equations of state, several group contribution schemes have been 

proposed[39-44], some of which are even capable of capturing structural anisotropy/ 

heterogeneity within the theoretical framework[41, 44]. In this work, a version of SAFT 

that describes molecules as chains of tangentially bonded spherical segments that interact 

through a potential of variable range - SAFT-VR[36]-is used to study two sets of unique 

systems: compounds with aromatic rings (i.e., benzene and alkylbenzenes) and 

electrolyte solutions (both aqueous and mixed solvents). In the chemical process industry, 

benzene is mainly used as a solvent for fats, waxes, resins, oils, inks, paints, plastics, 

rubber; also finds its application in the oil extraction from seeds and nuts. Alkylbenzenes 

find application in industry primarily as solvents. For example, methylbenzene (toluene) 

finds its application universally as a solvent and as industrial feedstock while 

ethylbenzene is applied as a solvent in inks, rubber adhesives, varnishes, and paints; it is 

also used as an intermediate reactant in styrene production. Due to their industrial 

importance, it is important to be able to capture the phase behavior of alkylbenzenes 

appropriately through theoretical an equation of state.  

 Electrolytes, more precisely aqueous electrolytes, are widely investigated systems 

due to their application in chemical processes such as osmosis and reverse osmosis, 

fertilizer production, water purification, geochemistry, electrochemistry, enhanced oil 

recovery, as well as in biological systems[45-49]. Although electrolyte solutions are 

simple in structure, significant anisotropies in the physical interactions are present[50-

52]. Electrostatic charged and polar interactions make the electrolyte systems highly non-

ideal. There are two ways available for modeling electrolyte solutions, one with implicit 
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solvent assumption also known as a primitive model[53] of electrolytes and another with 

explicit consideration of dipolar solvent molecules along with charged ions, known as 

non primitive model[54]. In the primitive model ions are considered to be in an implicit 

solvent represented by a dielectric continuum. The majority of the theoretical 

investigations into the thermophysical properties of electrolyte solutions to date utilize 

this implicit solvent model and therefore, are very limited in predictive ability. In 

primitive model, due to the consideration of implicit solvent ion-solvent interaction are 

not account appropriately, so the success of theoretical framework largely depends upon 

quality of input dielectric[26, 55]. Drawback in the theoretical formalism is compensated 

by the experiment dielectric constant. Since the dielectric constant is a property inputted 

to the problem, several key properties such as ionic concentration effect on the solvent 

dielectric,, solvation can never be accurately captured in existing primitive model based 

theoretical frameworks. Also, in general, electrolytes are modeled as fully dissociated 

species, and theoretical frameworks remain confined to a particular range of salt 

concentrations rather than the entire range from dilute solution up to the saturated salt 

limit. Using the recently developed, SAFT-VR+DE equation[29], a non primitive model 

based equation of state which explicitly considers the solvent within the molecular 

model, a range of thermodynamic properties across the range of temperature, pressure 

and salt concentrations have been studied and efforts have been made to overcome 

limitations of the existing theoretical frameworks available in the literature. 

 Although aqueous electrolyte systems have been widely investigated both 

experimentally as well as theoretically in the literature, studies of mixed solvent 

electrolytes are very limited. However, there is a great deal of interest from chemical 
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process industry point of view. The addition of salts alters the phase  equilibrium  

behavior of  systems containing more than one molecular solvents.  One prime example 

is the alteration of relative volatilities (salting-in or salting-out) and liquid-phase stability 

for  mixed-solvent  electrolyte  systems.  Because of the salt effect can  often  shift  phase  

equilibrium  toward  more  effective  separation  of  selective  components,  there is a 

potential for  using salts to enhance  separation processes. Although, there is actually a 

lack of experimental data from which to build a reliable and predictive model for mixed 

solvent electrolytes. All theoretical frameworks for mixed solvent electrolyte developed 

to date by only adopting primitive model of electrolyte and require knowledge of the 

appropriate dielectric constant. However, there is no experimental data for the dielectric 

constant available for mixed solvent electrolyte solutions. In this scenario, a non 

primitive model based equation of state provides an attractive alternative as no prior 

knowledge of solution dielectric constant is required, which instead is calculated within 

the theory from the solvent dipole moment. A non primitive model based theoretical 

framework can lead the way and predict thermodynamic properties, which may work as a 

forerunner for experimental studies. In this regard, SAFT-VR+DE equation of state have 

been extended for the study of mixed solvent electrolyte systems with a one-fluid like 

approximation for the mixed solvent. After the initial validation of the approximation 

within SAFT-VR+DE theoretical framework by computer simulation of model systems, 

SAFT-VR+DE has been applied for the study of thermodynamic property of real mixed 

solvent electrolyte systems. 

In the remainder of this chapter, a summary of the thesis that indicates the content 

of each chapters is provided.  
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 In chapter 2, a brief literature review of the statistical associating fluid theory 

(SAFT) based equation of state is presented. The development of the SAFT family of 

equation from basic SAFT theoretical framework is discussed, with particular focus on 

the SAFT-VR equation and it’s group contribution scheme in the GC-SAFT-VR 

approach.  

A novel-modeling scheme within group-contribution SAFT-VR approach for 

compounds with aromatic rings, in this case specifically for benzene and family of 

alkylbenzenes is presented in chapter 3. The structural asymmetry/ anisotropy has been 

treated explicitly with the previously developed GC-SAFT-VR equation of state. The 

correlated results of vapor pressure and saturated liquid densities for benzene to 

declybenzene are reported along with theoretical prediction of the same properties for 

undecylbenzene to octadecylbenzene. The study has been further extended to the binary 

phase behavior of mixtures of benzene/ alkylbenzenes, with both non-associating (alkane, 

ether) and associating fluids (alcohol, amines). 

A molecular model for aqueous electrolyte systems along with a detailed 

description of the SAFT-VR+DE equation of state is presented in chapter 4. Non-

primitive model based SAFT-VR+DE equation of state has been applied to study the 

mean ionic activity coefficient, osmotic coefficient, water activity coefficient, solution 

densities, Gibbs free energy of solvation, and dielectric decrement of nineteen different 

aqueous alkali halide electrolyte systems. Temperature and pressure effects on 

thermodynamic properties are also investigated. At higher salt concentrations, the 

proposed model has been improved with the inclusion of an ion-association term in salt 

specific cases to accurately capture the thermodynamic properties. 
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In chapter 5, the SAFT-VR+DE approach is extended to the study of mixed 

solvent electrolyte systems with a one-fluid like approximation for mixed solvents. The 

proposed approximation scheme within SAFT-VR+DE equation of state has been tested 

against NPT Monte Carlo simulation results for ionic salt and dipolar solvent particles of 

different sizes, polarity, ionic and solvent concentrations at different conditions 

(temperatures and pressures).  

In chapter 6, the SAFT-VR+DE approach is applied to several water + alcohol 

mixed solvent alkali halide electrolyte systems. Solvent parameters are developed using 

the SAFT-VR+D approach and dielectric property of salt free mixed solvent systems are 

predicted. Thermodynamic property, mean ionic activity coefficients for mixed solvent 

electrolyte systems are predicted for a wide range of salt and solvent concentrations. 

Finally, in chapter 7 concluding remarks are made and recommendations for 

future works are discussed in this chapter. 
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Chapter 2: Background 
 

2.1 Statistical associating fluid theory  
 
The statistical associating fluid theory (SAFT), developed by Gubbins and co-workers 

[10, 11] based on the thermodynamic perturbation theory (TPT) of Wertheim [56-59], has 

gained considerable popularity in both the academic and industrial communities over the 

last twenty-five years. In the SAFT framework a molecule is modeled as a chain of 

spherical segments tangentially bonded together that interact via repulsive and dispersive 

interactions and short ranged attractive (association) interactions when appropriate. A 

representative schematic diagram of a SAFT fluid is presented in the figure 2.1.  

 

 

Figure 2.1 Schematic picture of formation of SAFT chain associating fluids. A collection of hard spheres 
which interact through dispersion interaction, and those hard spheres tangibly bond together to form chain 

molecules, then those molecules interact through association interaction.[60] 

 
 Within the SAFT formalism the Helmholtz free energy ( ) for an associating chain 

fluid is expressed as a combination of four contributions: 

  (2.1) 

where  is the number of chain molecules,  is Boltzmann’s constant and  is the 

temperature. is the ideal free energy, is the contribution to the free energy due 

to the monomer segments, is the contribution due to the formation of bonds 
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between monomer segments, and  is the contribution due to association. In the 

initial studies, Chapman et al. [11, 61] used the SAFT equation of state to model 

Lennerd-Jones (L-J) chain molecules with one or more hydrogen-bonding sites, where 

the L-J segment free energy contribution term was taken from the work of  Twu et. al. 

[62] or Cotterman et. al. [63] in subsequent works (ref  [11, 61]). However, the reference 

system in chain and association terms was described by a hard sphere fluid instead of the 

L-J fluid. In subsequent work, Johnson et. al.[64, 65] proposed a version of SAFT for 

chain composed of tangentially bonded Lennerd-Jones (L-J) spheres, where the free 

energy due to chain contribution and radial distribution function for LJ polymeric fluid 

was obtained by fitting to the molecular simulation data of internal energy and pressure at 

wide range of conditions ( 0.005 ≤ ρ* = ρσ LJ
3 ≤ 1.25  and  0.7 ≤ T* = kbT ε LJ ≤ 6.0 ). Later, 

Muller et. al.[49] further extended the approach to associating Lennard-Jones chains by 

including the association term.  

 Huang and Radosz developed a version of SAFT, referred as SAFT-HR[66, 67], 

using a similar approach as Chapman et al., with the expression for dispersive interaction 

taken from the work of Chen and Kreglewski[68], where the dispersive energy 

parameters for the dispersion term were obtained by fitting to the thermodynamic 

property data (pressure-volume-temperature (PVT) and internal energy) of argon. SAFT-

HR has been mostly applied to the study of polymeric systems and able to successfully 

capture liquid-liquid and vapor-liquid phase behavior of a wide range of systems 

containing polymers[69-73], olefins[69], alkenes[71], CO2[72] despite of its simple 

treatment. 

 In another extension of SAFT, SAFT-HS[74, 75] was proposed by Jackson et al., 

 Aassoc
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which can also be referred as the simplest version of SAFT. In SAFT-HS equation of 

state, monomers are modeled as dispersive hard spheres with Carnahan and Starling 

expression[76] is used to describe hard sphere interactions and van der Waals mean field 

attraction term for the representation of dispersive interaction. Whereas only hard sphere 

radial distribution function expression given by Carnahan and Starling are used to 

evaluate contact values within chain and association free energy contribution terms. 

Proposed equation of state was primarily used to study systems with strong associating 

forces and was successful in describing phase equilibrium and critical behaviors mixtures 

containing water with alkane[77], difluoromethane[78], 1,1,1,2-tetrafluoromethane[78], 

hydrogen fluoride, alkyl polyoxyethylene surfactants[79] and alcohol[78]. The theory 

was able correlate complex closed loop liquid-liquid equilibrium phase behavior of the 

water−alkylpolyoxyethylene surfactant mixtures systems[79] with relatively simpler 

SAFT-HS.  

 Blas and Vega[80] used the approach as proposed by Johnson et al. with a 

Lennerd-Jones reference fluid term and referred to the approach as soft-SAFT. Soft-

SAFT has been successfully applied to study phase behavior, second derivative 

properties[81], excess properties[82] of wide variety of fluid and fluid mixtures including 

light and heavy n-alkanes[82-84], alkenes[85], 1-alcohols[85] and their binary and 

ternary mixtures[85], perfluoroalkanes[86, 87], carbon dioxide[88, 89], oligomers[90], 

room temperature ionic liquids[91], biodesels[92], N2O[93]. 

 In another development, SAFT has been extended to model monomer segments 

with attractive potentials of variable range (SAFT-VR) by Jackson et al.[36, 94] Variable 

range potential can be represented by square well, L-J, Mie, Yukawa. In this version of 
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the theory the dispersive interactions are treated via a second-order high-temperature 

perturbation expansion, providing a more rigorous description of the thermodynamics 

than found in simpler versions of the SAFT approach SAFT-VR EOS provides better 

description of the dispersion interactions than the SAFT-HS EOS and also has the 

advantage over other SAFT s in that it uses analytical expressions to describe the 

monomer fluids. In this way the theory can readily extended by using different 

approximations for the reference fluid. SAFT-VR has been successfully used to describe 

the fluid phase equilibrium of a wide range of industrially important systems; for 

example, alkanes[75, 95-97] of low molar mass through to simple polymers[96], and 

their binary mixtures, refrigerant systems: perfluoroalkanes[98, 99], alcohols[100, 101], 

water[19, 102], petroleum fluids[103], asphaltene[104] and carbon dioxide[88, 105, 106], 

have been studied.   

 In contrast with previously described versions of SAFT, PC-SAFT[107], another 

version of SAFT EoS, was developed by considering hard chain as reference model 

instead of a hard sphere. In PC-SAFT formalism, the expression for reference hard chain 

term is similar to original SAFT approach[74], where as the expression for the perturb 

chain term, representative of dispersive interactions, was obtained by integral expressions 

for the first- and second-order terms refitted to appropriate Taylor series expansions in 

density using pure n-alkane phase behavior data[108] and the association term was taken 

from the original work of Wertheim. The PC-SAFT equation of state has been 

successfully applied to the study of high-temperature and pressure vapor-liquid and 

liquid–liquid equilibrium of associating[24], non-associating, polar[109], non-polar fluids 

such as short-chain hydrocarbons[108], benzene[24], alkylbenzenes, CO2, N2, 
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polymers[110], water, ionic liquids[111], pharmaceuticals[112, 113], asphaltenes[114] 

with considerable accuracy. In cases PC-SAFT, gave improved performance compared to 

preliminary SAFT versions such as one due to Huang and Radosz but  

 Later, a simplified version of PC-SAFT EoS, (sPC-SAFT) was proposed in order 

to reduce the computational time and programming efforts. The main deference between 

sPC-SAFT and PC-SAFT lies in the hard sphere, radial distribution function in chain 

term and association term. It is in sPC-SAFT assumed that all segments have same 

diameter in mixture and as a result of that Carnahan-Starling expressions for the free 

energy and radial distribution function of a pure component hard sphere system are used 

and the association term becomes relatively simpler. The approach is mainly applied to 

the phase equilibrium modeling of polymer systems[110, 115, 116]. 

 In recent works, several group-contribution based SAFT approaches have been 

proposed in an effort to develop a more predictive approach and enable the study of 

systems for which there is limited experimental data. In group-contribution approaches 

parameters for functional groups are developed rather than molecular parameters. This 

approach allows one to build up a molecule based upon the knowledge of the functional 

groups and predict the thermodynamic and phase behavior without fitting to any 

experimental data. Several group-contribution based SAFT EoS have been developed to 

date. For instance, the group-contribution based SAFT approach by Tobaly et al[39, 117-

119], SAFT-γ approach[40, 120, 121], group-contribution SAFT-VR (GC-SAFT-VR) 

EoS[122-124], GC-PC-SAFT[42, 125], GC-sPC-SAFT[43], Hetero-segmented PC-SAFT 

EoS[44]. Amongst these approaches only GC-SAFT-VR and Hetero-segmented PC-

SAFT EoS allow modeling of a molecule as heterogeneous chain. 
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Amongst several group-contribution versions of SAFT, the first real group-

contribution based SAFT approach was proposed by Tobaly et al. [39, 117-119], a group 

contribution scheme that has been applied to the SAFT approach (referred as GC-SAFT) 

due to Huang and Radosz [11] (denoted as SAFT-0 in their work), the SAFT-VR 

equation[36] and the PC-SAFT equation[126] for the study of wide variety of compounds 

such as The phase behavior of a wide range of pure fluids such as linear alkanes[39], 

alkylbenzenes[39, 119], alkylcyclohexane[39], olefins[39], alcohols[39, 119], 

esters[127], ethers[128], aldehydes[128], ketones[128] and their various mixtures[117, 

129-131] have all been studied using this group contribution method. In this GC approach 

parameters are determined for the different functional groups present in the molecule by 

fitting the GC-SAFT parameters to the vapor pressure and saturated liquid densities of 

the pure compounds. Although parameters for individual functional groups are 

determined, the molecular parameters are obtained by taking the geometric and arithmetic 

averages of the group parameters, thus converting the model into a homo-segmented 

chain molecule. The approach therefore requires no modifications to the original SAFT-

0, SAFT-VR or PC-SAFT expressions. Therefore, the method can be outlined as GC-

based mixing rule for molecular parameters implemented into several SAFT versions, 

which can explicitly capture thermodynamic behavior in terms of the different groups 

making up the molecules. 

In another development, Tihic et al.[43] proposed a group contribution scheme 

based on a sPC-SAFT[132] and applied it to different systems consisting of 

hydrocarbons, polar compounds, and polymers[43, 133, 134]. It is again a homo nuclear 

model based GC method but the difference with the GC-SAFT approaches by Tobaly et 
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al. lies in the averaging scheme, how the group parameters are weighed based upon their 

impact on thermodynamics and structure.  Furthermore, in the work of Tihic et al., a 

much greater number of functional groups are defined in order to build compounds with 

smaller building blocks.  

 The major shortcoming of the described homo-segmented group contribution 

methods is that they disregard connectivity between the groups and as a result structural 

anisotropy is completely ignored. Vijande et al.[42, 125] proposed another GC- 

methodology based upon PC-SAFT for modeling molecules, in which account of 

molecular topology was taken through mutual perturbation coefficients describing to 

what extent each group present in the molecule affects the others. The method was shown 

to be capable of accurately capture phase behavior for some small and long chain linear 

and branched hydrocarbons, ethers, and esters [42, 125] but again heterogeneity was not 

considered within the chain term. 

Subsequently Lymperiadis et al.[40] proposed the SAFT-γ approach, also based 

upon the SAFT-VR equation, in which the SAFT monomer fluid is defined as a 

collection of heteronuclear segments of different types that in turn form homonuclear 

chains, as in the original SAFT-VR approach. A number of functional groups[40, 120] 

have been defined that allow the phase behavior of alkanes, alkylbenzenes, alcohols, 

ketones, amines, carboxylic acids and alcohols to be studied[40, 120, 121].  

In another development, GC-SAFT-VR [122-124] was proposed in which 

formalism, a molecule is described as a chain formed of heteronuclear segments. For the 

first time heterogeneity was taken into account through the modification of chain term 

within GC framework. In subsequent work [124], association contribution was added 
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with in the model, which even gives the flexibility of placing an association site on a 

specific segment. Within GC-SAFT-VR approach a range of functional groups such as 

CH3, CH2, C=O, OH, NH2 etc were defined for the study of wide variety of systems from 

simple alkanes to complex polymers, acid, ester, alcohol molecules.  

 In recent development, a hetero-segmented group contribution version of PC-

SAFT EoS was proposed by Gross et al. [44] refered as hs-PC-SAFT. In hs-PC-SAFT 

theoretical framework, the chain term was modified to incorporate the connectivity 

between heterogeneous segments and hence heterogeneity was captured in the structure 

of molecule as in the case of GC-SAFT-VR. In the study, series of saturated 

hydrocarbons was studied using several simple functional groups defined within the hs-

PC-SAFT framework. The investigated systems comprise pure n-alkanes, branched 

alkanes, alkyl-monosubstituted cyclohexanes, cyclopentanes and wide ranges of 

properties such as liquid and vapor density, vapor pressure, enthalpy of vaporization, 

surface tension, isobaric heat capacity, speed of sound, the Joule–Thomson coefficient, 

the Joule–Thomson inversion curve, and the second virial coefficient were studied with 

excellent accuracy. 

.  Since in this work as we apply GC-SAFT-VR and develop different versions of 

SAFT-VR equations of state, in following part of this chapter we provide a detailed 

overview both SAFT-VR and GC-SAFT-VR equations of state.    

2.2 SAFT-VR 
 
In the SAFT-VR formalism a molecule is comprised of a homonuclear chain formed 

from hard-core monomers with attractive potentials of variable range (square-well, LJ, 

Mie and Yukawa), typically a square-well potential[135]. The attractive spherical 
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monomeric segments of diameter (σ )  interact through the intermolecular square well 

potential given by, 

uij
SW (r) =

+∞ if r < σ ij

−εij if σ ij ≤ r < λijσ ij

0 if r ≥ λijσ ij

⎧

⎨
⎪

⎩
⎪

 

(2.2) 

where ε  gives the depth and λ gives the range of square-well potential. Detailed 

expressions for each term of the equation 2.1 are presented in turn below. 

  

2.2.1 Ideal contribution 

The Helmholtz free energy contribution of an ideal gas is given by, 

 (2.3) 

where,  is the molecular number density, and  is the thermal de Broglie 

wavelength which incorporates the kinetic (translational, rotational, and vibrational) 

contributions to the partition function of the molecular chain. 

2.2.2 Monomer contribution 

The monomer free energy of the pure fluid is given as, 
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where,  is the number of square well dispersive spherical monomer segments in each 

chain,  is the number  of spherical monomer segments and aM is the excess Helmholtz 

free energy contribution due to the interactions of the square well monomer segments in 

this case.  
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Square-well Interactions:  

From the Barker and Henderson perturbation theory[136, 137], originated from high 

temperature expansion approach of Zwanzig[138], the monomer-monomer square well 

dispersion free energy per segment can be obtained. The high temperature expansion of 

the Helmholtz free energy is obtained as a series taken up to the second-order of the 

inverse of the temperature, using hard-sphere system as reference fluid given by the 

following expression, 

   a
M = aHS + βa1

SW + β 2a2
SW  (2.5) 

where ,  is the free energy contribution due to reference hard sphere fluid,  

 and  are the first two perturbation terms associated with  the  attractive energy 

, and in the SAFT-VR approach the series is truncated at second order. The free 

energy expression for the reference hard sphere is obtained from Carnahan and Starling 

equation of state[76] and given by, 

  (2.6) 

where, is the system packing fraction, related to the molecular number density 

expressed as, .   

First–order perturbation term: 

The mean attractive energy  corresponds to the average of the monomer-monomer 

interaction calculated with the hard sphere structure is given by[139],

  (2.7) 
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where, is the number density of spherical segments and is the pair 

radial distribution function of the hard-sphere reference system. 

The van der Waals (VDW) mean field energy is calculated by taking  for all 

inter-molecular distances. This corresponds to the assumption of random correlation  

between the position of the particles. Under this approximation, the  corresponds to 

  is given by, 

  (2.8) 

where,  is the van der Waals attractive parameter. 

The pair radial distribution function of hard sphere systems is solved analytically by 

using mean value theorem, and correlates to the first perturbation term with van der 

Walls attractive energy constant in the following way[135], 

  (2.9) 

where, represents certain distance in the expression dependent upon the density and 

range. In case of square well variation of variable range potential, the van der Waals 

attractive parameter is given by, 

  (2.10) 

In the work of Gil Villegas et al.[135], it has been discussed, that since the leading term 

of the Tayor expansion of around contact value, is , it is reasonable to 

represent the full function of with leading term and the expression reduces to, 
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where,  evaluated with an effective packing fraction at contact. The final 

expression for  term becomes, 

  (2.12) 

where the Carnahan and Starling equation of state is used to evaluate . 

  (2.13) 

For range , the effective packing fraction is described by a function of 

 and , viz 

  (2.14) 

where the coefficients are given by 

  (2.15) 

In recent work, Patel et al.[140] examined other functional forms for  in order to 

increase the applicable range of λ to 3. The Pade expression proposed by Patel et al., is 

given by, 
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Second–order perturbation term: 

The second perturbation term  is obtained from the first density derivative of 

within the local compressibility approximation 

  (2.18) 

where is the hard-sphere isothermal compressibility of Percus-Yevick (PY) 

  (2.19) 

2.2.3 Chain contribution  
 
The contribution to the free energy due to chain formation from the monomer segments is 

given in terms of the contact value of the pair background distribution function of the 

monomers, 
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= −(m −1)ln ySW σ( )( )  (2.20) 

where, ySW r( ) is the background correlation function and obtained from the high-

temperature expansion of the pair radial distribution function . The expression of 

the background correlation function is given by, 
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truncated at first-order term . So, for the square-well fluid the radial distribution 

function is given by 

  (2.22) 

where, is obtained from the equation  evaluated at . The expression for  

is derived from a self-consistent method for the pressure using Clausius virial theorem 

and the density derivative of the Helmholtz free energy and given by,

  (2.23) 

2.2.4 Association contribution 
 
The excess free energy contribution due to the association of s sites on a chain molecule 

is given by[74],  

  (2.24)
 

 

where, the first sum is over all  sites of type  in a molecule, and is the fraction of 

molecules not bonded at site  

  (2.25) 

where, is the association strength  between sites of kind  and kind ; given by, 
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which for water association is mediated by four dispersive SW association sites. The 

expressions for  and  are given by, 

 
  
fa,b = exp −ψ a,b kbT( )−1 (2.27) 
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where, is the position of the site within the molecule and represents range of 

association site. Although in most studies, is obtained directly by fitting to the 

experimental phase behavior data rather than fitting for and . 

. 

2.3 GC-SAFT-VR 
 
SAFT-VR equation of state forms the basis behind the development of two group 

contribution based equations of state, viz. GC-SAFT-VR and SAFT-γ. GC-SAFT-VR 

explicitly captures the heterogeneity within the molecular structure (hetero-segmented 

chain) as opposed to SAFT-γ, which considers molecules to be homonuclear chains. In 

the GC-SAFT-VR formalism a molecule is described as a chain formed of heteronuclear 

segments, which interact through square well dispersive interactions, where specific 

groups can have short ranged square well associating sites. GC-SAFT-VR equation of 

state defines a molecule through a combination of different segments and connectivity, 

which provides an appropriate framework to accurately capture the nature of the 

molecular structure, including branching and location of functional groups within a 
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molecule. This hetero-segmented approach also provides the liberty of explicitly defining 

different functional groups such as CH3, CH2, C=O, OH etc. Once parameters have been 

determined for a wide range of functional groups, within the GC-SAFT-VR approach, a 

number of different molecules, which were not included in the fitting procedure, can then 

be modeled by connecting appropriate functional groups and thus enhances predictive 

nature of the theoretical model in the study of thermodynamic properties and phase 

behavior. For example, in figure 2.2, an ethyl acetate molecule has been presented. The 

molecule is formed by functional groups CH3, OCH2, C=O. The GC-SAFT-VR 

parameters, segment diameter σ, well depth ε, potential range λ and number of segments 

m, of these function groups are obtained by fitting to the experimental data for members 

of alkane, ether and ketone families respectively and functional group parameters can be 

used in a transferable manner to compute vapor pressure and saturated liquid densities of 

ethyl acetate. The cross interaction between simple function groups are obtained by using 

Lorentz-Berthelot combining rule[141] in the following way, 

 
 
ε ij = ε iiε jj   (2.29) 

 
 
λij =

λiiσ ii + λ jjσ jj

σ ii +σ jj

 (2.30) 

Where as interactions involving polar groups are expected to show some deviations from 

Lorentz-Berthelot combining rule and hence the unlike interactions between those 

functional groups are obtained by fitting to the pure experimental data of compound 

consists of both the groups.  
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Figure 2.2: Schematic picture of ethyl acetate formed by combining CH3, OCH2 and C=O groups. 

 
Similar to the SAFT VR EoS, repulsive and attractive interactions between segments that 

represent the functional groups are treated by a square-well (SW) potential. In this 

framework GC-SAFT-VR[122] Helmholtz free energy is represented as a combination of 

four contributions ideal, monomer, chain and association. A schematic representation of 

different contributions for model hetero segmented chain associating fluid has been 

provided in figure 2.3.  

 

 

Figure 2.3: Schematic picture of formation of hetero-segmented chain fluids, theoretically represented by 
GC-SAFT-VR. A collection of hard spheres of asymmetric sizes which interact through asymmetric 

dispersion interactions, and those hard spheres tangibly bond together to form a hetero-segmented chain 
molecules, then those molecules interact through association interaction. The sites can be placed upon the 

specific segment of a molecule as intended. 

 

2.3.1 Monomer contribution 
 
The monomer free energy term in the GC-SAFT-VR framework for a n-component 

mixture is given by, 
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The first sum is over all the different segments and the second one is over number of 
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compounds present in the mixture. represents number of types of functional group 

present and  represents the chain length of functional group of type i. The free energy 

of the reference hard sphere (HS) mixture is derived from the expression of Boublik 

[142] and Mansoori [143] as 
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where, is the reduced density given by a sum over all segments given by following 

expression, 
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where ,  is the diameter of segments of type in chain  and the segment 

fraction of type  in chain , expressed as 
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∑
 (2.34) 

The first perturbation term describing the mean-attractive energy is obtained from 

the sum of all pair interactions for mixtures of different kinds of segments and are given 

by following sets of equation, 

   
a1 = xs,kixs,lj a1( )

ki,lj
i=1

nk
'

∑
k=1

n

∑
j=1

nl
'

∑
l=1

n

∑  (2.35)  

n
k

'

m
ki

a
HS

 ζ l

  
σ ki,ki  i  k   

xs,ki

 i  k

  (a1)



27 

 
a1( )ki ,lj = −ρs

2π
3
σ ki ,lj
3 εki ,lj λki ,lj

3 −1( )g0HS σ x ;ζ x
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⎣
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The hard sphere radial distribution function is calculated from the Carnahan and 

Starling equation of state evaluated at using the Padé expression proposed by Patel et 

al. given by equation 2.18 and 2.19. 

   

g0
HS σ x ;ζ x

eff λki,lj( )⎡
⎣

⎤
⎦ =

1−ζ x
eff 2

1−ζ x
eff( )3  (2.37) 

where, 

   
ζ x =

π
6
ρsσ x

3 = π
6
ρs xs,ki

i=1

nk
'

∑
k=1

n

∑
j=1

nl
'

∑
l=1

n

∑ xs,ljσ ki,lj
3  (2.38) 

The second-order monomer perturbation term for the mixture of molecules made up of 

heterogeneous segments is given by, 
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2.3.2 Chain contribution 
 
The free energy term for chain interactions between a functional group of type i present 

in molecule k with a functional group of type j in molecule k for a n-component mixture 
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is given by, 

 Achain

NkBT
= − xk ln yki ,kj

SW

ij
∑

k=1

n

∑ σ ki ,kj( )  (2.42) 

where the first sum is over all components in the mixture and the second sum considers 

the chain formation and connectivity of the segments within a given chain k. The 

background correlation function is in turn given by,  

   (2.43) 

where  is the radial distribution function for the SW monomers at the contact 

distance  and is approximated by a first-order high-temperature perturbation 

expansion[135]. The exact form of the above mentioned equation depends on the number 

of different types of segments and connectivity of the molecules being studied.  

2.3.3 Association contribution 

The association contribution between sites on different functional groups forming the 

molecules is expressed as follows[124], 
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where, the first sum is over the number of components ,the second sum corresponds to 

a sum over all the types of functional groups in a molecule  ( ), and the third sum is 

over the total number of site types in a functional group  ( ); is the number of 

associating sites of type a on each functional group of type , and is the fraction of 
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component not bonded at site a on functional group . The fractions are obtained 

from the solution of the mass-action equation expressed as

  (2.45) 

One should note that GC-SAFT-VR is only SAFT based equations of state, which 

presents the opportunity of placing the associating sites to a specific functional group.  
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Chapter 3: Accurately modeling benzene and alkylbenzenes using a group 
contribution based SAFT approach 

 

3.1 Introduction 
 
Knowledge of the phase behavior of multi-component mixtures is essential for separation 

and purification techniques in the chemical process industry.  Design and analysis of such 

operations requires the quantitative knowledge of the equilibrium composition of co-

existing vapor and liquid phases. One way of catering to this need is by performing 

experimental measurements; however, increasingly theoretical tools that can predict 

phase behavior are being sought as an alternative means of generating “pseudo” 

experimental data.  Classical equations of state (EoS), such as the Peng-Robinson and 

Soave-Redlich-Kwong[5] equations, and activity coefficient models[144, 145], have long 

been used to study phase behavior; however, their role tends to be as a more correlative, 

rather than predictive, tool for all but the simplest of systems and typically rely heavily 

on adjustable parameters fitted to experimental data in order to obtain accurate results, 

thus limiting their predictive ability[9, 146].  

Over the past two decades significant advances have been made in the 

development of theoretical approaches based upon molecular-based models that can be 

used for the prediction of thermodynamic properties and phase behavior.  The statistical 

associating fluid theory (SAFT)[10, 11, 147] is one such approach that has been 

successful in describing the phase behavior of a wide range of industrially important 

complex fluid systems.  Based on Wertheim’s first-order perturbation theory (TPT1)[56-

59], in the SAFT framework molecules are described as chains of tangentially bonded 

homonuclear spherical segments that can interact through short ranged dispersion and 

association interactions. Since the introduction of the original SAFT EoS by Gubbins and 
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co-workers[10] many modifications have been made to the original equations and 

different versions of SAFT proposed (see for example the recent review by McCabe and 

Galindo[38]), which has resulted in the application of SAFT to a wide range of fluid 

systems[148]. Typically the SAFT parameters for a pure fluid are fitted to vapor pressure 

and saturated liquid and vapor density data, and when mixtures are studied, cross 

interactions determined either from Lorentz-Berthelot combining rules or by fitting to 

experimental mixture data. The cross interaction parameters are generally found to be 

transferable in that they can be used to accurately predict the phase behavior over a wide 

range of temperatures and pressures and predict the phase behavior of similar systems, 

such as within a homologous series[14, 75, 149, 150]. 

In recent works, several group-contribution based SAFT approaches have been 

proposed in an effort to develop a predictive approach that can be used for systems where 

experimental data is limited; the idea being that parameters can be developed based on 

functional groups, rather than molecular parameters. In the first real group-contribution 

based SAFT approach Tobaly et al.[39, 117-119] proposed a group contribution scheme 

(GC-SAFT) that could be applied to the SAFT approach due to Huang and Radosz[11], 

the SAFT-VR equation[36] and the PC-SAFT equation[126]. In their approach 

parameters are determined for the different functional groups present in the molecule by 

fitting the GC-SAFT parameters to the vapor pressure and saturated liquid densities of 

the pure compounds. Although parameters for individual functional groups are 

determined, the molecular parameters are obtained by taking the geometric and arithmetic 

averages of the group parameters, thus converting the model into a homo-segmented 

chain molecule. The approach therefore requires no modifications to the original SAFT-
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0, SAFT-VR or PC-SAFT expressions.  The phase behavior of a wide range of pure 

fluids such as linear alkanes[39], alkylbenzenes[39, 119], alkylcyclohexane[39], 

olefins[39], alcohols[39, 119], esters[127], ethers[128], aldehydes[128], ketones[128] and 

their various mixtures[117, 129-131] have all been studied using this group contribution 

method.  

Subsequently Lymperiadis et al.[40] proposed the SAFT-γ approach, also based 

upon the SAFT-VR equation, in which the SAFT monomer fluid is defined as a 

collection of heteronuclear segments of different types that in turn form homonuclear 

chains, as in the original SAFT-VR approach. A number of functional groups[40, 120] 

have been defined that allow the phase behavior of alkanes, alkylbenzenes, alcohols, 

ketones, amines, carboxylic acids and alcohols to be studied.[40, 120, 121] In similar 

work, the group-contribution SAFT-VR (GC-SAFT-VR)[41, 123, 124] EoS based on the 

SAFT-VR equation has also been proposed. In the GC-SAFT-VR approach a collection 

of heteronuclear segments representing the different functional groups in a given 

molecule are considered to form the model chain. The GC-SAFT-VR EoS therefore 

allows the location of functional groups and association sites within a molecule, to be 

specified by retaining the identity of the functional groups in the model chain and 

defining the connectivity of the segments within the chain.  Using this hetero-segmented 

approach GC-SAFT-VR parameters have been developed for a wide range of organic 

functional groups that allow the phase behavior of compounds such as alkanes linear and 

branched[41], alkenes[41], alkylbenzenes[41], ketones[41], acetates[41], esters[41], 

alcohols[124], aldehydes[124], amines[124], carboxylic acids[124] and polymers[123] 

containing these functional groups to be studied.  
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While these group-contribution based SAFT approaches have been shown to be 

successful in predicting fluid phase behavior for most systems, all three approaches 

appear to struggle with the description of alkylbenzene molecules using a group 

contribution scheme. To model alkylbenzenes Tamouza et al.[39] introduced the (C=)Bz 

group to describe the benzene ring and obtained both SAFT-VR[36] and SAFT-0[11] 

parameters by fitting to the vapor pressure and saturated liquid density data of ethyl to 

decylbenzene.  While the correlated results show low deviations from the experimental 

results, due to the exclusion of experimental data at temperatures higher than 453K from 

the correlation, this is somewhat misleading as can be seen from Figure 3.1a.  With the 

SAFT-γ approach Lymperiadis et al.[40] introduced two functional groups ACCH2 and 

ACH (where A stands for aromatic) to model alkylbenzene molecules that also fails to 

predict the correct curvature seen in the experimental liquid density data of alkylbenzenes 

(as shown in figure 8 of Lymperiadis et al[40]).  In the GC-SAFT-VR approach both 

benzene and alkylbenzenes were studied[41] by describing, the benzene ring as a single 

functional group. Similar to the GC-SAFT and SAFT-γ approaches, the theory was not 

able to accurately correlate the alkylbenzene liquid densities as shown in Figure 3.1b. 

While in both the GC-SAFT and SAFT-γ approaches the alkylbenzene molecule is 

treated as a homonuclear linear chain, the heteronuclear treatment provided by the GC-

SAFT-VR approach, in which the benzene segment has different parameters from the 

alkyl chain, does not appear to address the problem.  
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Figure 3.1: Theoretical results for liquid densities of alkylbenzenes obtained from (a) the GC-SAFT 
approach using parameters reported by Tamouza et al.[39] for octylbenzene to ethylbenzene from left to 

right and (b) the GC-SAFT-VR approach using parameters reported by Peng et al.[41] for octylbenzene to 
ethylbenzene from left to right. Symbols and solid lines represent the experimental and theoretical 

results[151] respectively. 

Perhaps in recognition of this problem, subsequently NguyenHuynh et al[119] 

introduced a quadrupolar term into the GC-SAFT approach and two new functional 

groups ((CH)AB in the benzene ring and (C)BR to describe the connection between the 

benzene ring and the alkyl chain) were defined to model alkylbenzene molecules. 

Parameters for the new functional groups were obtained for use in the SAFT-0[11], 

SAFT-VR[36], and PC-SAFT[126] frameworks by fitting to the experimental 

coexistence data for pure benzene to decylbenzene and benzene + hexadecane, benzene + 

toluene, and ethylbenzene + octane mixtures.  The quadrupolar moments of benzene and 

the alkylbenzenes were included in the fitting procedure as adjustable parameters. 

Inclusion of polarity into the model did not improve the theory in terms of obtaining the 

correct curvature in the saturated liquid densities of the alkylbenzene molecules[152]. 

From these prior studies it is clear that a modeling scheme that captures the π-π 

electronic interactions[153] between benzene molecules is needed in order to accurately 

describe the phase behavior of these molecules. In order to achieve this, the benzene ring 
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has been broken into several smaller segments, which introduces three new functional 

groups, CH=(Bz) for the CH groups in benzene, CH=(aBz) for the CH groups in 

alkylbenzenes, and C= for the connection point in alkylbenzenes, and explicitly form a 

ring by considering the appropriate number of bonds amongst these segments. After 

demonstrating that a more accurate theoretical description of the phase behavior of the 

pure compounds can be obtained, then the study has been extended to mixtures. The 

binary phase behavior of benzene and alkylbenzenes with alkanes through to strongly 

associating molecules, such as amines and alcohols have been studied and the results 

compared with experimental data. 

3.2 Molecular model and theory 
 
In the proposed model of benzene and alkylbenzene molecules the aromatic ring is 

broken down into several smaller segments (Figure 3.2). In the case of benzene, the ring 

is divided into six CH= segments with six bonds between the segments forming a closed 

ring.  In the case of alkylbenzene molecules, the ring is modeled as a combination of 

CH= and C= segments; five CH= segments in the alkylbenzene molecule are connected 

together with four bonds, with one C= segment bonded to two CH= segments, to form a 

closed ring. In the benzene molecule the six π electrons in the benzene ring occupy the 

lower energy bonding orbitals; this arrangement accounts for the stability of benzene. 

Attachment of an electron donating alkyl group to the benzene ring effects the electron 

cloud above and below the ring (the alkyl group donates electrons making the ring more 

electron rich[154, 155]), which in turn affects the orientation of the electron cloud.  To 

take this behavior into account, two different set of parameters for the CH= functional 

group have been considered for the benzene and alkylbenzene molecules. The CH= 
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groups in alkylbenzenes are denoted by CH=(aBz) and those associated with benzene, 

denoted as CH=(Bz). So, for example, if ethylbenzene is considered, as shown in Figure 

3.2, five CH=(aBz) groups and one C= group form the benzyl ring and are connected to 

an alkyl chain containing one CH2 and one CH3 functional groups.  

 

                  

 Figure 3.2 Schematic representation of benzene and ethylbenzene illustrating the new CH=(Bz) (blue) and 
CH=(aBz) (green) and C= (red) functional groups. 

 

In what follows, a short overview of the chain contribution of GC-SAFT-VR theoretical 

framework has been provided that has been used to treat the model and refer the reader to 

the background chapter in the thesis or to the original work for additional details[41, 124, 

156].  

3.2.1 Chain contribution  
 

The Helmholtz free energy contribution due to the formation of a chain containing 

heterogeneous SW segments is given by, 

   (3.1)  

where, the first sum is over all compounds in the mixture and the second sum considers 

the chain formation and connectivity between the segments of type i and j within a 

molecule of compound k.   The background correlation function  is in turn given by,   
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  (3.2) 

where  is the radial distribution function for the SW monomers evaluated at 

the contact distance  and is approximated by a first-order high-temperature 

perturbation expansion[135]. The exact form of equation (8) depends upon the number of 

monomer segments and the connectivity between them. For example for a pure benzene 

molecule where six CH=(Bz) segments are bonded with six bonds between them the 

equation reduces to the following one. 

  (3.3) 

In case of alkylbenzenes, such as ethylbenzene, where the molecule contains five 

CH=(aBz) segments, one C= segment and CH2 and CH3 segments the expression 

becomes, 

 (3.4) 

In equation (11) the first term represents the four bonds between the five CH=(aBz) 

segments, the second term describes the contribution from the single C= segment in the 

molecule, and the two bonds between C= and the CH=(aBz) segments are represented by 

the third term. The remaining terms describe the bonding between C= , CH2 and CH3 

groups in an analagous way.  
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3.3 Results and discussion 

3.3.1 Pure compounds 
 
Three new functional groups, CH= (aBz), CH= (Bz), and C=, have been defined in this 

work to model the benzene and alkylbenzene molecules in conjunction with the CH2 and 

CH3 segments developed in an earlier work[41]. The GC-SAFT-VR parameters for the 

CH=(Bz) group in benzene were obtained by fitting to experimental vapor pressure and 

saturated liquid density data for pure benzene[151] using a simulated annealing (SA) 

technique.[157, 158], Experimental data close to the critical region (around 10%) have 

been excluded from the fitting procedure, as GC-SAFT-VR like other analytical EoS 

exhibits classical critical behavior and over predicts the critical point.  Additionally data 

points near the triple point have also been excluded since it has been shown that inclusion 

of the experimental data close to triple point can distort the results[159, 160]. In the same 

manner the parameters for CH= (aBz) and C= in alkylbenzenes were obtained by fitting 

to the saturated liquid density and vapor pressure data of toluene to decylbenzene[151].  

In tables 3.1-3.3 the GC-SAFT-VR parameters , , ,   are reported for 

the new functional groups obtained using the SA optimization procedure. The use of SA 

is intended to find the global optimum parameters; the values reported in tables 3.1-3.3 

are the optimal parameters found from multiple applications of the SA method using 

different initial guesses. Tables 3.2 and 3.3 also provide the molecular parameters that 

describe the interactions between and with the new functional groups studied herein. In 

all cases Lorentz-Berthelot combining rules have been used to determine the cross 

interactions between the functional groups. 

 

σ
ki,ki λki,lj

ε ki,lj
kb

m
ki
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Table 3.1 GC-SAFT-VR parameters for the segment number and size of each new functional group 
studied. 

Group σki,ki  (Å) mki 
CH=(Bz) 3.028 0.619 
CH=(aBz) 3.928 0.350 
C= 2.112 0.382 

 

Table 3.2 Segment–segment dispersion energy well depth parameters εki,lj/kb (K) for each new functional 
group studied. 

  CH3 CH2 OCH2 OCH3 NH2 OH(Linear) CH=(Bz) CH=(aBz) C= 

CH3 234.25 235.74 205.49 232.31 239.09 353.95 185.24 293.44 153.87 

CH2 235.74 237.23 206.80 233.78 240.61 356.19 186.41 295.30 154.84 

OCH2(ether) 205.49 206.80 180.27 203.79 209.74 310.50 162.50 257.42 134.97 

OCH3(ether) 232.31 233.78 203.79 230.39 237.11 351.01 183.70 291.01 152.59 

NH2 239.09 240.61 209.74 237.11 244.03 430.16 189.07 299.51 157.04 

OH(Linear) 353.95 356.20 310.50 351.01 430.16 534.81 279.89 443.39 232.48 

CH=(Bz) 185.24 186.41 162.50 183.70 189.07 279.89 146.48 232.05 121.66 

CH=(aBz) 293.44 295.30 257.42 291.01 299.51 443.39 232.05 367.59 192.74 

C= 153.86 154.84 134.97 152.59 157.04 232.48 121.67 192.74 101.06 

 

Table 3.3 GC-SAFT-VR segment–segment dispersion energy range parameters λki,lj for each new 
functional group studied. 

  CH3 CH2 OCH2 OCH3 NH2 OH(Linear) CH=(Bz) CH=(aBz) C= 

CH3 1.49200 1.58292 1.58282 1.52742 1.51986 1.49376 1.60989 1.49148 1.38398 

CH2 1.58292 1.66700 1.67694 1.56836 1.61951 1.56942 1.70485 1.58024 1.50425 

OCH2(ether) 1.58282 1.67694 1.68957 1.62915 1.62393 1.56716 1.67117 1.60917 1.53905 

OCH3(ether) 1.52742 1.56836 1.62915 1.56980 1.56260 1.52305 1.66032 1.52625 1.41935 

NH2 1.51986 1.61951 1.62393 1.56260 1.55490 1.51652 1.65610 1.51851 1.40445 

OH(Linear) 1.49376 1.56942 1.56716 1.52305 1.51652 1.49500 1.58969 1.49329 1.40889 

CH=(Bz) 1.60989 1.70485 1.67117 1.66032 1.65610 1.58969 1.75536 1.66292 1.55866 

CH=(aBz) 1.49148 1.58024 1.60917 1.52625 1.51851 1.49329 1.60608 1.49099 1.38674 

C= 1.38398 1.50425 1.53905 1.41935 1.40445 1.40889 1.55866 1.38674 1.19284 
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Table 3.4: Average absolute deviation in vapor pressures and saturated liquid densities obtained between 
experimental data and theoretical results for pure benzene and alkylbenzenes.[151] 

 T (K) Npt  AAD P (%) T (K) Npt AAD ρliq (%) 
Correlated             
              
Benzene 284-550 42 0.63 284-550 42 2.19 
Methylbenzene 220–590 38 9.81 220–590 38 1.66 
Ethylbenzene 240–615 39 12.94 220-615 41 0.97 
Propylbenzene 255–635 39 3.58 215-235 43 1.82 
Butylbenzene 265–660 41 2.53 215-660 46 2.16 
Pentylbenzene 290–675 40 3.82 210-675 48 1.73 
Hexylbenzene 295–695 41 3.70 225-695 48 1.78 
Heptylbenzene 310–710 41 6.44 230-710 49 1.77 
Octylbenzene 320–725 42 6.03 240-725 50 2.00 
Nonylbenzene 340–740 41 6.04 250-740 50 2.22 
Decylbenzene 350–750 41 8.78 260-750 50 2.11 
            
Predicted           
       
Undecylbenzene 360–760 41 10.69 280–780 50 2.13 
Dodecylbenzene 370–780 41 12.51 280–780 51 2.80 
Tridecylbenzene 385–790 42 13.44 285–790 52 2.99 
Tetradecylbenzene 390–800 42 16.73 290–800 52 2.82 
Pentadecylbenzene 400–805 42 18.14 300–805 52 2.34 
Hexadecylbenzene 405–815 43 19.06 305–815 53 2.53 
Heptadecylbenzene 415–825 42 22.81 295–825 54 2.54 
Octadecylbenzene 420–830 42 24.92 310–830 53 2.73 

 

The percentage average absolute deviation in vapor pressure (%AADP) and saturated 

liquid density (%AADρliq) from the experimental data for benzene and the alkylbenzene 

molecules is reported in Table 3.4. The average absolute deviations in pressure and liquid 

density expressed using AAD P (%) and AAD ρliq (%) are given by following equations, 

 AAD P (%) =  (3.5) 

 AAD ρliq (%)=  (3.6) 

1

Npt

Pi
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exp

Pi
exp

×
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where Npt is the number of experimental points being evaluated, and  are the 

experimental and calculated pressure;  and   are the experimental and calculated 

saturated liquid density, respectively. 

In Figure 3.3, pure phase behavior of benzene and alkylbenzenes from toluene up to 

octylbenzene has been presented.  Although these are correlated systems and so a good 

agreement between the theory and the experimental saturated liquid density and vapor 

pressure data is expected, from the figure it can be clearly observed that theory is now 

able to capture the correct trend in the curve of the alkylbenzene saturated liquid 

densities, which is a significant improvement over current group-contribution predictions 

for these molecules.[39-41] This is also reflected in the lower % average absolute 

deviation (AAD) in the saturated liquid densities (1.82 compared to 3.53 obtained in 

previous work)[41]. 

 

  

Figure 3.3.  Comparison between theoretical results using GC-SAFT-VR and the experimental data for (a) 
vapor pressure and (b) saturated liquid density for benzene to octylbenzene from left to right. Symbols and 

solid lines represent the experimental data[151] and theoretical results respectively. 
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After determining the optimal parameters for the newly defined functional groups, the 

phase behavior of higher members of the homogeneous series were then predicted as a 

means of testing and validating the new parameters. The percentage average absolute 

deviations from the experimental data are again reported in Table 3.4. One should note 

that the GC-SAFT-VR equation is accurately predicting the saturated liquid density for 

the alkylbenzenes studied, though higher deviations are seen for the vapor pressures, 

which is typical from a group contribution method as the vapor pressure is a more 

sensitive property. Remembering that the main focus of the work was to obtain a more 

accurate model for the saturated liquid density of the alkylbenzenes, it can be considered 

that the model to be in good agreement with the experimental data and examine the 

influence of the more accurate model in the study of the phase behavior of mixtures of 

benzene and alkylbenzenes. Here the focus remains primarily on presenting results for 

new binary mixtures and only reconsider systems previously studied when differences are 

observed in the predicted results with the new ring based model compared to the earlier 

work[123, 124].  

3.3.2 Binary mixtures 
 
Benzene / alkylbenzenes + n-alkanes  

Initially binary mixtures of benzene and alkylbenzenes with linear alkanes are 

considered. In figure 3.4, results for binary mixtures of benzene and toluene 

(methylbenzene) with alkanes from n-hexane to n-decane at a temperature of 313.15K are 

presented. As stated earlier, for these binary systems three functional groups are used to 

represent the toluene molecule (CH3, CH=(aBz) and C=), two functional groups are used 

to represent the alkane molecules (CH3 and CH2) and only one type of group CH=(Bz) is 
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used to describe benzene. As can be seen from the figure, the theoretical predictions for 

the constant temperature P-x-y slices of the phase diagrams are in good agreement with 

the experimental data, except for the case of the benzene + n-hexane and + n-heptane 

binary mixtures where significant deviations from experiment are observed.  Although 

the use of a fitted cross interaction parameter between the CH=(Bz) group of benzene 

ring and the CH2 group in the alkane chain could significantly reduce this deviation, 

focus here remains on the predictive capability of the theory using only Lorentz-Berthelot 

combining rules. In figure 3.4b, it also can be noted that the theory accurately captures 

the changes in phase behavior with the increase in the number of CH2 groups in the linear 

alkane.  

 

  

Figure 3.4. Vapor–liquid equilibria for binary mixtures of benzene (a) / toluene (b) with Hexane (ο), 
Heptane (ł), Octane (Δ), Decane (♦) at  313.15K. The solid lines represent the theoretical predictions and 

the symbols represent the experimental results[161]. 
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of benzene with methylbenzene, ethylbenzene and propylbenzene has been considered in 

this phase of the study. These systems being chosen as experimental data is available in 

the literature for comparison. In Figure 3.5 constant temperature P-x-y slices of the 

benzene + toluene[162] and benzene + ethylbenzene[163] phase diagrams are presented.  

As can be seen from the figures, the proposed model is able to capture the changes in 

phase behavior as a function of temperature without fitting any of the cross interactions to 

the experimental mixture data, though some deviation for the toluene + benzene mixture 

can be observed, which is due to the over prediction of the vapor pressure of pure toluene 

(table 3.4). 

 

  

Figure 3.5.Vapor–liquid equilibria for binary mixtures of (a) benzene + toluene at 273.15K (♦), 283.15K 
(£), 293.15K(r) and 313.15K(O) and (b) benzene + ethylbenzene at 453.15K (£), 483.15K (r), 

523.15K(O).  The symbols represent experimental results[162, 163]. 
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the theory to is to the best of our knowledge unavailable for benzene + alkylbenzene 

systems.  

 

 

      

Figure 3.6. Vapor–liquid equilibria for binary mixture of benzene with propylbenzene at 1.01325 bar (l). 
The solid lines represent the theoretical predictions and the symbols represent the experimental 

results.[164] 
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described as a single C6H6 group in the GC-SAFT-VR approach; using this model 

benzene + ether phase behavior was studied and a cross-interaction parameter between 

the C6H6 group and the OCH3(ether) group was used to capture the non-ideal nature of 

their mixtures. Here I find that using a different kind of modeling scheme for benzene, 

the GC-SAFT-VR approach can predict the correct phase behavior for the binary benzene 

+ ether mixtures using Lorentz-Berthelot combining rules, except for the methoxybutane 

+ benzene binary mixture.  In contrast to earlier work[123] we therefore do not use a 

fitted cross-interaction parameter between the OCH3 (ether) and CH=(Bz) groups. In this 

regard, it appears that the explicit modeling of the benzene ring improves the predictive 

capability of the EOS, though we again note that there is limited experimental data 

against which to test the broader applicability of the theoretical approach. 

 

          

Figure 3.7. Vapor–liquid equilibria for binary mixtures of (a) benzene + dimethylether at 323.15K(O) and 
(b) benzene + dibutylether at 308.15K (O). The solid lines represent the theoretical predictions and the 

symbols represent the experimental results[165, 166]. 
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In figure 3.8a the phase behavior of methylbenzene + diethylether has been studied at a 

constant pressure of 1.01325 bar and in figure 3.8b constant P-x-y slices of the 

ethylbenzene + dipropylether binary mixture is presented. Again we do not use any fitted 

cross-interaction parameters between the CH=(aBz) and OCH2 groups and so the results 

presented are true predictions. Although at higher pressures, and close to the pure limit of 

ethylbenzene, the theory under predicts the pressure due to the fact that we under predict 

the vapor pressure of pure dipropylether, a good description of the equilibrium phase 

composition is obtained as presented by x,y phase diagram figure 3.8c[167].  
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Figure 3.8. Vapor–liquid equilibria for binary mixture of (a) toluene + diethylether at constant pressure of 
1.01325 bar (Ο); (b) and (c) ethylbenzene + dipropylether at 323.15K (green l), 333.15K (red p), 
343.15K (blue t).The solid lines represent the theoretical predictions and the symbols represent the 

experimental results[167, 168]. 
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between the CH=(Bz)/ CH=(aBz) groups and the OH (terminal) group could be 

warranted due to the non-ideal nature of the mixture. In the figure 3.9b we present the 

phase behavior of ethanol and toluene at two different temperatures 303.15K and 

328.15K. It can again be observed that the GC-SAFT-VR approach has been able to 

successfully predict the isotropic behavior observed in the alcohol + alkylbenzene 

systems. We note that higher deviations are seen for ethanol due to the fact that smaller 

members of a family of chemical compounds typically fail to exhibit group additivity and 

hence show higher pure component deviations[124]. 

 

         

Figure 3.9. Vapor–liquid equilibria for binary mixtures of (a) 1-butanol + benzene (O)/ toluene (¯) at 
308.15K (b) ethanol + toluene  at 303.15K (t) and 328.15K (l). The solid lines represent the theoretical 

predictions and the symbols represent the experimental results[169, 170]. 
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figure, using these group parameters and without fitting to mixture experimental data we 

can accurately capture the phase behavior of the binary mixtures of alkylbenzenes with 

amines at 298.15K[171, 172]. We also note that the theory correctly predicts the 

transformation from a non-azeotropic phase behavior for alkylbenzene + amine binary 

mixtures to an azeotropic system for mixtures containing benzene. Compared to earlier 

work by dos Ramos et al (figure 7a)[124], in which the alkylbenzene and benzene rings 

were modeled as a single group, we note a definite improvement in the predictive ability 

of the theory for amine + alkylbenzene systems. In particular, at lower temperatures 

(below 325 K) the new modeling scheme improves the saturated liquid densities of pure 

alkylbenzenes which results in better agreement between experimental and predicted 

phase behavior for alkylbenzene + amine systems. However for the benzene + amine 

system studied the azeotropic pressure maximum is over predicted compared to dos 

Ramos et al., which could be attributed to the fact that when benzene is treated as a single 

group the predicted pure component vapor pressure is lower than that reported in this 

study. 

 

Figure 3.10. Vapor–liquid equilibria for binary mixtures of n-butylamine + benzene(¯)/ toluene (O)/ 
ethylbenzene (t) at 298.15K. The solid lines represent the theoretical predictions and the symbols 

represent the experimental results[171, 172]. 
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3.4 Conclusion 
 
The correct curvature in the experimental saturated liquid densities of pure alkylbenzenes 

has been captured in a group-contribution SAFT based approach by explicit consideration 

of the benzene ring in the theoretical framework. Typically alkylbenzenes are described 

in group contribution SAFT approaches as linear chain molecules and fail to describe the 

correct trend in the curvature of the saturated liquid densities that is seen experimentally 

for alkylbenzenes. To our knowledge this is the first time ring molecules have been 

explicitly described in a group contribution SAFT approach. In this work we propose 

three new functional groups CH=(Bz), CH=(aBz), C= to describe benzene and the 

alkybenzene family. The parameters for these groups were obtained by fitting to 

experimental vapor pressure and saturated liquid density data for benzene and the lower 

members of the alkylbenzene (methylbenzene to decylbenzene) family. These parameters 

were then used to predict the phase behavior of longer members of the alkylbenzene 

family and study the phase behavior of binary mixtures of benzene and alkylbenzenes 

with alkanes, ethers, amines and alcohols. If we draw a comparison between the earlier 

heteronuclear chain model for alkylbenzenes with the current ring based model we find 

improvement in the theoretical representation of the saturated liquid densities, 

particularly at lower temperatures. For mixture systems, the results obtained from the two 

models are generally comparable, though we do obtain better predictive ability for the 

mixture of alklybenzene (toluene/ ethylbenzene) and n-butylamine. Additionally by more 

accurately capturing the intermolecular forces between unlike groups using the ring based 
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model we are able to predict the correct phase behavior using simple Lorentz-Berthelot 

combining rules.  

  



53 

Chapter 4: Predicting the thermodynamic properties and dielectric behavior of 
electrolyte solutions using the SAFT-VR+DE equation of state 

 

4.1 Introduction 
 
From natural biological systems to industrial chemical processes such as osmosis and 

reverse osmosis, fertilizer production, water purification, geochemistry, electrochemistry, 

and enhanced oil recovery, the ubiquitous presence of electrolytes has made the 

thermodynamic study of these fluids an active area of research both experimentally and 

theoretically[45-49]. These are however challenging fluids to study since the presence of 

long-range coulombic interactions between the ionic species makes electrolyte solutions 

highly non-ideal[50]. In any theoretical investigation of electrolyte solutions, describing 

the complex nature of the electrostatic interactions present between the ionic species and 

the ions and the aqueous solution is key[51, 52].  

 One approach to address the thermodynamics of electrolyte solutions is through 

the use of an implicit solvent model, that is by approximating the dipolar water solvent by 

a constant dielectric continuum, which presents a simplistic view of the complexity of the 

interactions involved in these systems. Often, Debye-Hückel (DH) theory, which 

considers point charges in a dielectric medium, is used to represent the electrostatic 

behavior in equations of state used to model electrolyte solutions. Several semi-empirical 

equations of state and modified versions of activity coefficient models rooted in DH 

theory have also been proposed, such as the Pitzer equations [51, 173, 174] and the 

electrolyte nonrandom two-liquid (eNRTL) model[175], amongst others[176-186]. This 

kind of implicit treatment of the solvent is also known as a McMillan-Mayer (MM) 

level[187] model and is more generally referred to as a primitive model[53]. Implicit 
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treatment of the solvent, although widely used to describe thermophysical properties of 

electrolyte solutions, has limitations in terms of capturing the effects of the solvent-ion 

interactions as they are solely described through the solvent dielectric constant.   

A step towards a more accurate description of ionic species in dipolar solvents is 

introduced at the Born-Oppenheimer (BO) level[54], in which the solvent species appear 

explicitly in the model and is also referred to as a non-primitive model. In the simplest 

case a BO level model can be conceptualized as a mixture of charged hard spheres in a 

solvent of hard spherical molecules with a point dipole embedded in the center. For 

further complex cases, higher order multipole moments or discrete charges at a specified 

position within the ion can be included.  

Analytical expressions to calculate the free energy and thermodynamic properties 

have been derived for both MM and BO level of models. Broadly, two kinds of statistical 

mechanics based approaches are used, perturbation theory and integral equation theory. 

Stell and Lebowitz[188] were the first to derive a perturbation term for the Helmholtz 

free energy for the ion-ion interaction from DH theory. Henderson[189] later proposed a 

restricted perturbation theory (i.e., an equimolar mixture of equal-diameter hard spheres 

are assumed in a dielectric continuum) in which the ion-ion interaction is treated as a 

perturbation term. In a subsequent effort Henderson[190] extended the approach for ion-

dipole interactions and Jin and Donohue[191-193] further refined the theory by 

combining, the perturbed-anisotropic-chain theory (expressions for short- range 

interactions) with Henderson’s primitive model expressions for the ion-ion interactions. 

With integral equation theory, generally the hypernetted chain (HNC)[194] or the mean 

spherical approximation (MSA) are used to solve the relation between the direct 
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correlation function and the pair correlation function given by the Ornstein-Zernike (OZ) 

equation. Although the HNC approximation is more accurate, it is mathematically more 

complex and unlike the MSA, does not provide analytical solutions to the OZ equation. 

The MSA approach, introduced by Percus, Yevick and Lebowitz[195, 196] to solve the 

OZ equation, has been analytically solved for a wide range of important model systems 

such as the hard-sphere,[197] Yukawa,[198] and dipolar hard-sphere fluids,[199] electro-

neutral mixtures of hard charges[197] and plasma[200] (charges in neutralizing 

background), mixtures of hard dipoles[201, 202] and hard ions with dipoles.[203-205] 

The MSA was first applied in the primitive model by Waisman and Lebowitz[197] and 

Blum[206] and analytical expressions for the thermodynamic properties of both the 

restricted and unrestricted primitive MSA models were obtained. In the primitive model 

expressions for the MSA (PMSA) the effect of the volume of the ions is taken into 

account explicitly and when the diameters of the ions is reduced to zero the MSA 

expressions reduce to point charges and the DH equation. Later Blum[207] and Adelman 

and Deutch[202] developed analytic solutions for the non-primitive MSA (NPMSA) by 

explicitly including the effect of the solvent, yielding expressions for the thermodynamic 

properties of a mixture of equal sized ions and dipolar hard spheres. In subsequent work 

Blum and Wei[204] extended the solutions to a system of arbitrary sizes of charged and 

dipolar hard spheres. The solution of the NPMSA includes three types of interactions: 

ion-ion, ion-dipole, and dipole-dipole. Explicit forms for the ion-ion, ion-dipole, and 

dipole-dipole pair distribution functions was later developed by Hoye and Stell[208] 

using the approach proposed by Blum and Wei[204]. For a comprehensive review of 

theories developed for aqueous electrolyte fluids, the reader is directed to the excellent 
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reviews of Loehe and Donohue[52], Anderko et al.[49], and McCabe and Galindo[209]. 

Since the focus of this work is on the further development and application of the SAFT 

based approach of Zhao et al.[210] to experimental electrolyte systems, we will limit the 

remaining discussion to SAFT-based approaches to describe electrolyte solutions.  

 The statistical associating fluid theory (SAFT)[11, 61, 211], based upon 

Wertheim's first-order thermodynamic perturbation theory (TPT1)[212-215], is a 

statistical mechanics based equations of state that in various forms has been used to 

describe the phase behavior of a wide range of industrially important complex fluid 

systems.[148, 209, 216, 217] Among the many variations of SAFT are several 

approaches to describe electrolyte systems.[210, 218-220] The study of electrolytes with 

SAFT-derived equations of state can be broadly divided into two categories: those based 

on the primitive and non-primitive models. In one of the first developments Galindo et 

al.[218] applied a modified version of SAFT, termed SAFT-VRE, to describe strong-real 

electrolyte solutions. The MSA was used at the level of the RPM to account for the 

charged interactions, while the water-water and ion-water attractive interactions were 

described via square-well dispersive interactions. The results from the SAFT-VRE 

approach using ion-specific (rather than salt-specific) parameters were found to be in 

good agreement with experimental vapor pressure and solution density data for 

electrolytes up to concentrations of 10 mol/L between 273K and 373K. However, 

although a wide range of temperatures were studied, the ability of the theory to describe 

more sensitive thermodynamic properties such as the osmotic co-efficient and mean ionic 

activity coefficient were not considered and hydration effects were not discussed. In more 

recent work, Schreckenberg et al.,[27] proposed an improved formulation of SAFT-VRE 
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that incorporates a Born term that describes the contribution due to the solvation of ions 

at infinite dilution. While this improves the theoretical treatment of solvation effects by 

partially addressing the poor solvation behavior that results from using a primitive model, 

ion-polar and polar-polar interactions are still not explicitly described.  The implicit 

solvent within the PM framework of SAFT-VRE was represented through a empirical 

solution dielectric constant model, following the work of Uematsu and Franck,[221] 

which takes into account the temperature, density and composition of the solvent and in 

turn makes the dielectric constant a differentiable variable. The electrolytes were 

described using a fully dissociated model and ion-specific interaction parameters, with 

the effective ionic diameter, ion-solvent and ion-ion dispersive energy parameters fitted 

to vapor pressure, solution density, and mean ionic activity coefficient data for fifteen 

different alkali halide salts at temperatures below 523 K. The cross ion-ion dispersive 

interaction energy was estimated using a procedure proposed by Hudson and 

McCoubrey.[222] Although the theory was shown to provide a good representation of 

correlated properties (<5% in most cases) and predicted properties such as osmotic 

coefficients (<5% in most cases) and freezing temperature depression (for NaCl, LiCl) at 

1 bar pressure, an accurate quantitative prediction of the free energy of solvation (average 

error ~35%) was not possible. The study was subsequently extended to predict the vapour 

pressures and solution densities of multi salt systems over a range of temperature (298.12 

- 397.97 K) and pressure (0.92–68.42 MPa) without fitting any additional parameters. 

Mixed solvent electrolytes (methanol /n-butanol and water + salt systems) were also 

studied with the alcohol-ion unlike dispersion energy parameter obtained by fitting to 

experimental water + alkanol + salt VLE/ LLE data and good agreement with the 
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experimental results were obtained. In related work Tan et. al.[219] combined the RPM 

with the SAFT1 (a variant of SAFT-VR) equation of state to treat electrolyte solutions. 

Ions were described as hard charged spheres and hence only water-ion and water-water 

dispersive interactions were considered. To parameterize the model a hydrated ion 

diameter (salt specific property) along with ion specific volumes and ion-water dispersion 

(hydration) energies, were obtained by fitting to experimental data for the mean ionic 

activity coefficient and salt densities for individual salt solutions. In order to accurately 

correlate the experimental data all model parameters and the water dielectric constant, 

which was determined from an empirical equation, were made temperature dependent. 

The approach was then used to predict the osmotic coefficient and vapor pressures for Cl-

, Br-, I- salts of Na+, K+ and Li+ at 298.15 to 373.15 K with very low deviations (<1% for 

most cases) from experimental data. Ji et. al.[55, 223] later extended the approach to 

study mixed salt solutions and introduced a mixing rule for the hydrated ion diameter 

with a binary adjustable parameter for each pair of salts studied.  The binary adjustable 

parameters (referred to as lij in their work) were obtained from fitting to the osmotic 

coefficient for ternary salt solutions (i.e., two salts + water) and then used to predict the 

solution densities and osmotic coefficient of quaternary solutions (i.e., three different 

salts + water). One should note that the use of an additional adjustable parameter (i.e., lij 

along with the ionic volume and ion-water dispersion energy) further reduces the 

predictive ability of the theory.  Behzadi et al.[220] used a version of the SAFT-VR 

equation of state with a Yukawa potential and the non restricted MSA as extended by 

Blum[224, 225] to study the vapor pressure, solution densities and activity coefficients of 

electrolyte solutions. Long-range Coulombic interactions between ionic species were 
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taken into account using the non-restricted MSA, while solvent-solvent and solvent-ion 

dispersion interactions were described through the Yukawa potential. Twenty-three salts 

in seven different solvents (water and alcohols) were studied using three different 

parameterization schemes: ion-specific, cation-specific, and salt-specific. In each case the 

dispersion interaction was optimized by fitting to experimental vapor pressures and liquid 

volumes while the cross-interaction range parameter was fixed at 1.2. The ionic radii was 

taken to be the Pauling radii or thermochemical radii whichever was available for a 

specific ion. To test the thermodynamics of the model the mean ionic activity of LiCl and 

NaCl were predicted and the salt-specific parameters were found to give more accurate 

predictions compared to the ion-specific and cation-specific ones. Also, in this work 

results with the Yukawa based approach were compared with the more commonly used 

square-well potential and the Yukawa model found to give slightly better results. 

Focusing on DH approaches, Cameretti[226] et al. extended the perturbed chain 

SAFT (PC-SAFT) equation to electrolyte systems by taking into account the electrostatic 

interactions in ionic solutions using a simple DH term. The resulting ePC-SAFT equation 

of state was found to be able to accurately correlate and predict the vapor pressures of 

single- and mixed-salt (NaCl-KBr, NaBr-KCl) solution densities up to high salt 

concentrations (>6 m for some salts, including 12.7 m for LiCl and 13.8 m LiBr). Only 

two salt-specific parameters, the hydrated ion diameter and water-ion dispersion energy 

(for both cations and anions), were required and obtained by fitting to experimental vapor 

pressure and density data. In an extension of this work, Held et al.[227, 228] 

subsequently studied both VLE and the mean ionic activity coefficient of both weak and 

strong aqueous electrolyte solutions. The previously developed ion-specific diameter and 
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dispersive energy parameters of Cameretti et al, which were obtained by only fitting to 

vapor pressure and solution densities, were found to be inaccurate in describing the mean 

ionic activity coefficient and so ion-specific diameters and dispersive energies were 

determined by fitting to the mean ionic activity coefficient and salt solution density data. 

The water model was also revised to include a temperature dependent diameter. With 

these modifications, the ePC-SAFT equation was found to provide an accurate 

description of the thermodynamics of 115 aqueous electrolyte solutions at 298.15K. 

Subsequently, the equation of state was successfully extended to mixed solvent 

electrolyte systems by representing the solvent with an effective dielectric constant, again 

in a primitive model[229]. The dielectric constant was calculated from empirical equation 

dependent upon temperature and the mixture solvent composition. Solution densities and 

mean ionic activities of KCl, NaBr, NaCl, NaI, LiCl in ethanol + water, methanol + water 

and methanol + ethanol + water mixed solvents were studied across different weight 

fractions of solvent and found to represent the experimental data accurately. 

In an alternative approach, Liu et. al.[230] combined the original SAFT approach 

(in which the dispersion term is given by the expression of Cotterman[63]) with the PM 

expressions obtained from the MSA and Henderson-Blum-Tani[190] perturbation theory 

expansion for the ion-dipole and dipole-dipole terms to study aqueous single salt and 

mixed salt systems at 298.15 K. Salts were modeled as LJ spheres using the Pauling 

diameter for the anion and the cation diameter as an adjustable parameter that was 

obtained by correlating experimental mean ionic activity coefficient data. The 

Mavroyannis-Stephen equation,[231] which calculates dispersion energy for individual 

ions based upon the ionic radii, number of electrons and polarizibility, was used to obtain 
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the dispersive interaction parameters for the ions. Thirty single and thirteen-mixed salt 

electrolyte systems were studied with good accuracy (%AAD for the mean ionic activity 

coefficient and density was < 3% for concentrations up to 6 m). In subsequent work, Liu 

et. al.[232] modified the approach to include the low-density expansion[233] of the 

solution of the primitive MSA to describe ion-dipole interactions. We note that although 

the theory is described as a non-primitive approach, when the solvent volume is 

neglected, as is done by the authors, the expression for the ion-solvent term reduces to the 

Born expression in the PM. The ions were again described as charged LJ spheres with the 

Pauling ionic radii used for the ion-ion, dispersive and associative SAFT terms and an 

effective average ion radii (representing a Born type ionic radii) used for the ion-solvent 

term. The ion dispersive energy parameters were again obtained using the Mavroyannis-

Stephen equation. To effectively capture the ion-solvent interactions, a SAFT association 

term was considered between the ions and solvent with several association sites (7-12) 

being placed on the ions. The effective average ion radii and SAFT association energy 

between the ions and solvent was obtained by fitting to experimental mean ionic activity 

coefficient data. Both salt dependent and salt independent parameters were investigated, 

with salt dependent parameters found to provide lower deviations. Furthermore, if the 

anion-solvent association was removed from the model, and only cation-solvent 

association considered, there was little to no impact observed on the correlated results. 

Using the fitted parameters, the density, osmotic coefficient and water activity were then 

predicted for fifteen different aqueous electrolyte salts with <2% average absolute 

deviations. The predicted water activity and osmotic coefficient was compared with those 

from Jin and Donohue,[191] Myers et al.,[234] and Fürst et al.[235] and the proposed 
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approach found to be superior in terms of the % average absolute deviations with 

experiment.  

More recently, Rozmus et al.[236] developed the ePPC-SAFT equation of state by 

combining the polar perturbed chain (PPC)-SAFT equation of state with the MSA for a 

primitive model of electrolyte solutions. Association sites between the ions and solvent 

were considered to describe the ion-solvent interactions and a Born term was included in 

addition to the MSA term for electrostatics to describe the change in the dielectric 

constant resulting from the solvation of the ionic species. The dielectric constant of the 

water solvent was made temperature and solution density dependent using an empirical 

equation proposed by Schimdt.[237] Ion specific diameters and association energies were 

obtained by fitting to mean ionic activity coefficient and apparent molar volume data for 

nineteen alkali-halide aqueous solutions. The performance of the approach was then 

tested through the prediction of the mean ionic activity coefficient, density, and vapor 

pressure of the aqueous solutions over a wide range of temperatures and molalities (298− 

573 K and 0− 8 m). We note that, salting out of carbon dioxide and methane in saline 

water was also accurately predicted.  

 All of the approaches discussed thus far combine the SAFT framework with the 

PM to describe the ionic species. A more accurate, but more complex, approach is to 

explicitly include ion-dipole interactions in the model by describing the solvent as a 

dipolar fluid. In this approach, the solvent dielectric is not required as an input to the 

calculations as it is calculated from the dipole moment within the theory. In his seminal 

work, Zhao et al. developed an electrolyte version of the SAFT-VR equation - SAFT-

VR+DE[29] - based on the fully non-primitive model of electrolytes. The SAFT-VR+DE 
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approach allows the explicit description of the ion-solvent and solvent-solvent 

interactions between asymmetric ions and the dipolar solvent. During its development, 

SAFT-VR+DE was tested against isothermal-isobaric ensemble Monte Carlo simulations 

and the effect of different ion concentrations and different ratios of the cation, anion, and 

solvent segment diameters on PVT behavior studied. The simulations highlighted the 

importance of accounting for the size of the ions and accurate values for the solvent 

dielectric constant. As such, it was shown that the NPM provides a more accurate 

prediction of the PVT behavior of model electrolyte solutions compared to the more 

commonly used Debye-Hückel theory and primitive models. In closely related work, 

Herzog et al.[238] later combined the PC-SAFT equation of state with the non-primitive 

model of electrolytes, with the ions considered to be a mixture of charged hard spheres of 

the same diameter (i.e., a semi-restricted non-primitive model (SNPM)). The accuracy of 

the approach, and specifically the ion-dipole interaction term, was validated by predicting 

the Gibbs free energy of solvation at infinite dilution. The Pauling crystal diameters were 

used to determine the ion radii and the ion/water dispersion interaction was calculated 

using the relationship of Mavroyannis and Stephen; no ion-ion dispersive interactions and 

fitted parameters were used. Excellent agreement for the Gibbs free energy of solvation 

with experimental data was obtained for some (particularly similar anionic and cationic 

sizes such as KF, RbF, CsCl) alkali halide salt solutions whilst pronounced deviations 

were observed for most of the others. The authors suggested that the use of the SNPM, as 

opposed to the full NPM could be one reason for the observed deviations from 

experimental data. To achieve a better representation of the macroscopic thermodynamic 

properties a salt specific fitted ion diameter and cation-water interaction was included via 
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a SAFT-association term. The ion diameter and association energy parameters were 

obtained by fitting to the mean ionic activity coefficient and osmotic coefficient of 

different aqueous electrolyte solutions; however, one should note, that the fitted radii 

exhibit a reverse size trend in that, for example, LiCl has a larger radii than CsCl. 

Systematically increasing deviations in the correlated properties were observed as the 

size of the ions increased, which may be due to the inappropriate ion sizes. Using this 

approach vapor pressure and salt densities were predicted and found to be in good 

agreement with experimental data.  

 Irrespective of the adopted molecular model, a common aspect of almost all 

SAFT based studies of electrolyte solutions is the use of multiple fitted parameters, which 

overshadows the predictive ability of the approach. Furthermore, with few exceptions[27, 

236] these approaches concentrate on determining the mean ionic activities, osmotic 

coefficients and solution densities at room temperature and pressure, with no effort made 

to cover broader arrays of thermodynamic properties such as solvation and dielectric 

decrement. In an effort to develop a more accurate approach, here the non-primitive 

model based SAFT-VR+DE equation of state is used to study nineteen different 1:1 

electrolyte solutions. Emphasis is placed on developing a predictive equation of state that 

is capable of capturing a wide range (i.e., mean ionic activity, osmotic coefficient to 

dielectric decrement, solvation) of thermodynamic properties and at temperatures beyond 

standard conditions. Therefore the number of fitted parameters is minimized and those 

parameters that are essential to capture the physical interactions identified.  The 

remainder of the chapter is organized as follows: in section 2 the molecular model and 

theory are discussed, in the section 3 we report the parameters determined for water and 
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the salts studied and a discussion of results of range of thermodynamic properties and 

conclusions of this work is provided in section 4. 

4.2 Molecular model and theory 
 
In this work we have used the SAFT-VR+DE equation[29] to study the thermodynamic 

properties of electrolyte solutions. In the SAFT-VR+DE approach the solvent is 

explicitly taken into account as a dipolar associating fluid. The electrolyte solution is 

therefore described by a mixture of charged ions of arbitrary sizes and dipolar associating 

molecules, as shown in figure 4.1. We first consider only weak electrolyte systems and so 

a completely dissociated model for the ions is adopted following the work of Zhao et 

al..[210] In this case, the ions are described as a mixture of positively and negatively 

charged hard spheres that interact via Coulombic attraction and hard-sphere repulsion 

terms. The water molecules are modeled as dipolar associating hard spheres with an 

embedded dipole and four association sites to capture the H-bonding nature of the water 

molecule. In addition to the ion-dipole, dipole-dipole and associative interactions 

between the solvent-solvent molecules, a dispersive interaction representing induced 

dipolar-charge interactions between the cation and solvent has been considered through a 

square-well potential.  
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Figure 4.1. Schematic representation of the molecular model used in the SAFT-VR+DE approach to 
describe electrolyte solutions. The model shown considers ions in an associating dipolar solvent with the 

ionic species completely dissociated. 

 

The potential model for the interaction of the solvent and ionic species is therefore given 

by, 
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  (4.5) 

where,  

  (4.6) 

Here  and are the depth and width of the square-well dispersive pair potential 

between molecules i and j and 
 
with  and  being the hard core 

diameter of molecules i and j. In the above expressions,  is the unit vector in the 

direction of  joining the center of the segments and  is a unit vector parallel to the 

dipole moment of segment , the index n denotes the dipolar solvent molecule and  and 

 are the charge of ion i and dipole moment of the solvent molecule, respectively. The 

model outlined above is used to describe electrolyte solutions at low and moderate salt 

concentrations (from 0 to 6 mol/l). Of particular interest in our work is the study of mixed 

solvent electrolytes for which most experimental data lies below the concentrations of 6 

m.  The model parameters have therefore been developed with the goal of providing a 

good representation of electrolyte solutions up to concentrations of 6 m. At higher 

concentrations (>6m), the model parameters have been used to predict the 

thermodynamic properties and if needed ion association is also considered.  As the ionic 

concentration increases, the dielectric of the solvent media decreases, allowing more 

interaction between ionic species and the formation of ion pairs[239-241]. Thus including 

ion association at higher salt concentrations provides a more realistic model of these 

systems and a better theoretical representation of the experimental results.  
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 In the SAFT-VR+DE theoretical framework the Helmholtz free energy [202] of 

an electrolyte solution is given by 

   (4.7) 

where,  is a total number of molecules,  is a Boltzmann constant, T is temperature, 

and ,  and  are the free energy contributions due to the ideal, monomer, 

and association interactions respectively.  For concentrated electrolyte solutions, the free 

energy contribution due to the presence of association between the ions, , is also 

included. Since all of the molecules considered in this work are monomeric species, we 

omit the free energy contribution due to chain formation.  

 The ideal Helmholtz free energy of a mixture of n components is given by, 
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where  is the molecular number density,  is the mole fraction and  the thermal de 

Broglie wavelength of species , which incorporates the kinetic (translational, rotational, 

and vibrational) contributions to the partition function of the molecule. 

The contribution to the Helmholtz free energy due to the interactions between 

monomer segments is given as 
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where, and are the free energy contribution due to the square-well dispersion and 
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is the contribution to the free energy due to the attractive square well interactions. 

The monomer free energy per segment of a mixture is obtained as in the original SAFT-

VR approach from a second order high temperature perturbation expansion[36],  

   a
sw = ahs + βa1 + β

2a2  (4.10) 

where ,  ahs is the free energy contribution due to the reference hard sphere 

system and  and  are the first two perturbation terms associated with the attractive 

energy.  

 is determined using the MSA for mixtures of ions and dipoles developed by 

Blum and Wei[204, 242]. Within the MSA, the expression for the electrostatic free 

energy is given by  
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where,  is a total volume of the solution, and  is an internal energy per unit 

of volume. Details of these terms can be found in appendix 1. 

The contribution to the free energy due to the associative (short-ranged attractive) 

nature of the molecules is given by [147], 
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the fraction of molecules of species i that are not bonded at site a and satisfies the mass 

action law, 

  (4.13) 

where, 

  (4.13) 

  (4.14) 

The function  characterizes the association between site a on molecule i and site b 

molecule j;  is the Mayer f function for the a-b site-site interaction with bonding 

energy  and volume  available for bonding. is the monomer-monomer 

radial distribution, which for water association is mediated by four dispersive SW 

association sites and is given by, 

  (4.15) 

as in the original SAFT-VR approach.[36] Ions are regarded as having one association 

(charged SW dispersive) site and so the monomer-monomer radial distribution becomes, 
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el σ ij( )( )   (4.15) 

where, the contact value for the radial distribution function for columbic charged 

interactions, , is obtained from the MSA as[242],

  (4.16) 

and  is a density of dipolar solvent particles. 
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4.3 Results and Discussion 

4.3.1 Water 
 
Water molecules are modeled as SW dispersive hard spheres with a dipole moment 

embedded in the center of the sphere and four short-range attractive square-well sites to 

describe association interactions that mimic hydrogen bonding, as in earlier work.[243] 

Although it is well known that the value of the water dipole moment varies significantly 

from the gas to a liquid phase and the gas phase dipole moment for water[244] is well 

characterized, the liquid phase moment is not as well defined. A wide range of values 

have been reported in the literature from both experimental and theoretical studies, with 

the most commonly accepted value being 2.6D due to Coulson and Eisenberg[245]. 

However, far-IR vibration-rotation-tunneling spectroscopy along with accurate ab initio 

calculations have shown that the liquid phase dipole moment depends upon the cluster 

size and can have a value as high as 2.7D[246]. Since a variable dipole moment cannot be 

used in the theory, and in the study of electrolyte solutions we are primarily concerned 

with liquid water, we have re-parameterized the original SAFT-VR+D water model that 

was fitted with a dipole moment of 1.8 D. As can be seen from figure 4.2, when a dipole 

moment of 2.18 D is used the theory provides a good representation of the water liquid 

phase dielectric at room temperature and pressure. Hence an effective dipole moment of 

2.18 D that takes into account the actual dipole moment of an isolated water molecule 

(1.80D) and the effect of polarizibility induced by neighboring water molecules was 

chosen. We note that the dipole moment used is lower than the typically reported values 

for the liquid phase due to the fact that dispersion energy parameters also partially take 
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account induced polarizibility effects. The remaining model parameters (i.e., the hard-

core diameter (σ), square-well potential depth (ε) and range (λ), association energy (εHB) 

and bonding volume (κHB)) were obtained by fitting to experimental vapor pressure and 

saturated liquid density data between 290-595 K[247]. Experimental data close to the 

critical region (around 10%) have been excluded from the fitting procedure, as SAFT-

VR+D like other analytical equations of state exhibits classical critical behavior in the 

critical region and so over predicts the critical point[248]. Additionally data points near 

the triple point have also been excluded since it has been shown that inclusion of such 

data can distort the results[160]. Simulated annealing[157, 158] is used to the fit the 

model parameters with an objective function defined as a function of vapor pressure and 

saturated liquid density as given in appendix A. The resulting parameters are presented in 

table 4.1, and as can be seen from figure 4.2, the theory provides a good representation of 

the dielectric constant of water at room temperature and pressure whilst also capturing 

the phase behavior (Figure 4.3).  The average absolute deviation (AAD) over the whole 

phase diagram is 1.49% for the vapor pressures and 2.43% for saturated liquid densities 

using the SAFT-VR + D equation of state. We note that the %AADs are comparable to 

our previous work (%AADP 0.92 and %AADρ 2.87)[243], in which a dipole moment of 

1.8 D was used, whilst giving us a more accurate description of the saturated liquid 

densities that are essential for liquid phase characterization. As expected, and can be seen 

from figure 13, SAFT-VR+D over predicts the critical region of the phase diagram[159, 

249] and does not capture the experimentally observed density maximum of water at 

lower temperature since a temperature dependent segment diameter is not used[250]. 
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Table 4.1. SAFT-VR+DE parameters for water and the % average absolute deviation (AAD) in vapor 
pressure and saturated liquid density as compared to experiment[247]. 

 µ (D) σ ( Å ) ε/kb (K) λ m εHB/kb 
(K) 

KHB (Å 
3) 

%AAD 
p 

%AAD 
ρliq 

H2O 2.179 3.003 312.3598 1.5296 1 758.55 1.5 1.49 2.43 
 

 

 

Figure 4.2.  Change in the dielectric constant ε as a function of dipole moment µ for water as predicted by 
the SAFT-VR+D equation of state at room temperature (298.15 K) and pressure (0.101325 MPa). Dashed 

line represents the dielectric constant for water as reported in experimental studies[221]. 

                   

Figure 4.3. Comparison of vapor pressure (a) and vapor-liquid coexisting densities (b) for water from the 
SAFT-VR+D EoS and experiment. Symbols represent the experimental data and the theory is represented 

by the solid line[247]. 
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4.3.2 Electrolytes 
 
In this work, several 1:1 alkali halide salts have been studied. The salts are modeled as 

charged hard spheres of asymmetric size. In any study of electrolytes the concept of 

"ionic radius," which depends upon the valence, electronic spin state, and coordination 

number of the ions, is a central one[251]. Goldschmidt[252] was the first to propose a 

limited set of crystal ionic radii on the basis of interatomic distances. Subsequently, 

Pauling[253] recommended sets of radii for monoatomic ions, measured from the spatial 

proportion occupied by the ions within the salt crystal based upon assuming a 

coordination number of six. Later, Shannon [254, 255] proposed a list of revised effective 

ionic radii and crystal ionic radii to include more unusual oxidation states and 

coordinations using a more extensive set of experimental data on intermolecular 

distances, empirical bond length-bond strength relations etc. These Pauling-type ionic 

radii, although common and widely used, are not the only ones that have been proposed. 

For example, Gourary and Adrian[256] and Levy and Danford[257] recommended new 

sets of ionic radii by redefining the cation-anion distances. More recently, Mähler et 

al.[258] studied the hydrated structures of several different alkali metals using large angle 

X-ray scattering (LAXS) and double difference infrared spectroscopy and proposed a 

new set of ionic radii for Li, Na, K, Rb and Cs ions in aqueous solution that corresponded 

to newly determined coordination numbers. The radial distribution functions (RDFs) 

obtained from the LAXS experiments indicated coordination numbers of 6, 7 and 8 for 

Na, K, and Cs ions respectively. A coordination number of 8 was suggested for Rb and 4 

for lithium. In this study the cationic radii have been taken from the work of Mähler et 
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al.[258] and for anions, the effective ionic radii proposed by Shannon,[254, 255] which 

correspond to a coordination number of six[259], have been used.  

 Ionic species in the electrolyte solution interact via charge-charge and charge-

dipole interactions with the ion/solvent molecules. Additionally, a salt-specific dispersion 

interaction between the cation and the solvent is considered to capture the non-

electrostatic induced dispersive effect. Initially, no dispersion interaction between the 

anion and solvent is included in the model. The unlike cross dispersion interaction energy 

( ) between the cation and solvent is obtained by fitting to the mean ionic activity 

coefficient data at 298.15 K and 0.101325 MPa using the Levenberg-Marquardt[260] 

algorithm. The dispersive square-well interaction range (λ) for the cations is fixed at 

1.2[27, 261]. The Lorentz-Bethelot combining rule has been used to determine the cross-

interaction range parameters between the cations and solvent molecules. 

  (4.17)  

It was observed during the fitting process that a reasonable theoretical representation of 

the experimental mean ionic activity coefficient data could not be obtained for several of 

the salts containing Li+, Na+ and F- ions using the ionic radii proposed by Mähler et al. 

(the % average absolute deviation obtained is reported in table 4.2). The smaller ions Li+, 

Na+, F- are considered to be net structure makers, which implies these ions distort the 

water structure around them over to multiple water shells[262, 263]. As a result, the use 

of a larger diameter for Li+, Na+ and F- ions, better captures the induced effect on water 

molecules. The diameters for these ions were therefore obtained from the fitting process 

alongside the dispersion energy between the cations-water. The approach therefore 
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requires summary, two fitted parameters for ten of the aqueous salt solutions studied and 

only one for the other nine. We note, that although the radii of some of the ions is now 

fitted, this does not disrupt the trend in the values for the ionic radii, i.e., Li<Na and F< 

other anions.  The final values of the ionic radii used in this study are reported in table 

4.3. We also note that the proposed radii for Li and Na fall between the ionic radii 

proposed by Mähler et al. and the van-der-Waals radii, which corresponds to the 

dispersive interactions.  

 

Table 4.2.%AAD in γ+ for salts containing Li+, Na+, F- using ionic radii proposed by Mähler et al. 

Salt % AAD γ+ Molality 
LiCl 33.65 0.1-6.0 
LiBr 29.08 0.1-6.0 
LiI 23.84 0.1-3.0 

NaF 4.93 0.1-1.0 
NaCl 20.94 0.1-6.0 
NaBr 8.80 0.1-4.0 
NaI 12.99 0.1-3.5 
KF 13.64 0.1-4.0 

RbF 15.25 0.1-3.5 
CsF 6.96 0.1-3.5 

 

Table 4.3 Ion specific SAFT-VR+DE diameter (σion) and square-well dispersion range (λion) parameters 
for alkali and halide ions studied. 

 Li Na K Rb Cs F Cl Br I 

σion  2.65 2.8 2.92 3.28 3.46 3.32 3.62 3.92 4.4 

       λ ion
 1.2 1.2 1.2 1.2 1.2 - - - - 

 

 In table 4.4 we report the binary salt-specific cation-H2O dispersion interaction 

parameters obtained from fitting to experimental mean ionic activity coefficient data at 

298.15 K and 0.101325 MPa and the corresponding average absolute deviations from the 

experimental data over a specified molality range. In the figure 4.4, selected results for 
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the mean ionic activity coefficient of different salts are presented. As can be seen from 

the figure we have been able to obtain a good representation of the experimental data up 

to 6 m salt concentration. It can be noted that as the anion size increases for a specific 

alkali cation, larger deviations are seen compared to the smaller anions studied, 

particularly at higher salt concentrations. This may be due to the exclusion of dispersion 

interactions between the anions and water molecules, which plays a greater role with 

increasing ion concentration and will be further discussed later.  

Using the parameters determined, other thermodynamic properties of the aqueous 

electrolyte solutions studied, such as osmotic co-efficient, water activity co-efficient and 

density, were then predicted at 298.15 K. The predicted osmotic coefficients for the 19 

different salts studied were found to be in good agreement with the experimental data 

(%AADs are reported in the table 4.5), especially considering the approach uses only a 

single fitted salt specific parameter. We also note that the predicted results for the 

osmotic coefficients are well with in the range of %AAD reported by Herzog et al.[238], 

who correlated the osmotic coefficient, although in our case a smaller molality range has 

been studied. In figure 4.5, the predicted osmotic coefficient (Φ) for different salts from 

0-6 m are presented. Good agreement for different Li salts in comparison with 

experimental data is found as shown in Figure 4.5a. As can be seen from figure 4.5b, for 

some of the salts studied, such as NaCl, the theory overpredicts the osmotic coefficient at 

high salt concentrations. We believe this is due to the presence of ion association[264] 

and an effort has been made to incorporate this behavior into the theory through the 

inclusion of an association term, as discussed further below.  
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Table 4.4. Salt specific dispersion range parameter between cations and the solvent (εcation-H2O) for 
different electrolytes along with the %AAD for the SAFT-VR+DE EoS for  as compared to the 

experimental data over the molality range specified. 

Salts ε cation-H2O (K) % AAD γ+ molality 
LiCl 1770.968 8.51 0.1-6.0 
LiBr 1606.255 5.86 0.1-6.0 
LiI 1444.732 9.18 0.1-3.0 

NaF 1732.250 0.93 0.1-1.0 
NaCl 1382.396 8.03 0.1-6.0 
NaBr 1274.406 3.53 0.1-4.0 
NaI 1209.249 9.78 0.1-3.5 
KF 1478.095 8.64 0.1-4.0 
KCl 1189.358 4.60 0.1-4.5 
KBr 1087.631 3.10 0.1-5.5 
KI 1067.243 9.09 0.1-4.5 

RbF 1043.135 4.95 0.1-3.5 
RbCl 863.759 2.42 0.1-5.0 
RbBr 826.077 5.66 0.1-5.0 
RbI 858.326 12.1 0.1-5.0 
CsF 919.569 1.69 0.1-3.5 
CsCl 749.444 5.70 0.1-6.0 
CsBr 734.455 9.11 0.1-5.0 
CsI 760.645 8.55 0.1-3.0 

 

 

Figure 4.4. Mean ionic activity co-efficient of  (a) LiCl (red ¿), LiBr (blue �), LiI (green p) and (b) 
NaBr (orange ¢), KBr (black q), RbBr (purple p) at 298.15 K and 0.101325 MPa from the SAFT-

VR+DE EOS. Symbols represent the experimental data[265] and solid lines the theoretical correlations. 
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Table 4.5. Comparison between experimental[265] and SAFT-VR+DE equation of state prediction for 
osmotic coefficient , water activity coefficient  and solution densities  of different 

electrolytes 

Salts %AAD Φ  % AAD γw %AAD ρ  molality 

LiCl 4.92 6.72 2.66 0.1-6.0 

LiBr 2.53 7.50 3.19 0.1-6.0 

LiI 4.64 4.11 2.83 0.1-3.0 

NaF 0.57 1.99 NA 0.1-1.0 

NaCl 5.58 6.81 1.09 0.1-6.0 

NaBr 1.53 5.05 2.16 0.1-4.0 

NaI 4.79 4.70 2.09 0.1-3.5 

KF 5.84 4.80 2.80 0.1-4.0 

KCl 3.79 5.41 1.74 0.1-4.5 

KBr 2.02 6.74 1.77 0.1-5.5 

KI 4.90 5.88 2.61 0.1-4.5 

RbF 3.69 4.43 2.77 0.1-3.5 

RbCl 1.85 6.25 3.71 0.1-5.0 

RbBr 3.36 6.47 NA 0.1-5.0 

RbI 7.13 6.82 2.57 0.1-5.0 

CsF 1.34 4.49 4.50 0.1-3.5 

CsCl 3.73 7.86 3.05 0.1-6.0 

CsBr 5.63 6.69 2.47 0.1-5.0 

CsI 5.72 4.29 3.03 0.1-3.0 

 

Φ( )  
γ w( ) ρ( )
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Figure 4.5. Aqueous osmotic co-efficient of  (a) LiCl (red ¿), LiBr (blue �), LiI(green p) and (b) NaCl 
(brown ¿), KCl (blue q), RbCl (green �), CsCl (orange p) (c) NaF (brown ¯), KF (red �), RbF 
(purple r), CsF (green £) at 298.15 K and 0.101325 MPa from the SAFT-VR+DE EOS. Symbols 

represent the experimental data[265] and solid lines the theoretical predictions. 
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4.3.3 Gibbs free energy of solvation 
 
Upon dissolving a salt in water, the ions are surrounded by the water and form a 

hydrogen-bonded network with neighboring water molecules; the energy released during 

this process is termed the free energy of solvation.  As one might expect, an implicit 

treatment of the solvent at the PM level fails to capture this phenomena. For example, 

using the salt parameters proposed in the SAFT-VRE approach[266], the predicted Gibbs 

free energy of hydration (rGhyd) shows large deviations from experimental data as 

presented in table 4.6.  We note that while the recently modified SAFT-VRE by 

Schreckenberg et al.[27] improves the trend in the free energy of solvation, significant 

deviations from the experimental values are still observed. With the solvent treated as a 

dielectric continuum, it is difficult to obtain even qualitative agreement with experimental 

results. In the non-primitive model, as used in this study, the solvent molecules are 

explicitly included and so the ion-solvent interactions are described by an explicit ion-

solvent term. This provides a theoretical advantage in terms of capturing the solvation 

behavior compared to the implicit solvent models frequently adopted in SAFT-based 

equations of state for electrolyte solutions. In table 4.7, rGhyd as calculated from the 

SAFT-VR+DE equation of state for individual ions (cations and anions) and salts are 

presented and compared with experimental data[265]. Note that rGhyd for the cations 

varies with the salts due to the use of salt specific water-cation dispersion energy 

parameters. From the table it can be seen that, while the theory provides a very good 

representation of the hydration energy for cations, deviations are seen in the predictions 

for the anions. This can be explained by the fact that at infinite dilution ionic 

concentrations the number of water molecules surrounding the anions increases 
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considerably compared to moderate or high concentration.  In this scenario the anions 

will experience dispersion interactions with solvent, the neglect of which could be one 

reason behind the observed deviations.  

As discussed previously, Herzog et al. investigated the Gibbs free energy of 

hydration using the semi non-primitive model[238]. Along with the dipolar and ionic 

interactions, dispersive interactions between both the cation and anion and water were 

considered. Although, higher deviations were observed from the experimental results for 

some of the cations, most of the anions were in good agreement. They also, commented 

that the use of fully non-primitive model, which captures individual sizes of cations and 

anions, might bring improvement in the predictions. Here we report that, significant 

improvements are achieved for cations Na, K, Rb and Cs in terms of the Gibbs free 

energy of hydration but some deviations have been observed for the anions, which again 

we believe is due to not considering the anion-solvent dispersive interactions. Irrespective 

of the deviations observed, we can however conclude, that the results predicted using the 

non-primitive or semi non-primitive models are still more accurate than any result 

obtained using a primitive model approach (as demonstrated in in table A3 in the 

supplemental material)[209]. 
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Table 4.6.Comparison between experimental and SAFT-VRE theoretical predictions for the Gibbs free 
energy of solvation for different aqueous electrolytes. 

 

 

 

 

 

 

 

 

 

 

 

Table 4.7 Comparison between experiment[265] and the SAFT-VR+DE EoS predicts for the Gibbs free 
energy of hydration for different electrolyte solutions. 

Salt 
rGhyd 
cation 

(KJ/mol) 

rGhyd 

Expt. 
cation 

(KJ/mol) 

rGhyd 
anion 

(KJ/mol) 

rGhyd 

Expt. 
anion 

(KJ/mol) 

rGhyd 
salt 

(KJ/mol) 

rGhyd 

Expt. salt 
(KJ/mol) 

%AADrGhyd 
salt 

 
LiCl -464.72 -529.4 -228.35 -304 -693.08 -833.4 16.73 

LiBr -451.43 -529.4 -200.78 -277.7 -652.21 -807.1 19.12 

LiI -438.51 -529.4 -157.66 -242.6 -596.17 -772 22.86 

NaF -455.83 -423.7 -256.97 -429.1 -712.79 -852.8 16.38 

NaCl -425.42 -423.7 -228.35 -304 -653.77 -727.7 10.21 

NaBr -416.14 -423.7 -200.78 -277.7 -616.92 -701.4 12.14 

NaI -410.58 -423.7 -157.66 -242.6 -568.23 -666.3 15.02 

KF -428.63 -351.9 -256.97 -429.1 -685.59 -781 12.62 

KCl -402.20 -351.9 -228.35 -304 -630.55 -655.9 4.50 

Salt rGhyd (KJ/mol) 

rGhyd Expt. 

(KJ/mol) 

LiCl 29.85 -833.4 

LiBr 51.88 -807.1 

LiI 65.17 -772 

NaCl -21.26 -727.7 

NaBr 0.77 -701.4 

NaI 11.61 -666.3 

KCl 59.11 -655.9 

KBr 81.13 -629.6 

KI 94.43 -594.5 
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KBr -392.99 -351.9 -200.78 -277.7 -593.77 -629.6 6.39 

KI -391.15 -351.9 -157.66 -242.6 -548.81 -594.5 8.66 

RbF -370.34 -329.3 -256.97 -429.1 -627.31 -758.4 17.4 

RbCl -343.03 -329.3 -228.35 -304 -579.39 -633.3 8.78 

RbBr -339.00 -329.3 -200.78 -277.7 -547.79 -607 10.08 

RbI -342.44 -329.3 -157.66 -242.6 -508.11 -571.9 11.74  

CsF -348.36 -306.1 -256.97 -429.1 -605.33 -735.2 17.24 

CsCl -328.52 -306.1 -228.35 -304 -556.87 -610.1 8.27 

CsBr -326.78 -306.1 -200.78 -277.7 -527.55 -583.8 9.22 

CsI -329.82 -306.1 -157.66 -242.6 -487.47 -548.7 10.98 

 

 

4.3.4 Effect of ions on the dielectric properties of water 
 
The interactions between charged ions and dipolar solvent molecules play an important 

role in determining the thermo-physical properties of electrolyte solutions. Over the 

years, although many SAFT-based equations of state based on the primitive model [218, 

220, 226, 227] for electrolyte solutions have been proposed and found to be able to 

capture the essential thermodynamic properties of these systems, such as the mean ionic 

activity co-efficient, osmotic co-efficient and density, they are unable to capture the 

variation of the dielectric constant of the solvent with salt concentration. Generally, in 

primitive models the dielectric constant is fixed over the whole salt concentration range 

studied, whereas the dielectric constant of the solvent is experimentally a function of the 

salt concentration (i.e., the dielectric properties are reduced as the salt concentration 

increases, due to ionic polarizibility, as is the modification of the water structure due to 

the formation of hydration shells which restricts the rotation of free water 
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molecules)[188, 267, 268]. Implementation of a more advanced level of theory, such as a 

non primitive model that can capture the underlying physics of these complex 

phenomena, should provide an approach that is better equipped to capture this dielectric 

decrement phenomena. We note that although Herzog et al.[238] applied the SNPM in 

their study they do not examine the ability of the theory to capture the correct dielectric 

behavior. In this study we report for the first time the decrement of the dielectric constant 

in the presence of ions using a SAFT based equations of state.  

The dielectric constant of the solution has been obtained following the work of 

Wei et al.[242] as 

 
  
ε A = 1+

ρnα 2
2β6

2 1+ λ( )4

16
  (4.17) 

where , ,  and .  and  are the 

dipole-dipole strength parameters obtained when solving the MSA equations (see 

Appendix 2). In figure 4.6, we compare the experimental and predicted dielectric 

constant for different electrolyte solutions. From Figure 4.6a, which reports the dielectric 

constant for five salts with different cations (Li, Na, K, Rb and Cs) and the same chloride 

anion, we find that both the theory and experimental values do not show any dependence 

on the size of the cation and that a decreasing asymptotic trend in the dielectric 

permittivity is observed that is well captured by the theory. This is consistent with other 

work indicating dielectric decrement is more dependent on cationic charge than 

size[269]. In figure 4.6b a comparison between the theoretical predictions and 

experimental dielectric constant for KF and NaI is presented. As the size asymmetry 

α2
2 = 4πβµ 2 / 3 λ = β3

β6 β3 = 1+ b2 / 3 β6 = 1− b2 / 6 α2
2 b2
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between the anion and cation increases with larger anion size, the dielectric depression 

increases, with the trend in the experimental data again well captured by the theory. 

      
Figure 4.6. Water dielectric constant for different salt solutions (a) LiCl (grey ¯), KCl (red �), NaCl 

(green £), RbCl (purple r), CsCl (orange s) and (b) KF (grey ¯), NaI (red �) at 298.15K temperature 
and 0.101325 MPa pressure. Symbols represent the experimental data[270, 271] and solid lines the 

theoretical predictions. 
 
 In both cases the theory is only in qualitative agreement with experiment, in that it 

captures the correct trends, but deviates from the experimental values. Some inaccuracy 

in the theoretical predictions could be due to the approximations adopted when the 

expressions for the pair correlation functions and thermodynamics were developed by 

Wei and Blum[242]. Specifically, the proposed solution of the MSA is stated to be only 

valid for ions of similar size and at low ionic concentration (<3m), with several of the 

expressions, including pair correlation functions, only tested at low ionic concentrations 

(i.e., 0.1 and 1 m). Deviations are therefore perhaps to be expected when dealing with 

ions of asymmetric sizes and the higher ionic concentrations considered in this work. A 

further issue is the orientation of the water molecules in the hydration shell and the 

presence of ion-pairs. For salts such as NaCl and CsCl experiments and simulations 

confirm the existence of both contact and solvent separated ion pairs (CIP and SSIP 

respectively)[240, 241]. The existence of solvent separated ion pairs at low ion 
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concentrations effectively reduces the number of ions in the solution, which in turn 

behave more like dipolar molecules and hence increase the dielectric constant of the 

solvent. This effect is not well captured by the theory since a fully dissociated model is 

being used and inclusion of the ion-association term discussed below would not improve 

the situation since the dielectric is calculated from the ion-dipole and dipole-dipole free 

energy contribution expressions, which are not affected by ion association. We also note 

however, that the experimentally measured static permittivity of polar conducting fluids 

such as aqueous electrolytes is known to contain systematic errors due to dielectric 

saturation and kinetic depolarization and can result in a 25–75% decrease in the measured 

static permittivity.[272] Such a decrease in the experimental static permittivity would 

increase the accuracy of the theoretical predictions considerably. 

 

4.3.5 Temperature effect on thermodynamic properties of electrolytes 
 
In this section, the effect of temperature on the thermodynamic properties of the 

electrolyte solutions studied is considered. In figure 4.7  the predicted solution densities 

for KBr and KCl are presented over a wide range of temperatures. From the figure we 

can see that the theory accurately captures the behavior of the solution density as a 

function of temperature. In figure 4.7b we observe a slight (less than 5%) deviation of the 

theoretical predictions from the experimental data for KCl. We note that the density is a 

predicted property and that similar deviations in density are commonly seen with SAFT 

based equations of states for electrolytes, even though in most cases the density was 

included in the fitting process. At low temperatures in the pure limit the observed 

deviations from experimental results (apparent from figure 4.7b), are due to the over 

prediction of the saturated liquid density of pure water. Overall, we can conclude that the 
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SAFT-VR+DE approach with a single fitted parameter at 298.15 K and 1 bar for KCl and 

KBr salts, it describes the solution densities well over a range of temperatures (293.15 K 

to 423.15 K). 

 

Figure 4.7. Densities of  aqueous solution of  (a) KBr at 293.15K (grey ¯), 303.15K (red �), 313.15K (green £) and 
(b) KCl at 313.15K (grey ¯), 333.15K (red �), 348.15K (green £), 373.15K (purple r), 398.15K (black ¿), 

423.15K (blue q). Theoretical predictions have been obtained by using SAFT-VR+DE EOS. Symbols represent the 
experimental data and solid lines theoretical results. 
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function of dipole moment, as shown in table 4.8, it can be observed that although a 

dipole of 2.18 D works well at room temperature, it under predicts the dielectric constant 

at higher temperatures and pressures. In this scenario, if we use a higher dipole moment 

in the theoretical calculations, without altering/ refitting the SAFT-VR+D water 

parameters, the theory more accurately captures the dielectric of water at higher 

temperatures and pressures. In the subsequent rows of the table the value of the dipole 

moment that predicts a dielectric constant that most closely matches the experimental 

dielectric data is reported. We note that the dipole moment increases with temperature 

and pressure due to the fact that the theory under predicts the dielectric and so a larger 

effective dipole moment is needed to compensate. 

 

Table 4.8. Experimental v/s theoretically obtained dielectric constant when different dipole moments are 
used across a range of temperature and pressure 

             T/K  

µ (D)  

298.15 

/0.1 

373.15  

/0.1 

473.15 

/1.55 

573.15 

/8.6 

Expt. 78.58 55.56 34.82 20.10 

2.179 78.58 49.93 28.99 16.59 

2.250 87.15 55.41 32.28 18.66 

2.300 93.57 59.52 34.75 20.23 

 

 To determine the effect of capturing the correct solvent dielectric on the 

prediction of the thermodynamic properties the appropriate values of the dipole moment 

from table 4.8 have also been used in the calculations. As can be seen in figures 4.8 and 

4.9, the use of the higher temperature and pressure dipole moments has a significant 

effect on the thermodynamic properties and the accuracy of the theoretical predictions. 

(p/MPa)          



90 

While deviations between the theoretical predictions and experimental data are still 

observed, we note that the improvement is achieved simply by changing the dipole 

moment and without refitting other model parameters. We also note that further 

deviations are likely due to the fact that the theory under predicts the solvent dielectric at 

high salt concentrations, as previously discussed. 

 

Figure 4.8. Comparison of the predicted and experimental (a) mean ionic activity and (b) osmotic co-
efficient for NaCl at 298.15K/0.1MPa (grey, ¯), 373.15K/0.1MPa (red, �), 473.15K/1.55MPa (green, £), 
573.15K/8.6MPa (purple, r). The theoretical predictions from the SAFT-VR+DE EOS with a water dipole 
moment of 2.179D are represented btydashed lines while the solid lines correspond to the theoretical results 

using the modified dipole moments . The symbols represent the experimental data.[273] 
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Figure 4.9. Comparison of the predicted and experimental (a) mean ionic activity and (b) osmotic co-
efficient for NaBr at 298.15K/0.1MPa (grey ¯), 373.15K/0.1MPa (red �), 473.15K/1.55MPa (green £), 

573.15K/8.6MPa (purple r). The theoretical predictions from the SAFT-VR+DE EOS with a water dipole 
moment of 2.179D are represented by dashed lines while the solid lines correspond to the theoretical results 

using the modified dipole moments . The symbols represent the experimental data[273]. 
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accurate results are obtained for NaBr, RbCl, and CsCl. The dissociated model can 

therefore be considered to describe the thermodynamic properties of these four salt 

solutions well. This is consistent with the molecular simulation study of Fennell et 

al.[240] which showed that size symmetric ions compared to size asymmetric ions more 

readily associate and form contact ion pairs. NaBr, RbCl, CsCl being asymmetric in size 

are less prone to ion-pair formation. This is also supported by the conductmetric study of 

Fuoss[276] who provides further evidence that Rb halide salts are less associative.  

If we consider LiCl, LiBr, KF and NaI, significant deviations from the 

experimental data are seen in Figure 20 at higher concentrations (>6 m). This can be 

attributed due to other factors such as ion-association or increased ion-solvent 

interactions, including anion-solvent dispersive interactions, which so far have not been 

considered in the model but are discussed further below.   

 

Figure 4.10. Mean ionic activity co-efficient of CsCl (green �) , RbCl (blue £) and NaBr (red ¯) as 
predicted by the SAFT-VR+DE EOS (solid lines) compared to experimental data[277]. 
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In order to better capture the molecular level interactions at higher salt 

concentrations ion pairing has been included in the model through the addition of an ion-

association term to equation 4.19. Although several SAFT-based equations of state [232, 

266] have been proposed that considered ion association, they failed to obtain (correlate 

[232] or predict [266]) the correct trends with increasing ionic concentrations for 

properties such as the mean ionic activity coefficient and solution vapor pressure when 

compared to experimental data. We note however that the more recent work of Rozmus 

et al.[236], included ion-association within the molecular model with the association 

energy parameter obtained by fitting to experimental mean ionic activity coefficient data 

at 298.15 K and 1 bar for salt concentrations up to 6 m.  Although the theory was able to 

provide a good correlation of the mean ionic activity coefficient at 298.15 K an over 

prediction was observed at higher temperatures. In this study we investigate whether the 

inclusion of ion-association in the model improves the theoretical correlations or 

predictions of the thermodynamic properties at higher salt concentrations. 

As discussed above, ion association has been included in the model through a 

sticky site placed on the charged spherical ions that interact via charged and associative 

dispersive interactions. In order to capture the increase in ion interaction and ion-

association with the decrease in the dielectric of the medium, the association energy 

 for ions is made dependent upon the solution dielectric constant using the 

following relation, 

   (4.17) 

where a is obtained by fitting to the experimental mean ionic activity coefficient data at 

higher concentration (> 6 m) and b is treated as a constant irrespective of the system. 

 ε
ion−assoc

  ε
ion−assoc = a − bεw

2
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These parameters for the specific solutions studied are given in table 6 and a graphical 

representation of equation 4.22 for LiCl and KF are provided in Figure 4.11.  

 

 

Figure 4.11. Association energy (dotted line) and dielectric decrement (solid line) as a function of ionic 
concentration for LiCl (blue) and KF (red). 

 

In figure 4.12, the mean ionic activity and osmotic coefficient of LiCl and KF 

both with and without considering ion association are presented. From figure 4.12a, it can 

be seen that the inclusion of ion-association enables the theory to provide a better 

theoretical representation of the mean ionic activity data by reducing the mean ionic 

activity coefficient. In figure 4.12b, prediction of the osmotic coefficient is reported. For 

LiCl the inclusion of ion association into the model reduces the osmotic coefficient 

bringing it into closer agreement with the experimental data at higher concentrations (> 6 

m). For KF, although the theory with ion association provides an improved prediction for 

the osmotic coefficient by bringing it closer to experimental data, the trend in the 

experimental data is still not correctly captured. 
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Figure 4.12. Comaprison of the mean ionic activity coefficient (a)  and osmotic coefficient (b) for LiCl 

(blue £) and KF (red ¯) from the SAFT-VR+DE EOS without ion association (solid lines) and with ion 
association (dashed lines) as compared to the experimental data (symbols)[277]. 
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than LiCl or KF to not significantly associate but increase their interaction with water 

molecules. Although, the SAFT-VR+DE approach describes the cation-solvent 

dispersion interaction and so would be expected to capture this behavior, anion-solvent 

interactions have been neglected. The need to include anion-water dispersion interactions 

is further supported by recent molecular dynamics simulations that investigated the 

effects of ion pairing in bulk water and showed that LiCl forms ion-pairs while LiBr 

remains completely dissociated at higher concentrations (~12 m) with the Br ion strongly 

interacting with the water molecules[278]. Hence anion-water interactions are more 

significant when dealing with higher ionic concentration regimes and should not be 

ignored in any theoretical treatment. In the SAFT-VR+DE approach the anion-solvent 

dispersive interaction parameter was initially not considered as it was found at lower 

concentrations (> 6 m) to not have a significant effect on the correlated results and 

enabled the number of fitted parameters to be reduced. Since at higher concentrations, 

anion-solvent interactions appear to be significant, for NaI and LiBr anion-solvent cross-

dispersive interaction parameters have been determined by fitting to the mean ionic 

activity co-efficient data at higher molalities (> 6m) whilst keeping all other parameters 

unchanged. The dispersive square-well interaction range (λ) is again set to 1.2 and the 

Lorentz-Bethelot combining rule is used to obtain the cross-interaction range parameters 

between the anions and solvent molecules. As, we need to parameterize anion-solvent 

dispersive interaction parameter; the appropriate choice of ionic radii was also 

considered. As discussed previously, at lower concentrations ionic radii for several ions 

(Li+, Na+, F-) were fitted and effective radii obtained in order to enable the theory to 

capture the structure making effect of the ionic interaction with water; however, at higher 
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ionic concentrations for dissociated salts, the ion-water interactions will not impact 

multiple water shells due to the more concentrated salt solution and lack of free water 

molecules. Therefore, in this scenario, the Shannon effective ionic radii is used for Li+ 

(0.076 nm) and Na+ (0.102 nm), rather than the previously obtained fitted one. The new 

parameters determined for NaI and LiBr are reported in table 4.9, with the other 

parameters remaining unchanged.  

  
 

Figure 4.13. Comparision of the mean ionic activity coefficient for (a) LiBr (red ¯) and (b) NaI (blue £) obtained 
from the SAFT-VR+DE EOS with (dashed lines) and without (solid line) anion-water interaction with experimental 

data. Symbols represent the experimental data[277]. 

 
Table 4.9. Salt specific dispersion energy parameters between the anion and solvent (εanion-H2O) and 

dispersive ion association energy parameter ( ) obtained from the correlation of mean ionic activity 
coefficient data ( ) at molality range > 6m using the SAFT-VR+DE equation of state. 

 
εanion-H2O/ kb (K)     KHB (Å 3)   

LiCl - 1.0 6797.672 1.5  

KF - 1.0 7549.883 1.5 

LiBr 1182.599 - - - 

NaI 399.581 - - - 
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As can be seen from figure 4.13 inclusion of the anion-solvent dispersive energy 

significantly improves the theoretical representation of mean ionic activity coefficient for 

both LiBr and NaI. Overall, we can conclude that ion association phenomenon is salt 

dependent and therefore the addition of ion association and anion-solvent dispersion 

terms will be beneficial for only some systems. For the salts studied herein, the 

description of LiCl and KF is improved through the incorporation of ion association in to 

the model but for NaI and LiBr the inclusion of anion-solvent dispersive interactions are 

the key to a better theoretical description.  Typically, salts containing symmetric sized 

ions will be more inclined to form ion-pairs at high ionic concentrations as compared to a 

salt formed from asymmetric ions where anion solvent interactions will be more 

significant.  

 

Table 4.10. Summary of the proposed modeling approaches considered in this work and the required 
adjustable parameters for each. 

 

Electrolytes Molality range (m) Model Adjustable parameters 
All 0-6 Fully 

dissociated 
ε𝐜𝐚𝐭𝐢𝐨𝐧!𝐇𝟐𝐎   for all 

electrolytes, σion for Li, Na 
and F ions 

LiCl, KF 
>6 

partially 
associated  

εHB , ε𝐜𝐚𝐭𝐢𝐨𝐧!𝐇𝟐𝐎
1 

NaI, LiBr 
>6 

dissociated εanion-H2O 

1Parameters for all electrolytes same as for 0-6 m range 

 

4.4 Conclusion 
 
In this work we have applied the SAFT-VR+DE equation of state, developed in earlier 

work, to study nineteen different 1:1 electrolyte solutions. A comprehensive study that 

evaluates a range of thermodynamic properties including the mean ionic activity 
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coefficient, osmotic coefficient, water activity coefficient, density, Gibbs free energy of 

hydration, and the dielectric decrement, has been performed. For electrolyte solutions in 

the concentration range up to 6m a fully dissociated model is considered that uses a salt 

specific cation-solvent dispersive energy parameter fitted to mean ionic activity 

coefficient data. For some systems (salts of Li, Na and F) the ionic radii are also fitted. In 

comparison to other SAFT-based approaches, the use of the full non-primitive model in 

the SAFT-VR+DE equation of state enables improved predictions for the Gibbs free 

energy of hydration, especially for cations, and the prediction of the dielectric decrement 

with increasing ionic concentration. The results for the dielectric decrement for different 

electrolyte solutions are qualitatively consistent with experimental observations but 

deviate quantitatively due to the approximations adopted within the theory. We also, 

report the effect of temperature on thermodynamic properties such as solution densities, 

mean ionic activity coefficients and osmotic coefficients for K and Na halide salts. 

Although the theory provides quantitatively accurate predictions of the solution densities 

over a range of temperatures (298.15 K - 473.15 K), the mean ionic activities and osmotic 

coefficients are only in qualitative agreement. The under prediction of the dielectric 

constant at higher temperatures and pressures, has been identified as the key reason 

behind the divergence of the SAFT-V+DE predictions from the experimental data. At 

higher ionic concentrations (> 6m) the theory has been extended to include ion 

association and shown to improve the correlation and prediction of the thermodynamic 

properties of LiCl and KF salts. For LiBr and NaI, due to the higher asymmetry between 

the ions, instead of ion association, consideration of anion-solvent (water) dispersion 

interactions is found to improve the theoretical description of the mean ionic activity 
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coefficient. The results demonstrate that when developing a predictive equation of state 

for a family of electrolyte solutions, a uniform model is not appropriate and the nature of 

the salt and the concentration range being studied should be taken into account and the 

model tailored to capture the correct interactions, as summarized in Table 7. Specifically 

when studying electrolyte solutions from infinite dilution to the fused salt limit, while a 

fully dissociated model of electrolytes can be expected to capture the thermodynamic 

behavior at low to moderate concentrations at higher concentrations, with the changes in 

intermolecular/ ionic interactions, the underlying theoretical considerations should also 

change. Depending upon the nature of the ions, ion association or enhanced anion-solvent 

interactions should be considered.  

  



101 

Chapter 5 : Development of a non primitive model based theoretical framework for 
mixed solvent electrolyte systems  

 

5.1 Introduction 
 
Mixed solvent electrolyte solutions are of significant industrial interest due to their 

application in several chemical processes such as wastewater treatment, crystallization, 

liquid-liquid extraction, extractive distillation, and seawater desalination [49]; however, 

only limited experimental data on the thermodynamic properties of these fluids are 

available. An attractive approach to explore such systems is therefore to develop 

theoretical tools that can predict the phase behavior and thermodynamic properties of 

mixed solvent electrolytes as a means of generating “pseudo” experimental data. Though 

this is made more difficult by the fact that these fluids are highly non-ideal systems 

because of the dominant long-range electrostatic interactions, which makes their 

theoretical study challenging.  

Theoretical developments for electrolyte solutions can be broadly divided into 

two approaches: those in which the solvent is described implicitly by a dielectric constant 

(known as primitive models) [53] and those in which the ions and solvent species are 

both treated explicitly (known as non-primitive models). The primitive model is a 

McMillan-Mayer level of theory [187], developed with the notion that an explicit 

representation of the solvent is not necessary and can be treated implicitly within the 

theory. This approximation is likely to be valid at low ionic concentrations. In contrast, 

the non-primitive model allows the explicit description of solvent species within the 

theoretical framework and is in the general class of Born-Oppenheimer models [187]. In 

the simplest Born-Oppenheimer models of electrolytes, the electrolyte solution is 

described as a mixture of charged hard spheres in a solvent of spherical hard dipolar 
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molecules. We note that to date, only the primitive model has been applied to the study of 

mixed solvent electrolytes.  

In the context of the development of theoretical approaches for the calculation of 

the thermodynamic properties of mixed solvent electrolytes, the primitive-model-based 

semi-empirical Debye–Hückel (DH) theory is the simplest. The DH theory, in which ions 

are treated as point charges in a dielectric media, is in general perhaps the most widely 

adopted approach for the treatment of electrostatic interactions because of its simplicity. 

However, the applicability of DH theory is limited to the very dilute regime of electrolyte 

solutions. Since its advent the most significant contribution to improving the DH 

approach was made by Pitzer. In the Pitzer-Debye–Hückel (PDH) [51] formalism the 

short ranged effect of electrostatics were accounted for by including ionic strength 

dependence in the second virial coefficient and thus the DH theory became applicable to 

higher ionic concentrations. Subsequently a number of theoretical approaches for mixed 

solvent electrolyte solutions have been developed that combine DH or PDH theory with 

activity coefficient models such as NRTL, UNIFAC, and UNIQUAC to describe the 

short ranged dispersive interactions [279-286]. These approaches correspond to the so-

called Lewis–Randall [287] framework in which temperature, pressure and mole fraction 

of all species are independent variables. In other studies [282, 284], DH/ PDH theory and 

activity coefficient models, have been further combined with second virial coefficient8 or 

Born contributions in order to provide an improved theoretical representation of the 

interactions present within mixed solvent electrolytes.  

In general, the approaches for mixed solvent electrolytes discussed above 

typically work as correlative tools with very little or no predictive ability. Furthermore, 
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we note that in some cases there lies a significant inconsistency in the proposed 

theoretical framework [279, 284]. For example, in the work of Liu et al. [284], the NRTL 

model is derived from the Lewis–Randall framework, while DH theory is derived from 

the McMillan-Mayer framework in which the independent variables are temperature, 

volume, mole fraction of solute and the chemical potential of the solvents. For simplicity 

the rigorous conversion required between the Lewis–Randall and McMillan-Mayer 

frameworks are typically ignored [282, 284, 288]; however, the inconsistent treatment of 

the solvent chemical potential (i.e., as an independent variable in McMillan-Mayer 

framework and a dependent variable in the Lewis–Randall framework) gives rise to 

thermodynamic inconsistencies and introduces errors [289]. In order to rectify this 

inconsistency, several authors [281-283, 289-292] have developed an extended DH 

formalism that is suitable for use in the Lewis–Randall framework.  

A more comprehensive approach to the development of equation of state can be 

adopted through the use of classical statistical mechanics, which relates intermolecular 

forces to the thermodynamic functions of fluids. In this regard statistical-mechanics-

based perturbation theories and integral equation theory have both been applied to derive 

analytical expressions for the Helmholtz free energy due to charged Columbic 

interactions.  Some integral equations (based on the mean spherical approximation 

closure) provide the advantage of yielding analytical expressions for both the structure 

and the thermodynamics of the fluid and have been widely utilized in the development of 

equation of state. In the context of charged fluids, Waisman and Lebowitz [197] and 

Blum [206] solved analytically the relation between the direct correlation function and 

the pair correlation function given by the Ornstein-Zernike equation with mean spherical 



104 

(MSA) closure for the restricted (i.e., an equimolar mixture of equal-diameter hard 

spheres are assumed) and unrestricted primitive models respectively, to derive analytical 

expressions for Columbic contribution to the thermodynamic properties and Helmholtz 

free energy. We note that DH is the limiting case of the primitive model expressions for 

the MSA i.e., the effect of the volume of the ions is reduced to zero. These analytical 

expressions of ion-ion interaction free energies were instrumental in the development of 

statistical associating fluid theory (SAFT) based electrolyte equations of state. SAFT [10, 

11, 147] is a state-of-the-art molecular based equations of state, founded on Wertheim's 

first-order thermodynamic perturbation theory (TPT1) [212, 214, 215] that in its many 

variations has been applied to study the thermodynamic properties of a wide range of 

industrially important complex fluid systems (see for example [148, 209, 216, 217]). A 

MSA term combined with different versions of SAFT has been used by several authors to 

develop SAFT-based approaches for electrolyte solutions. For example, the SAFT-VRE 

[218, 226] equation was developed by combining the SAFT approach for potentials of 

variable attractive range (SAFT-VR) [36] with the MSA expressions for the restrictive 

primitive model (i.e., an equimolar mixture of equal-diameter hard spheres in a dielectric 

continuum). In related work, Tan et al. [219] proposed a version of SAFT1 (a variant of 

SAFT-VR) for electrolyte solutions that also uses the restrictive primitive model. In other 

examples, the perturbed chain SAFT (PC-SAFT) [24] equation was combined with a 

simple DH term to develop the ePC-SAFT [226] equation and the polar perturbed chain 

(PPC)-SAFT equation was combined with the MSA to develop a primitive model of 

electrolyte solutions in the ePPC-SAFT equation [236]. In these studies we note that the 

focus was typically on describing the thermodynamic properties and phase equilibrium of 
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single solvent and sometimes mixed salt electrolyte systems; only the SAFT-VRE [218] 

and ePC-SAFT equations have been applied to the study of mixed (i.e., water/ alcohol 

and water/ alkane) solvent electrolytes.  

In the area of mixed solvent electrolyte systems, the SAFT-VRE [218] equation 

was applied to study the phase behavior of alkane + water + salt solutions [293]. The 

dielectric constant, required in this primitive model approach, was calculated using a 

temperature dependent correlation equation obtained by fitting to the pure water 

experimental dielectric data from 273 to 623 K. The effect of the second solvent or ions 

on the dielectric behavior of the solution is therefore not accounted for. In the ePC-SAFT 

equation of state [294], which was applied to study the thermodynamic properties of 

water + alcohol + salt systems (salts composed of Na+, Li+, K+, NH4+, Cl-, Br-, I- ions in 

ethanol or methanol and water), the solvent composition and temperature dependent 

dielectric constant data were again obtained from an empirical correlation and required as 

an input to the equation of state. We note that more recently, a modified version of the 

SAFT-VRE equation [218] in which a Born solvation energy contribution was 

incorporated into the theory has been proposed and applied to study the VLE/ LLE of 

four mixed solvent electrolyte solutions. Although the inclusion of the Born term 

provides a better representation of solvation effects at the infinite dilution limit than in 

the original SAFT-VRE formalism, the explicit representation of long-ranged ion-dipole 

and dipole-dipole interactions are still absent from the theoretical framework. In this 

work, the dielectric constant was obtained following the empirical approach of Uematsu 

and Franck [221], which takes into account the temperature, density and composition of 



106 

the solvent and in turn makes the dielectric constant differentiable with respect to these 

same variables. 

 A common feature of these SAFT-based approaches and the previously 

mentioned activity-coefficient-based models is the implicit treatment of the solvent. A 

more comprehensive approach is to consider solvent molecules explicitly within the 

electrolyte solution, using a Born-Oppenheimer level model [187]. Analytical 

expressions to calculate the free energy and thermodynamic properties of a mixture of 

dipolar and charged hard spheres of arbitrary sizes was derived by Blum and Wei [204] 

using integral equation theory in which the Ornstein-Zernike equation was solved within 

the non-primitive MSA (NPMSA) closure. The solution provides mathematical 

expressions for the contribution to the free energy and pair correlation function for the 

ion-ion, ion-dipole, and dipole-dipole interactions. Recently, Zhao et al. [210] combined 

the SAFT-VR equation of state and the generalized mean spherical approximation 

(GMSA) using the non-primitive model to describe the long-range ion-ion, ion-dipole, 

and dipole-dipole interactions to develop the SAFT-VR+DE equation, a non-primitive-

model-based electrolyte version of the SAFT-VR equation. The predictions of PVT 

behavior for several model electrolyte fluids were compared against NPT Monte Carlo 

simulation data for systems of different ionic concentrations and different ratio of the 

cation, anion, and solvent segment diameters to test the accuracy of the approach. 

Comparisons were also made with the DH and primitive models, illustrating that the full 

non-primitive model better captures the electrostatic interactions due to the explicit 

consideration of solvent. The importance of properly accounting for the difference in size 

between the ions and solvent and providing an accurate description of the dielectric 
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constant was also shown.  In subsequent work, the SAFT-VR+DE equation of state was 

applied to study nineteen aqueous alkali halide electrolyte systems and evaluate a range 

of thermodynamic properties, including the mean ionic activity coefficient, osmotic 

coefficient, water activity coefficient, density, Gibbs free energy of hydration, and the 

dielectric decay [295]. The results demonstrate that when developing a predictive 

equation of state for a family of electrolyte solutions, a uniform model is not appropriate 

and the nature of the salt and the concentration range being studied should be taken into 

account and the model tailored to capture the correct interactions. Specifically when 

studying electrolyte solutions from infinite dilution to the fused salt limit, while a fully 

dissociated model of electrolytes can be expected to capture the thermodynamic behavior 

at low to moderate concentrations at higher concentrations, with the changes in 

intermolecular/ ionic interactions, the underlying theoretical considerations should also 

change and depending upon the nature of the ions, ion association or enhanced anion-

solvent interactions should be considered.  

Since statistical-mechanics-based equations of state like SAFT are formulated 

upon a well-defined molecular model, they have an inherent advantage over more 

empirical approaches as the approximations made in the development of the theory can 

be rigorously tested through comparison with computer simulation results for the exact 

same model. This allows the accuracy of the theory to be determined before comparison 

with experimental data and parameters are fitted [216]. This approach has been used 

heavily in the development and testing of new versions of the SAFT equation of state. 

For example, in the development of the SAFT-VR+D approach, which describes dipolar 

associating fluids and explicitly considers the effect of dipolar interactions on both the 
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thermodynamics and structure of the fluid, the theoretical framework was extensively 

tested against isothermal-isobaric (NPT) and Gibbs ensemble Monte Carlo simulation 

data for the thermodynamic properties and phase behavior of several model dipolar 

square-well monomer and chain fluids before application to experimental fluids. 

Similarly, as described above the SAFT-VR+DE equation was first validated using 

computer simulation results [210] before being applied to study experimental systems 

[295]. Through such studies systematic improvements to the theory can be made that 

allows the accuracy of the SAFT-based equations to continually evolve. 

In this work, the SAFT-VR+DE equation of state has been applied to the study of 

mixed dipolar solvent electrolyte systems, i.e., ions solvated by at least two distinct 

dipolar solvent species. Computer simulations have been performed for a series of 

different molecular models to test the theory before experimental mixed dipolar solvent 

electrolyte systems are studied. Specifically simulations have been performed in which, 

the size of the cation, anion, and solvents are assumed to be equal (known as the semi-

non-primitive model), the ions and solvents are of different sizes while the cation and 

anion have equal and also different diameters (known as the unrestricted non-primitive 

model). The effect of the dipole moment of each solvent and ion concentration is also 

investigated and a comparison with the primitive model of electrolytes included to 

examine the effect of using a salt-concentration-dependent dielectric constant on the 

theoretical predictions.  

The remainder of the chapter is organized as follows: In chapter 5, I present the 

SAFT-VR+DE model as applied to mixed dipolar solvent electrolyte solutions, along 

with the primitive model approach. In section 3, details of the molecular simulations 
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performed are presented. A comparison of the theoretical predictions and simulation 

results are presented in section 4 and concluding remarks made in section 5. 

 

5.2 Molecular model and theory 
 
Mixed dipolar solvent electrolyte solutions are modeled as a mixture of charged ions of 

arbitrary size within a dipolar associating solvent composed of molecules of arbitrary size 

and polarity as illustrated in figure 5.1. The ions are described as hard spheres, half with 

charge  and diameter , and half with charge  and diameter . Two types of 

dipolar solvent molecules are considered: a monomer fluid that mimics water molecules 

and a dimer fluid that represents a second solvent such as an alcohol. The monomer 

solvent is described by diameter  and dipole moment  and contains four 

association sites, two each of different kinds that represent hydrogen bonding sites (i.e., 

mimicking H and O atoms in water). The dimer solvent molecules are described by 

segments of diameter  and embedded dipole moment of  with two association 

sites. 

 

 

+q σ + −q σ −

σ d1 µd1

σ d2 µd2
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  Figure 5.1 Schematic representation of the molecular model used in the SAFT-VR+DE equation to 
describe mixed solvent electrolyte solutions containing ions and two types of associating dipolar solvent. 

 

The potential model for interaction between solvent and ionic species is given by,

   u(r) = uSW (r)+ uCC (r)+ uCD (r)+ uDD (r)  (5.1) 

where the square-well, coulombic charge-charge, charge dipole, and dipole-dipole 

interactions are represented by  uSW , uCC  ,  uCD
, and  uDD   potentials, respectively.  

The solution of the Ornstein-Zernike with the NPMSA closure proposed by Blum 

et al. [296] was for ions of arbitrary sizes in a dipolar solvent with a separate segment 

diameter. No solution of the NPMSA has been developed to date for ions of arbitrary size 

in a solvent composed of more than one type of dipolar species. This limitation to the 

application of the NPMSA to the study of mixed dipolar solvent electrolytes has been 

circumvented in this work by using a one-fluid type approximation in the ion-dipole and 

dipole-dipole terms within the SAFT-VR+DE equation of state. It is therefore assumed 

that the properties of the solvent can be described by those of a hypothetical fluid that is 

represented through an effective segment diameter ( ) and dipole moment ( ) 

+

!

!

+

 
σ eff  

µeff
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whose parameters are determined via [297, 298] (a representative diagram has been 

provided in figure 5.2):  

 
 

(5.2) 

and the dipole moment per segment of effective fluid given by [299], 

  (5.3) 

 
 

Figure 5.2 Schematic representation of one-fluid like approximation scheme adopted for the theoretical 
treatement of mixed solvent electrolyte solution using SAFT-VR+DE EoS. 

 

In this work the reference fluid is a mixture of dipolar-charged square well monomer 

segments and within SAFT-VR+DE theoretical framework the Helmholtz free energy per 

molecule is given by 

 
 

A
NkbT
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+ Aassoc

NkbT
 (5.4) 

where  is a total number of molecules,  is the Boltzmann constant, T is temperature, 

and  , ,  and  are the free energy contributions due to the ideal, 

monomer, and association interactions, respectively. Here only free energy contribution 

due to chain formation has been described, since all the other free energy contribution 

terms have already been discussed in previous chapter. 
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The Helmholtz free energy contribution due to the formation of a chain containing 

homogeneous monomeric segments is given by, 

 
  

Achain

NkbT
= xi 1− mi( )ln gii

M σ ii( )
i=1

nsolvent

∑  (5.5) 

where, the sum is over all solvent compounds in the mixture and  represents the 

contact value of the radial distribution function (RDF) of monomer segments. Since 

solvent molecules are described as dipolar SW molecules, the required  is that of the 

dipolar square well fluid, i.e.,  and is obtained from the linearized version of the 

exponential (LEXP) approximation [37]. As shown in previous work [37], the LEXP 

approximation for the RDF is more accurate than the MSA, as it provides a better 

description of PVT and VLE properties of dipolar dispersive square well chain fluids, 

while comparing against NPT and GEMC computer simulation data. The RDF at contact 

value due to square-well dispersive interaction is given by, 

  (5.6)  

where and  are square well and dipolar RDF at contact values 

   (5.7) 

  (5.8)
 

Contact value of RDF due to dipolar interactions is given by,[296, 300] 
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 (5.9) 

 g
M

 g
M

 g
DSW

  
g DSW rω1ω 2;ρ,T( ) = g SW r;ρ,T( ) 1+ g D ω1ω 2;ρ,T( )( )

 
g SW( )  

g D( )

  
gij

sw(σ ij ) = g hs(σ ij )+ βε ijg1(σ ij )

  
g1(σ ij ) =

1
2πε ijσ ij

3 3
∂a1

ij

∂ρs

⎛

⎝⎜
⎞

⎠⎟
−
λij

ρs

∂a1
ij

∂λij

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥



113 

where, denote rotational invariant and are the coefficients of  

rotational invariant expansion of the contact value. It reads[301], 

  (5.10) 

  (5.11) 

  (5.12) 

with, 

 (5.13) 

and, 

 (5.14) 

where, 
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segment diameter of  the dipolar solvent species present in the solution. The parameters 

B10  and b2 corresponds to the ion-dipole and dipole-dipole interactions respectively, and 

are obtained from the solution of Ornstein-Zernike equation given by Wei and Blum. The 
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quantities β6 , λ  are related to dipolar strength parameters and expressions are given by, 

β6 = 1−
1
6
b2 , β3 = 1+

1
3
b2  and  λ = β3

β6
. 

The expression for an
1 is given by,an

1 = Dβ6
2Dac

σ nB10
2

+ Ω10λ
Dβ6

⎡

⎣
⎢

⎤

⎦
⎥with the quantities D , Ω10 , 

Dac  are obtained from following expressions, 

 D = 1+υη
2ρnσ n

2 ρiσ i
2 Di

F( )2
2β6 σ n + λσ i( )⎡⎣ ⎤⎦

2
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∑  
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2 1+σ iΓ − ΔΓ i( )  

 Ω10 =υη

ρiσ i Di
F( )2

σ n + λσ i( )i=1

n−1

∑  

where, zi is the charge of individual ions, Γ is the ionic screening parameter and υη is 

related to ion-dipole and dipole-dipole strength parameters B10 and β6 . 

 
The coefficients of rotational invariant gnn

mnl  is only dependent upon center-to-center 

distance rij , while the angular dependence of the correlations is given by the rotational 

invariant which is expressed as [302], 

  (5.15) 

Where, is a 3j-symbol, and,

denotes rotation matrix[302], where is a spherical harmonic function.  
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with  i = −1 and  Pln is associated Legendre function. 

  
 
Pln x( ) = (1− x2 )n/ 2 d

dx
⎛
⎝⎜

⎞
⎠⎟

n

P1( x )  

where  P1( x )  is Legendre polynomial defined for x in the range  (−1,1 ) . 

5.3 Simulation 
 
Monte Carlo simulations in the isothermal-isobaric (NPT) ensemble have been performed 

to study the PVT behavior of several model mixed dipolar solvent electrolyte systems. 

Each simulation was started from an initial configuration in which 256 molecules were 

placed in random orientations on the sites of a face centered cubic lattice in a simulation 

box with periodic boundary conditions. The long-range charge-charge, charge-dipole, and 

dipole-dipole interactions between polar solvents and charged ions were captured through 

the reaction field method [303-306]. The reaction field method has shown to be as 

accurate as the Ewald sum for calculating long-range dipolar and electrostatic forces 

[307-310]. In the reaction field method, the long-range interactions are truncated at a 

finite cut-off distance from each ion and dipolar molecule, and replaced by a dielectric 

continuum. The effect of the dielectric continuum is taken into account by including an 

additional term into the long-range charge-charge, charge-dipole, and dipole-dipole 

interaction potentials. viz., 

  (5.16) uCC =
qiqj 1/ r + εRF −1( ) 2εRF +1( )( ) r2 rc3( )⎡⎣ ⎤⎦, r < rc

0 r ≥ rc
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    (5.17) 

 

  (5.18) 

 

where,  is the cut-off distance beyond which the pair potential is set to zero and  is 

the dielectric constant of the continuum. In our simulations, the value of is set to 3.0 

and  to .  

 In the systems included in this study, the solvent molecules are highly associative. 

This kind of strong association interaction between molecules can promote the formation 

of stable clusters, making the complete sampling of phase space challenging [311-313]. 

To avoid poor sampling, several biasing schemes have been proposed in the literature 

[311, 312, 314-316]. For example, the association-biased Monte Carlo (ABMC) [317] 

method, which strategically biases the configuration site where association is likely to 

occur, was the first biasing scheme to be proposed however it requires the determination 

of bonding regions, making the algorithm rather complex. Subsequently, Tsangaris et al. 

developed the bond bias Monte Carlo method for the sampling of dimer clusters [311] 

and Visco et al. [312] proposed the monomer-addition-subtraction algorithm for the study 

of linear and ring aggregates. More recently, Chen et al. [313] proposed the aggregation 

volume bias Monte Carlo (AVBMC) biasing scheme, which can be applied to any cluster 
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architecture (i.e., it is not restricted to the sampling of dimers, chains or rings) and is 

computationally more efficient as the identification of clusters is not required.  In the 

simulations reported here, although systems with low association energy (i.e., < ) 

are studied and so are outside of range in which regular GEMC simulations are expected 

to fail [311], we have used the AVBMC biasing scheme developed by Chen et. al. [313] 

to avoid potential issues of poor sampling and increase the reliability of the PVT data 

The AVBMC biasing scheme enhances the efficiency of the sampling by targeted 

sampling for the formation and destruction of clusters. It works as an intrabox swap move 

where four kinds of moves are allowed. (1) Placing a randomly selected particle within 

the bonded region (where association takes place) of another randomly selected target 

particle (termed as out-in move); (2) displacing a random particle from a bonded region 

to non-bonded region (termed as in-out move); (3) placing a particle from bonded region 

to another bonded region (termed as in-in move); (4) placing a particle from non-bonded 

region to another non-bonded region (termed as out-out move). The first two kinds of 

swap move carried out with a bias in probability of Pbias. The acceptance criteria for 

accepting the moves in-out and out-in (1 and 2) are given with the following set of 

acceptance probabilitie 

  (5.19) 

  (5.20) 

For the next two cases (move type 3 and 4) in which particle follow out- out or in- in 

moves, the standard Metropolis acceptance rule is used. Each of the in-moves and out-

moves outlined is selected with equal probability (this corresponds to the Pbias = 0.5). In 
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the above equations,  and  denotes the in and out volumes of the bonded regions, 

respectively where is given by bonding volume per particle  represented as, 

  (5.21) 

 and   

where   is the volume of the simulation box. 

The potential model for the associative interactions is given by,  

  (5.22) 

where,  and  are the angles between the direction vectors and the center-to-center 

vector of atoms i and j respectively. Different association sites residing upon the same or 

different molecules can interact with a short-ranged associating energy of magnitude . 

Although, in Wertheim’s theory, bonding is limited at each association site to dimers, 

higher order cluster formation is possible depending upon the size of the association site, 

strength of the site-site interactions, and the state conditions as illustrated by Docherty 

and Galindo [318]. In this work, the angular cut-off  is set to 27° in order to restrict 

bonding to dimer formation [147].  

 The AVBMC move has been used in conjunction with traditional Monte Carlo 

displacement, rotation and volume moves. In a single simulation cycle, N trial 

displacement, rotations, and AVBMC moves along with one volume change move has 

been employed. The extent of displacement, reorientation, AVBMC and volume trial 
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moves has been adjusted so that individual acceptance probabilities are between 20-30%. 

An initial simulation of 500000–1000000 cycles was performed to equilibrate the system 

before averaging for between 1000000 and 2000000 cycles. In order to examine whether 

equilibrium had been reached or not, several simulations from different initial 

configurations were performed and results for the thermodynamic properties compared. 

For each system studied, the packing fraction and system energy at a given reduced 

pressure are reported and were obtained as ensemble averages and the errors estimated by 

taking the standard deviation. 

 

5.4 Results and discussion 
 
A complete list of systems studied by Monte Carlo simulation is provided in Table 5.1. In 

systems 1 and 2, the effect of solvent polarity on the PVT behavior is evaluated while 

systems 1, 3 and 4 enable the effect of different ionic concentrations on the PVT behavior 

to be examined. In order to take that into account the effect of solvent composition, in 

systems 1, 5 and 6 we consider different ratios of monomer and dimer solvent molecules. 

We note that systems 1-6 are symmetric in nature as all the ions and molecules have the 

same segment diameter; however, in experimental mixed solvent electrolyte systems the 

ions and solvent molecules are of different sizes. Therefore the effect of ion and solvent 

molecule size on the thermodynamics of the fluid has been tested in systems 7 and 8. The 

results of the NPT Monte Carlo simulations are provided in Table 5.2.  
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Table 5.1 Model parameters for the electrolyte fluids studied. , ,  and are the 

reduced diameter of the solvent 1 (monomer), solvent 2 (dimer), cation and anion molecules 

respectively.  and   are the reduced squared dipole moments of solvent 1 and solvent 2, 

where , is the reduced depth of the square-well potential,  the range of the 

potential,  the reduced association energy, the reduced association cutoff radius,  the 

number of ions, and , the number of monomer and dimer solvent molecules. 

 
System	
    	
   	
   	
   	
   	
   	
   	
    	
   	
   	
   	
  	
    	
  

1 1 1 1 1 1 2 1 1.5 5 1.05 8 124 124 

2 1 1 1 1 1 4 1 1.5 5 1.05 8 124 124 

3 1 1 1 1 1 2 1 1.5 5 1.05 4 126 126 

4 1 1 1 1 1 2 1 1.5 5 1.05 16 120 120 

5 1 1 1 1 1 2 1 1.5 5 1.05 8 200 48 

6 1 1 1 1 1 2 1 1.5 5 1.05 8 4 244 

7 1 4/3 1 1 1 2 1 1.5 5 1.05 8 124 124 

8 1 4/3 2/3 5/3 1 2 1 1.5 5 1.05 8 124 124 

 

 In Figure 5.3, a comparison has been made between SAFT-VR+DE theoretical 

predictions and Monte Carlo NPT ensemble simulation results for the PVT behavior of 

systems 1 and 2. From the figure we can see that over the range of temperatures studied 

(T*=1.2, 1.4, 1.6, 1.8), the theory is found to be in good agreement with the simulation 

results. In system 2, compared to system 1, the polarity of dimer molecules increases 

(from  = 2 to 4), which results in increased attractive interactions between the solvent 

molecules and an increase in the density at a fixed pressure. Although the theory 

correctly captures this trend, we note that at higher temperatures for system 2 the theory 
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under predicts the density as shown in figure 5.3b; however, the deviations are well 

within the errors as reported in table 5.2.  

 

Figure 5.3 Comparison of predictions from the SAFT-VR + DE equation and NPT Monte Carlo simulation 

results for symmetric electrolyte solutions with = 1.0,  = 1.5,  =  =  = = 1.0,  = 5.0, 

 = 1.05, charge q = 1, ion concentration of 8 / 256, and (a) dipole moment    = 0.5 and    = 2.0 at 

T* = 1.2, 1.4, 1.6 and 1.8 for system 1 and (b) dipole moment    = 0.5 and    = 4.0 at T* = 1.2, 1.4, 

1.6, and 1.8 for system 2. The solid lines represent predictions from the modified SAFT-VR + DE equation 

and the squares the NPT Monte Carlo simulation data. 
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Figure 5.4. Comparison of predictions from the SAFT-VR + DE equation and NPT Monte Carlo simulation 

results for symmetric electrolyte solutions with = 1.0,  = 1.5,  =  =  = = 1.0,  = 5.0, 

 = 1.05, charge q = 1, dipole moment    = 0.5 and    = 2.0 at T* = 1.2, 1.4, 1.6 and 1.8 for ion 

concentration of (a) 4 / 256, and (b) 16 / 256. The solid lines represent predictions from the modified 

SAFT-VR + DE equation and the squares the NPT Monte Carlo simulation data. 
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theoretical predictions and Monte Carlo simulation results are in good agreement for both 

systems. As the concentration of the ions increases, the density at a given pressure and 

temperature increases, due to the increased attractive interaction. However, at higher 

ionic concentrations, the SAFT-VR+DE equation slightly over predicts the pressure, 

perhaps due to approximating the ion-dipolar interactions through those of an effective 

fluid.  

 In addition to the concentration of ions in electrolyte solutions, the composition of 

the solvent in mixed solvent electrolyte systems can play an important role in 

determining the thermodynamic properties [319]. For example, in the measurement of 

mean ionic activity coefficients for NaBr + ethanol + water the ionic activity was found 

to change from 0.6643 to 0.2951 at 0.31 salt molality (m) with a change in the solvent 

ratio between water and ethanol from 9:1 to 1:9 [319]. To examine this effect. in systems 

5 and 6 the ratio of the dimer and monomer solvent is varied from the 50:50 mixture used 

in systems 1 – 4 (i.e., in systems 1-4, the solvent molecules are divided equally between 

the monomer and dimers molecule). In system 5 200/248 and in system 6 4/248 particles 

are considered monomers, whereas the number of ions is maintained at 8 in both cases. 

The polarity of the systems studied also increases as the number of dimers in the system 

increases, due to the higher dipole moment in the dimer molecules compared to the 

monomer molecules. As a result, as shown in figure 5.5, the density of system 6 is higher 

at a given temperature and pressure than for system 5. For system 1 with a 50:50 mixture 

of dimer and monomer solvent species the solution density lies as expected in between 

system 5 and 6 at a specific temperature and pressure. From figure 5.5, it can also be seen 

that the theory is able to capture this change in the PVT behavior and is in good 
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agreement with the simulation results. 

  

Figure 5.5. Comparison of predictions from the SAFT-VR + DE equation and NPT Monte Carlo simulation 

results for symmetric electrolyte solutions with = 1.0,  = 1.5,  =  =  = = 1.0,  = 5.0, 

 = 1.05, charge q = 1, dipole moment  = 0.5 and = 2.0, ion concentration of 8/256 at T* = 1.2, 

1.4, 1.6 and 1.8 for different solvent rations. (a) 200 particles of monomers and 48 of dimers; (b) 4 particles 

of monomers and 244 of dimers. The solid lines represent predictions from the modified SAFT-VR + DE 

equation and the squares the NPT Monte Carlo simulation data. 

To more closely mimic experimental systems, we now consider systems (7 and 8) 

in which the ions and dipolar solvent molecules have different diameters. Experimentally, 

electrolyte solutions often contain highly asymmetric species, for example the LiBr + 

ethanol + water mixture in which Li+ has an ionic diameter of 1.2 compared to Br- having 

an ionic diameter of 3.92 and solvents water and ethanol are of different sizes and 

polarities. It is therefore desirable to be able to capture the effect of asymmetry on the 

PVT behavior. In system 7, while the ions have the same diameter, the solvent molecules 

are asymmetric in nature, with a ratio of 3:4 between the monomer and dimer molecules. 
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System 8 is composed of completely asymmetric species, with the ratio of monomer, 

dimer, cation and anion diameters being 3:4:2:5. The results for both systems are 

presented in figure 5.6, where again we see that the SAFT-VR+DE approach is in good 

agreement with the simulation data. From a comparison of systems 1, 7, and 8 (Figs. 5.3a, 

5.6a, and 5.6b) we note that the asymmetric system (system 8) exhibits the highest 

density at a given pressure and temperature, while the symmetric system (system1) has 

the lowest density. 

 
 

Figure 5.6. Comparison of predictions from the SAFT-VR + DE equation and NPT Monte Carlo simulation 
results for asymmetric electrolyte solutions with = 1.0,  = 1.5,  = 5.0,  = 1.05, charge q = 1, 

dipole moment  = 0.5 and = 2.0, ion concentration of 8/256 at T* = 1.2, 1.4, 1.6 and 1.8 for 

different solvent and ion sizes. (a)  =  =  =1.0, = 1.333; (b)  =0.667  = 1.667  = 

1.0 = 1.333. The solid lines represent predictions from the modified SAFT-VR + DE equation and the 
squares the NPT Monte Carlo simulation data. 
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Figure 5.7 Comparison of the ion concentration and solvent composition dependent dielectric constant 

(solid line) with the solvent concentration dependent dielectric constant calculated predicted from the 

SAFT-VR+D equation (dotted line) for NaBr + water + (50 weight%) methanol mixed solvent electrolyte 

systems. The system parameters are given in table 5.3. 

Having seen that the non primitive model based SAFT-VR+DE equation of state is able 

to accurately predict the effect of long-range electrostatic interactions on the 

thermodynamics of mixed dipolar solvent electrolyte solutions for both symmetric (semi-

non primitive model) and asymmetric (unrestricted-non primitive model) model systems, 

a comparison is now made with the primitive model of electrolytes to highlight the 

improved accuracy obtained through an implicit representation of solvent species as in 

the SAFT-VR+DE equation. Since the primitive model employs an implicit solvent the 

dielectric constant is an input to the calculations and therefore dependent on available 

experimental data. Although ion concentration in the solution is known to have a 

significant influence on the solution dielectric [272], with the dielectric constant 

decreasing as the salt concentration increases, experimental dielectric data as a function 

of ion concentration is not available for mixed solvent electrolyte systems and so 
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primitive model approaches must use solvent composition based experimental dielectric 

constant data that is independent of salt concentration. In the figure 5.7, the SAFT-

VR+DE prediction for the influence of the ion concentration on the dielectric constant for 

the NaBr + methanol + water system is presented. As can be seen from the figure, the 

theory predicts a significant reduction in the dielectric constant with increasing salt 

molality at 50 weight % composition of methanol-water. Although no experimental data 

is available for verification, the trend predicted by the SAFT-VR+DE equation is 

consistent with that observed in experimental studies of aqueous (i.e., single solvent) 

electrolyte systems [272]. 

 

Figure 5.8. Comparison of predictions from the SAFT-VR + DE equation and NPT Monte Carlo simulation 

data for symmetric electrolyte solutions with  = 1.0, = 1.5, = = = = 1.0,  = 5.0,  

= 1.05, charge q = 1, dipole moment  = 0.5 and = 2.0, and ion concentrations of 8 / 256 (124 

monomers and 124 dimers) at T* = 1.8. The solid line represents predictions from the non-primitive model 

based SAFT-VR + DE, dotted line represents predictions from the primitive model + SAFT-VR using a 

solvent composition based (and salt concentration independent) dielectric constant, dash-dotted line 

represents predictions form the PM + SAFT-VR using a salt concentration and solvent composition 

dependent dielectric constant, and the squares are NPT Monte Carlo simulation results. 
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Figure 5.9. Comparison of predictions from the SAFT-VR + DE equation and NPT Monte Carlo simulation 

data for asymmetric electrolyte solutions with  = 1.0, = 1.5,  =0.667,  = 1.667,  = 1.0, 

= 1.333,  = 5.0,  = 1.05, charge q = 1, dipole moment  = 0.5 and = 2.0, and ion concentrations 

of 8 / 256 (124 monomers and 124 dimers) at T* = 1.8. The solid line represents predictions from the non-

primitive model based SAFT-VR + DE, dotted line represents predictions from the primitive model + 

SAFT-VR using a solvent composition based (and salt concentration independent) dielectric constant, dash-

dotted line represents predictions form the PM + SAFT-VR using a salt concentration and solvent 

composition dependent dielectric constant, and the squares are NPT Monte Carlo simulation results. 
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significant deviations from the simulated PVT results, whereas the non-primitive model 

provides an accurate prediction. We note that, when the input dielectric constant of the 

primitive model is changed to a salt concentration dependent one (obtained as an output 

from the non-primitive model), the primitive model shows immediate improvement in 

predictive ability and the result is comparable in accuracy with the non-primitive model. 

Similar trends are observed for the asymmetric system (system 8) as presented in the 

figure 5.9, i.e., the theoretical predictions of the PVT behavior from the primitive model 

significantly improve with the use of a salt concentration dependent dielectric constant, 

with the resulting accuracy being comparable to that of the non-primitive model.  The use 

of the non-primitive model in the development of equation of state for mixed solvent 

electrolytes is therefore advantageous as it requires no prior knowledge of the appropriate 

dielectric constant in order to capture changes in the dielectric constant with salt 

concentration; such information can be hard to obtain for mixed solvent electrolyte 

systems. 

Table 5.2. NPT Monte Carlo simulation results for systems 1–8. The reduced temperature is 
given by , reduced pressure by  and reduced energy by . 

 

System T* P*  Error E* Error 

1 1.2 0.15 0.396 0.007 -12.029 0.513 

  2.46 0.447 0.008 -12.841 0.537 

 1.4 1.0733 0.387 0.007 -11.711 0.387 

  2.0733 0.413 0.006 -12.008 0.373 

  4.0733 0.446 0.006 -12.282 0.313 

  6.0733 0.471 0.008 -12.655 0.393 
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= k
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 1.6 1.0733 0.361 0.006 -11.003 0.502 

  2.0733 0.392 0.005 -11.618 0.409 

  4.0733 0.429 0.006 -11.931 0.446 

  6.0733 0.450 0.007 -12.662 0.317 

 1.8 1.0733 0.339 0.008 -9.926 0.294 

  2.0733 0.371 0.006 -11.118 0.520 

  4.0733 0.411 0.005 -11.738 0.345 

  6.0733 0.437 0.006 -11.950 0.305 

2 

1.2 

 

0.086 0.392 0.007 -12.588 0.609 

2.3900 0.448 0.008 -13.860 0.559 

1.4 

 

1.0733 0.402 0.006 -12.593 0.368 

2.0733 0.420 0.006 -12.725 0.387 

4.0733 0.450 0.007 -13.051 0.367 

6.0733 0.471 0.009 -14.002 0.601 

1.6 

 

1.0733 0.368 0.007 -11.472 0.557 

2.0733 0.396 0.006 -12.301 0.559 

4.0733 0.432 0.006 -13.205 0.427 

6.0733 0.454 0.007 -13.279 0.481 

1.8 

 

1.0733 0.341 0.007 -10.860 0.359 

2.0733 0.379 0.006 -11.560 0.292 

4.0733 0.417 0.005 -12.461 0.389 

6.0733 0.439 0.006 -12.665 0.279 

3 

1.2 
0.260 0.385 0.007 -8.537 0.242 

2.560 0.442 0.006 -9.516 0.259 

1.4 

0.105 0.327 0.009 -7.178 0.245 

1.467 0.395 0.005 -8.139 0.318 

4.410 0.445 0.006 -9.094 0.302 
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1.6 

0.838 0.343 0.007 -7.168 0.237 

2.619 0.404 0.005 -8.247 0.244 

6.200 0.449 0.006 -8.939 0.273 

1.8 

0.549 0.282 0.008 -6.154 0.192 

1.558 0.350 0.006 -7.185 0.196 

3.740 0.402 0.005 -8.038 0.201 

6.895 0.440 0.006 -8.645 0.244 

4 

1.2 
0.23 0.410 0.008 -19.677 0.961 

2.183 0.447 0.008 -20.440 0.840 

1.4 

0.154 0.369 0.008 -19.116 0.935 

1.094 0.413 0.007 -20.307 0.900 

4.02 0.456 0.008 -21.267 0.899 

1.6 

0.486 0.367 0.009 -18.451 1.081 

1.82 0.401 0.006 -19.821 0.844 

3.47 0.427 0.006 -20.523 0.831 

5.794 0.458 0.008 -21.725 1.076 

1.8 

0.228 0.303 0.007 -17.269 1.017 

1.198 0.357 0.007 -18.240 0.715 

3.35 0.419 0.006 -20.066 0.721 

6.47 0.447 0.006 -20.126 0.717 

5 

1.2 
0.15 0.419 0.005 -16.477 0.264 

2.46 0.451 0.008 -17.323 0.194 

1.4 

1.0733 0.394 0.006 -14.590 0.194 

2.0733 0.424 0.005 -15.218 0.174 

4.0733 0.450 0.005 -15.798 0.183 

6.0733 0.471 0.007 -16.117 0.198 

1.6 1.0733 0.359 1.0733 -13.074 0.175 
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2.0733 0.392 2.0733 -14.087 0.165 

4.0733 0.428 4.0733 -15.034 0.255 

6.0733 0.452 6.0733 -15.660 0.169 

1.8 

1.0733 0.331 0.008 -12.871 0.191 

2.0733 0.367 0.006 -13.626 0.169 

4.0733 0.409 0.005 -14.105 0.161 

6.0733 0.435 0.005 -14.977 0.157 

6 

1.2 
0.151 0.390 0.005 -10.036 0.182 

2.46 0.446 0.003 -10.861 0.344 

1.4 

1.0733 0.400 0.007 -9.803 0.276 

2.0733 0.419 0.006 -10.287 0.199 

4.0733 0.448 0.006 -10.464 0.528 

6.0733 0.470 0.008 -10.626 0.165 

1.6 

1.0733 0.373 0.006 -9.081 0.188 

2.0733 0.398 0.005 -9.778 0.255 

4.0733 0.432 0.006 -10.104 0.889 

6.0733 0.455 0.007 -10.246 0.192 

1.8 

1.0733 0.349 0.008 -8.678 0.369 

2.0733 0.381 0.006 -9.362 0.161 

4.0733 0.419 0.005 -9.908 0.851 

6.0733 0.441 0.006 -10.063 0.115 

7 

1.2 
0.37 0.404 0.005 -11.371 0.183 

1.21  0.436 0.004 -11.871 0.119 

1.4 

1.0773 0.409 0.005 -10.930 0.190 

2.0773 0.441 0.004 -11.532 0.109 

4.0773 0.482 0.011 -11.870 0.728 

1.6 1.0773 0.388 0.005 -10.797 0.117 
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2.0773 0.424 0.009 -10.619 0.682 

4.0773 0.467 0.011 -11.458 0.392 

6.0773 0.494 0.011 -12.015 0.277 

1.8 

1.0773 0.369 0.009 -9.679 0.159 

2.0773 0.408 0.008 -10.392 0.347 

4.0773 0.452 0.009 -10.869 0.689 

6.0773 0.482 0.011 -10.963 0.531 

8 

1.2 
0.35 0.401 0.005 -10.858 0.125 

1.17 0.435 0.004 -11.096 0.172 

1.4 

0.35 0.371 0.006 -10.217 0.189 

1.0733 0.412 0.005 -10.638 0.118 

2.0733 0.443 0.004 -11.060 0.146 

4.0733 0.483 0.003 -12.357 0.298 

1.6 

0.35 0.345 0.007 -9.653 0.162 

1.0733 0.392 0.005 -10.338 0.161 

2.0733 0.425 0.008 -10.644 0.468 

4.0733 0.468 0.009 -11.188 0.501 

1.8 

0.35 0.309 0.010 -8.799 0.480 

1.0733 0.371 0.008 -9.318 0.469 

2.0733 0.409 0.008 -10.13 0.537 

4.0733 0.454 0.008 -10.85 0.485 
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Table 5.3 SAFT-VR+DE parameters for water, methanol, Na and Br 

 µ(D) σ (Å) 
ε/kb 

(K) 
λ  m 

εHB/kb 

(K) 

KHB 

(Å3) 
  

H2O 2.179 3.003 312.36 1.52956 1 758.5521 1.5   

CH3OH 2.730 3.539 162.17 1.72229 1.2 1800.945 0.81   

Na  2.8   1   1274.406 1915.47 

Br  3.92   1     

 

5.5 Conclusion 
 
In this work the SAFT-VR+DE approach, which was developed by combining the SAFT-

VR equation of state with the solution of the MSA within the non-primitive model, to 

provide an accurate representation of the free energy contribution due to electrostatic 

interactions in mixtures of ions and dipolar species, has been extended to the study of 

mixed dipolar solvent electrolytes. This is achieved using a one-fluid-like approximation 

in the ion-dipole and dipole-dipole terms. The approach has been extensively tested 

against PVT data obtained from NPT Monte Carlo simulations for a wide range of model 

mixed dipolar solvent electrolyte systems that vary in terms of the size of the ions and 

solvent molecules, polarity of solvent molecules, and salt and solvent composition. The 

theoretical approach is found to be in general in excellent agreement with the simulated 

PVT data illustrating that the effects of solvent and ionic size, polarity and composition 

on the thermodynamics of electrolyte solution are well captured by the theory. 

Comparisons were also made to predictions from the non primitive model to demonstrate 

that capturing the salt concentration dependence of the solvent dielectric is important in 

  
ε ion−H2O   

ε ion−CH3OH
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order to accurately predict the PVT behavior of mixed solvent electrolyte solutions.  
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Chapter 6 : Studying the thermodynamic properties of mixed solvent electrolytes 
using the SAFT-VR+DE equation of State 

 

6.1 Introduction 
 
Over the years development of process modeling and product design tools is aided by 

advances in thermodynamic modeling[2]. Specifically, advances in equations of state and 

activity coefficient models enable a quantitative representation of thermophysical 

properties and phase behavior of mixtures, which serve as a foundation for process 

modeling and process and product design tools[2]. For example, Peng-Robinson, Soave-

Redlich-Kwong are being used as the primary equation of state of choice for the 

thermodynamic property and phase behavior calculations (e.g. vapor liquid equilibrium 

(VLE)) in the air separation, gas processing units of petrochemical industries. Polymer 

non-random two liquid model (NRTL) serves as a model for systems consisting polymers 

and oligomers. Without these advances in thermodynamics modeling, it would not have 

been possible to develop these high fidelity process models that are instrumental for 

process and product design and optimization. Thus, it is essential to continue the 

development of the thermodynamic modeling framework and in one such effort, based 

upon Wertheim’s seminal work on thermodynamic perturbation theory (TPT1)[199, 213-

215], statistical associating fluid theory (SAFT)[11, 61, 211] was proposed. As a 

molecular model-based equation of state, it accounts for structural and physical 

anisotropies, which exist in complex chemical systems. In return, SAFT based equations 

of state have become more predictive compared to classical cubic equations of state. Thus 
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far, SAFT has been applied to a wide range of important systems from low molecular 

weight alkanes to simple polymers[12, 13], perfluoroalkanes[14, 15], alcohols[16, 17], 

water[18, 19], refrigerant systems[20, 21],  carbon dioxide[22, 23], biomolecules[31], 

ionic liquids[320, 321]  and their binary mixtures[34, 35]. The success of SAFT as a 

predictive tool for these systems, has allowed theoretical investigations into more 

complex systems, where in general cubic equation of state and activity coefficient models 

are not so efficient in predictive ability. One such system is mixed solvent electrolyte 

solutions. 

 Mixed solvent electrolyte solutions find applications in several industrial and 

natural biological processes. Examples include extractive distillation with salt, solution 

crystallization, waste and drinking water purification, fertilizer synthesis among many 

others[45-49]. Often these processes involve electrolyte systems over wide ranges of 

composition (e.g. aqueous, organic or mixed-solvent, dilute or concentrated solutions) 

and state conditions (e.g. from ambient temperatures to supercritical conditions). Thus the 

design of such processes (e.g. extractive distillation with salt or solution crystallization) 

requires a precise quantitative description of relevant thermodynamic properties such as 

salt solubility and mean ionic activity coefficient. There are two means of addressing this 

need; one is by performing experimental measurements and the other through theoretical 

predictions. As experimental studies on the thermodynamic properties of mixed solvent 

electrolyte systems are limited[229], theoretical approaches provide an alternate means to 

studying such systems for the sake of generating “pseudo” experimental data.  

 The development of a theoretical framework for the calculation of the 

thermodynamic properties and phase behavior of mixed-solvent electrolyte systems dates 
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back to the 1960’s. In the first such study, Johnson and Furter[322] proposed a 

quantitative correlative equation, based upon the relation between relative volatility of 

solvents and salt concentration, for calculating the vapor-liquid equilibrium (VLE) of 

eighteen different alcohol (methanol/ ethanol/ 1-propanol)/water + salt mixed solvent 

electrolyte systems. However, the model parameters were dependent upon the salt and 

solvent compositions and the approach limited to cases where the solubility of salt was 

low and caused an insignificant increase in the boiling point of the solvent. Ohe[323] 

later proposed an empirical model for water-alcohol-CaCl2 VLE calculations. The 

approach, based upon solvation number (ratio of the number of solvent molecules to salt 

molecules in the preferential solvate) assumed that no solvated salt molecules take part in 

vaporization. Rousseau et al.[324, 325] were the first to apply activity coefficient models 

(i.e., van Laar, Wilson, and UNIQUAC) to mixed solvent electrolyte systems and studied 

ternary mixtures of salt + two solvents as a binary mixture of two pseudo components; 

one salted-out component (non-preferential solvent component) and one salted-in 

component (preferential solvent component + salt). The approach was found to accurately 

correlate (~ 2% deviations in mole fractions) the vapor phase mole fraction data for 

methanol/ ethanol/ 1-propanol + water + NaBr/ KCl/ NaF/ LiCl/ HgCl2 systems. Jaques 

and Furter[326] proposed a similar approach for the correlation of the VLE data for 23 

water + ethanol + salt systems. Activity coefficient models are representative of local 

short ranged interactions governed only by local composition and correspond to the so-

called Lewis–Randall (LR)[287] framework, where temperature, pressure and mole 

fractions of all species are independent variables. Subsequently, others combined activity 

coefficient models with approaches for the incorporation of electrolytes within the 
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theoretical framework, that is modeling the salt as a fully associated third component. For 

example, Mock et al.[327] and Kolker et al.[328, 329] with NRTL and Dahl and 

Macedo[330] with UNIFAC, studied mixed solvent electrolyte systems, however, only 

the short-ranged dispersive effects of the electrolytes were captured through these models 

with the negation of long-ranged electrostatic interactions. These approaches were able to 

correlate experimental vapor pressure depression, vapor-liquid composition of solvents 

(vapor liquid equilibrium data), and boiling point data for several water-alcohol-salt 

systems, though some deviations were observed due to the neglect of electrostatics from 

the model. 

 While the approaches discussed above capture the thermodynamics of electrolyte 

solutions through short-ranged dispersive forces, they completely ignore any long-range 

electrostatic forces, which play a central role in determining the properties of electrolyte 

solutions.[51, 52, 283] Thus, in later studies, a number of models, were proposed that 

combined the Gibbs free energy due to long-range electrostatic interactions with activity 

coefficient models[49]. The Debye–Hückel (DH) theory proved to be the most influential 

and forms the basis of several equations for mixed solvent electrolytes[279-286]. In the 

DH approach, ions are considered to be point charges in a dielectric continuum, thus the 

solvent is considered implicitly. The approach of treating solvent molecules implicitly 

using a representative dielectric constant in an electrolyte solution is in the McMillan-

Mayer (MM) framework[187], also known as a primitive model (PM) of electrolyte 

solutions. DH theory was used to derive the Gibbs free energy contribution for long range 

interactions and then combined with activity coefficient models, such as NRTL, 

UNIFAC[279, 280], UNIQUAC[282] for the short-ranged dispersive interactions. For 



140 

example, Sander et al.[279] combined a DH term with the UNIQUAC equation to 

correlate the VLE and activity coefficients of 54 ternary alcohol-water-salt systems using 

concentration dependent ion-specific UNIQUAC interaction parameters. Although the 

correlations are in good agreement for the vapor phase composition data (1.2% deviation 

in mole fractions), significant deviations for temperature, pressure and solvent activity 

coefficient (about 10%) were observed.  We also note that the UNIQUAC model, which 

is derived from the LR framework, and DH theory, which is derived from MM 

framework, were combined without correcting for the conversion between the two 

frameworks. In the LR framework temperature, pressure and mole fraction of all species 

are independent variables where as, in the MM framework, the independent variables are 

temperature, volume, mole fraction of solute and the chemical potential of the solvents. 

Due to this inconsistency, a conversion is required from the MM to the LR framework. 

Cardoso et al.[290], was one of the first to propose an extended DH formalism which is 

suitable for use in the LR framework. Later, Macedo et al[280],  combined this extended 

DH formalism with UNIQUAC to correlate the VLE data for alcohol + water + salt 

systems using the same dataset as Sander et al.; however, a similar level of agreement as 

reported by Sander et al. was still obtained. Several other approaches, which further 

improved the theoretical representation of mixed solvent electrolyte solutions by 

including free energy terms representative of extended intermolecular dispersive 

interactions between species in solution along with traditional DH and activity coefficient 

(NRTL/ UNIQUAC/ UNIFAC) terms, were subsequently proposed. For example, Li et 

al.[282], combined UNIQUAC and the DH term with a so-called hard-core term, which 

depends on the ionic strength of the solution. The hard-core term, representative of 
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indirect effects, which arise as a consequence of introducing charge into a non-electrolyte 

solution, mainly captures the solvent and ion middle-ranged interactions. Proposed 

theoretical approach was used to correlate vapor-liquid equilibrium (salt free mole 

fraction of alcohol in vapor and liquid phase; T-x-y diagram at ~101.325 KPa pressure) 

of 185 data sets made out of 10 different solvents, 18 different cations and 10 different 

anions with good agreement (0.018 fraction average deviation in mole fraction, 1.04 K 

average deviation in temperature and 0.79 KPa in pressure). In another development, Liu 

et al.,[284] initially combined NRTL with Pitzer- Debye–Hückel (PDH)[51], excess 

Gibbs free energy and Born free energy term to study liquid-liquid equilibrium (LLE) of 

NaCl/ water/ alcohol systems. Born free energy term was added to account for the free 

energy required to move ions from reference mixed solvent state to aqueous state. 

However, in this work, a correction from MM to LR framework for long-range 

electrostatic PDH term was ignored. This theoretical approach failed to give a good 

correlation with the experimental data. Later, to improve upon the correlation of 

experimental LLE data, an empirical Br∅nsted-Guggenheim (BG)[331] term generalized 

to mixed solvent systems was introduced in the model. BG is an empirical ion interaction 

term which provides good estimation of ionic activity, which is essential to get a good 

estimation of LLE. Inclusion of BG term provided an improved correlation of LLE data 

of NaCl/ water/ alcohol systems. The problem with these kinds of activity coefficient 

model-based approaches is in predictive ability. In most cases, the applicability of the 

equations remain limited, to the infinite dilution limit in water dominated mixed solvent 

systems.  

 In an effort to improve the predictive ability of equation of state for the study of 
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electrolytes, recently SAFT based equations of state have been applied to study of mixed 

solvent electrolyte systems. In perhaps the first such study, the SAFT-VRE[34] equation 

developed by combining SAFT-VR with an electrostatic interaction contribution to the 

free energy obtained by using mean spherical approximation (MSA) at the level of the 

restrictive primitive model (i.e., an equimolar mixture of equal-diameter hard spheres are 

assumed in a dielectric continuum), was the first SAFT based equation of state to be 

applied for the study of mixed solvent electrolyte solution and water+ alkane+ salt system 

was studied[332]. Water molecule was model as an associative square well hard sphere 

with four association sites; alkanes (methane, n-hexane, n-decane) as a square well chain; 

and electrolytes as charged dispersive square well hard sphere. Water + electrolyte model 

parameters were used as transferable manner from previous SAFT-VRE study of aqueous 

electrolyte systems[218] and the alkane parameters were taken from the work of McCabe 

et al. In the calculation of phase behavior of ternary mixture, electrolyte ions were 

restricted only in the water rich phase. Although, the predictive approach of using 

parameters in a transferrable manner from previous studies provided good qualitative 

agreement with experimental data for phase behavior  (Coexistence compositions of the 

liquid water-rich and n-alkane-rich phases, salting out property, solution densities of 

water rich phase) of water + n-alkane + salt systems (MX, M = Li+, Na+, K+, and X= Cl-, 

Br-, I-), unlike cross interaction energy range and depth parameters were introduced 

between water and alkanes, which was obtained by fitting to ternary phase behavior data, 

to improve quantitative agreement between theory and experimental data. In more recent 

developments, other SAFT based equation of states have also been developed for the 

study of mixed solvent electrolyte solutions. Held et al.[229], applied the previously 
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developed primitive model of electrolyte-based ePC-SAFT[226] equation of state for the 

study of mixed solvent electrolyte systems. The ePC-SAFT equation of state is an 

extension of the PC-SAFT[294] equation of state, with an electrostatic interaction 

contribution to the free energy, which is represented through a simple DH term. Both 

water and co-solvents (methanol and ethanol) were modeled as dispersive chain 

molecules with two associating sites. The pure solvent compound SAFT parameters: 

number of segments, segment diameter, dispersive energy, association energy and 

volume parameters were obtained by fitting to the vapor pressure and saturated liquid 

densities of pure fluids; the binary unlike cross dispersive interaction energy (for both 

methanol-water and ethanol-water systems) and association energy (only for ethanol-

water system) parameters were obtained by fitting to the binary mixture vapor-liquid 

equilibrium data at 298.15 K. Two salt-independent but solvent-dependent parameters 

were used to describe the ions: the solvated ion diameter and the ionic dispersion energy 

parameter. Two alcohol based ion parameters were determined by simultaneous fitting to 

experimental solution densities and osmotic coefficients of various electrolyte solutions 

composed of Na+, Li+, K+, NH4+, Cl-, Br-, I- ions in ethanol or methanol. The water based 

ionic parameters were taken from a previous study. For the ternary salt + water + alcohol 

systems, no ion-ion dispersion interactions were considered; only ion-solvent dispersion 

interactions were considered and obtained by using Lorenz-Berthelot combining rules. 

Ionic radii in mixed solvent were obtained by using an averaging scheme based upon salt 

free solvent compositions in solution. The relative permittivity of the salt free solvent 

mixtures was modeled by an empirical formula obtained by fitting to the experimental 

dielectric constant values. Using the parameters developed for binary systems, solution 
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densities and mean ionic activities of KCl, NaBr, NaCl, NaI, LiCl in ethanol + water, 

methanol + water and methanol + ethanol + water mixed solvents were predicted across 

different weight fractions of solvent with considerable accuracy (~1% for solution 

densities and < 5% in most cases for mean ionic activity coefficient). However, one 

should note that for most systems solution densities data are limited to only very dilute 

limit (< 1 m). In more recent work, Schreckenberg et al.[27], proposed an improved 

formulation of SAFT-VRE[218] that incorporates a Born contribution in order to better 

capture solvation effects. The implicit solvent within the PM framework of SAFT-

VRE[218] was represented through an empirical solution dielectric constant model, 

following the work of Uematsu and Franck[221], which takes into account the 

temperature, density and composition of the solvent, and in, turn makes the dielectric 

constant a differentiable variable. The study contained VLE and LLE of mixed solvent 

electrolyte systems (methanol /n-butanol and water + salt systems) along with single and 

multi-salt aqueous electrolyte systems. The electrolytes were described using a fully 

dissociated model with ion-specific interaction parameters, where the effective ionic 

diameter, ion-water and ion-ion dispersive energy parameters were obtained by fitting to 

vapor pressure, solution density, and mean ionic activity coefficient data for fifteen 

different aqueous alkali halide salts at temperatures below 523 K (critical region). The 

cross ion-ion dispersive interaction energy was estimated using a procedure proposed by 

Hudson and McCoubrey[222]. For mixed solvent systems, the alcohol-ion unlike 

dispersion energy was obtained by fitting to experimental water + alcohol + salt VLE/ 

LLE data and was able to give good agreement with the experimental results.  

In this study, recently developed non-primitive model based SAFT-VR+DE 
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equation of state[29], with one-fluid like approximation has been applied for the 

thermodynamic property study of mixed solvent electrolyte systems. Non-primitive 

model of electrolyte solution explicitly considers solvent species as oppose to primitive 

model; it is a Born-Oppenheimer (BO)[187] level of theoretical approach. For simplest of 

cases BO model is conceptualized as a mixture of charged hard spheres in a solvent of 

hard spherical molecules with a point dipole embedded in the center. While development, 

the SAFT-VR+DE equation of state, with one-fluid like approximation was extensively 

tested against PVT data obtained from NPT monte carlo (MC) simulation results for 

model mixed solvent electrolyte systems. Theoretical predictions of PVT data for model 

systems with different solvent polarities, ionic and solvent compositions and sizes were 

compared against NPT MC simulation results and excellent agreement were obtained.  

The use of SAFT-VR+DE is a novel approach in the sense that for the first time 

in literature a non primitive model based EoS has been used to study mixed solvent 

electrolyte systems. Due to the explicit consideration of the solvent species within 

solution, the dielectric constant no longer remains an input instead gets calculated with in 

the theory from input dipole moment and it is a function of ionic concentration and 

solvent composition. Explicit treatment of solvent species certainly advantageous 

compared to the primitive model based implicit treatment, as it also eliminates any 

dependence upon empirical correlative equation for the calculation of dielectric constant, 

which give rise to the number of model parameters within proposed equations of state. In 

the previous work, it was observed while comparing against primitive model, an ion 

concentration and solvent composition dependent dielectric constant is essential to obtain 

an accurate prediction for PVT data. There is no study in literature till date to report salt 
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concentration dependent dielectric constant for mixed solvent electrolyte systems. Also, a 

non primitive model based approach allows to have contribution to the chemical potential 

and pressure from ion-dipole and dipole-dipole interactions, which is otherwise 

impossible from primitive model barring a few cases such as modified SAFT-VRE[27]. 

Focus of this study remains in accurate capture of the mean ionic activity 

coefficient, which is an equilibrium property and a measure of non-ideality of the system. 

Mean ionic activity coefficients of the salts have pronounced effect in many applications. 

One of the key areas of application for mixed solvent electrolyte is extractive distillation 

process where the salt separates two miscible compounds in an azeotropic mixture into 

two liquid phases. In liquid-liquid equilibrium the mean ionic activity coefficient plays a 

dominating role to produce salting in/ salting out behavior[284, 333]. So, it is essential to 

capture the mean ionic activity coefficients accurately and in this regard, SAFT-VR+DE 

has been used in predictive manner to study the mean ionic activity coefficients of several 

mixed solvent electrolyte systems ranging across salt and solvent compositions. The 

remainder of the chapter is organized as follows: in section 2 the molecular model and 

theory are discussed, in the section 3 we report the parameters considered for alcohols, 

water and electrolytes and a discussion of results and conclusions from this work is 

provided in section 4. 

6.2 Molecular model and theory 
 
In the SAFT-VR+DE[29] approach, mixed solvent electrolyte systems are described as a 

mixture of positively and negatively charged ions of arbitrary size in a dipolar solvent of 

associative chain molecules. Figure 1, provides a schematic representation of the model 
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system. The ions are represented by hard spheres, half with charge  and diameter  

and half with charge  and diameter . Two kinds of solvent molecules are 

considered with arbitrary sizes and polarity and different associating sites.  

Key forces of interactions within mixed solvent electrolyte systems between ionic 

species are coulombic charged interactions; between ionic-dipolar solvent species are 

dipolar-charge and dispersive interactions; and between solvent species dipolar, 

associative and dispersive interactions. The potential model for the interactions between 

species in solution is therefore given by, 

  (5.22)  

In the modified SAFT-VR+DE theoretical framework[334] the Helmholtz free energy per 

molecule in a mixed solvent electrolyte solution is given by, 

  (5.23) 

where  is a total number of molecules,  is the Boltzmann constant, T is temperature, 

and , , , and are  free energy contributions due to the ideal, 

monomer, chain, and association interactions, respectively. Since the general 

development of the theory and mathematical expressions are elaborately described in 

previous chapters, in the following paragraphs the discussion is limited to the results.  

6.3 Results and discussion 

6.3.1 Pure fluids 
 
Water molecules are modeled as dipolar square-well dispersive hard spheres with four 

short-range attractive square-well associating sites describing association interactions, 

 +q σ +

 −q σ −

  u(r) = uSW (r)+ uCC (r)+ uCD (r)+ uCD (r)
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which mimic hydrogen bonding. The four association sites are of two distinctly different 

types, where two representing hydrogen sites and other two representing lone pair of 

electrons on oxygen atom. Intermolecular SAFT-VR+D[243] parameters were developed 

in the previous study[335]; hard-core diameter (σ), square-well potential depth (ε), range 

(λ), association energy (εHB), bonding volume (κHB) of water; were obtained by fitting to 

experimental vapor pressure and saturated liquid densities using a condensed phase 

effective dipole moment of 2.18 D. A condensed phase dipole moment for water 

corresponds to a higher value compared to isolated water monomer dipole moment of 

1.855 D due to the polarization effect of the environment[336]. So, the effective dipole 

moment of 2.18 D captures the effect of bare water molecule dipole moment along with 

the polarization. SAFT-VR+D approach found to provide an excellent correlation for the 

pure water vapor pressure and saturated liquid densities[335]. The previously developed 

SAFT-VR+D parameters along with % average absolute deviations (AAD) in vapor 

pressure and saturated liquid densities of water has been reported in table 1. 

The alcohol molecules, are described as dipolar square-well chain fluids with 

association sites to capture H-bonding. The H-bonding sites of 1-alcohols can be 

described with both 2-site (2B) and 3-site (3B) association schemes. Gross and 

Sadowski[24] described 1-alcohols with a 2B association scheme and commented that 

use of either 2B or 3B model provide similar results for phase behavior property. 

Karakatsani and Economou[299] treated 1-alcohols with 2B scheme and mentioned such 

association scheme effectively captures the experimentally observed linear oligomer 

formation of heavier alcohols. Kontogeorgis et al.[337] compared three EoSs: cubic-plus-

association (CPA)[338], simplified-PC-SAFT (sPC-SAFT)[132] and non-random 
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hydrogen bonding (NRHB)[339] for study on association behavior of alcohols. It was 

commented that, methanol is best represented by a 3B association scheme; while for 

ethanol and heavier alcohols there is small difference between 2B and 3B schemes, with 

the former (2B) being possibly the best choice. Since the objective of this study is to 

capture condensed or liquid phase property, a 2B-associating model for ethanol has been 

employed as it better captures the liquid phase structure. However, for methanol a 3B 

association scheme has been used as proposed by other studies.   

Dipole moment can be considered as an important physical property for polar 

fluids such as alcohol due to its effect on thermodynamic property and phase behavior.  

Similar to the treatment with water in our previous study[334], a condensed phase 

effective dipole moment for methanol and ethanol has been used, rather than the gas 

phase dipole moment of these alcohols (~ 1.7 D). In condensed phase the dipole moment 

for polar fluids is in general higher than gas phase isolated molecule dipole moment[340]. 

The effective dipole moment for methanol and ethanol are obtained by varying the dipole 

moment as a model parameter and fitting the calculated dielectric constant to the 

experimental dielectric constant at room temperature and pressure as presented in figure 

6.1. It can be observed in the figure 6.1, the dipole moment of methanol and ethanol 

correspond to 2.73 D and 3.35D respectively, provides a good representation of the liquid 

phase dielectric constant at room temperature and pressure for respective alcohols. In 

SAFT-VR+D framework, an associating dipolar chain molecule like alcohol is 

characterized by model parameters: hard-core diameter (σ), square-well potential depth 

(ε) and range (λ), number of segments per chain ( ), association energy (εHB) and 

bonding volume (κHB)). The number of segments per chain ( ) for each alcohol, has 

 m

 m
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been calculated using the previously developed empirical relationship proposed by 

Garcia-Lisbona et al.,[341] for which . The rest of the SAFT-VR+D 

parameters were obtained by fitting to experimental vapor pressure and saturated liquid 

density data between 220-475 K for methanol and 215-465 for ethanol[247]. 

Experimental data close to the critical region (around 10%) have been excluded from the 

fitting procedure, as SAFT-VR+D like other analytical EoS exhibits classical critical 

behavior in the critical region and so over predicts the critical point[248]. Additionally 

data points near the triple point have also been excluded since it has been shown that 

inclusion of such data can distort the results[160]. Simulated annealing[157, 158] is used 

to the fit the model parameters with an objective function defined as a function of vapor 

pressure and saturated liquid density as given in appendix A. The resulting parameters 

along with %AAD in pressure and saturate liquid densities are reported in table 6.1, and 

as can be seen from figure 6.2, the theory provides a good representation of the 

experimental phase behavior data for pure methanol and ethanol.  The percent average 

absolute deviation (%AAD) over the whole phase diagram is 1.305 (methanol)/ 0.474 

(ethanol) for the vapor pressures and 0.082 (methanol)/ 0.298 (ethanol) for saturated 

liquid densities using the SAFT-VR + D EoS 

 

 

 

 

 

 

m = 0.33(C −1) +1.2
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Table 6.1. SAFT-VR+D parameters for alcohols and the % average absolute deviation (AAD) in vapor 
pressure and saturated liquid densities as compared to experiment[247] 

 
μ  (D) σ  (Å) ε /kb 

(K) 

λ  m εHB/kb 

(K) 

KHB 

(Å3) 

%AAD 

p 

%AAD 

ρ liq 

CH3OH 2.730 3.5396 162.17 1.72229 1.2 1800.945 0.81 1.305 0.082 

C2H5OH 3.370 3.728 252.71  1.445 1.5333 2030.0 2.0561 0.474 0.298 

 

 

 

Figure 6.1. Change in the dielectric constant ε as a function of dipole moment μ for alcohols as 
predicted by the SAFT-VR+D equation of state at room temperature (298.15 K) and pressure (0.101325 
MPa). Solid line represents the dielectric constant for methanol (green) and ethanol (red) as reported in 

experimental studies[342, 343]. 
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Figure 6.2. Comparison of vapor pressure (a) and vapor-liquid coexisting densities (b) for methanol 
(green) and ethanol (red) from the SAFT-VR+D EoS and experiment. Symbols represent the experimental 

data[247] and the theory is represented by the solid line. 

 

 

6.3.2 Water-alcohol mixture 
 
We first consider the phase behavior of the binary methanol/ ethanol + H2O mixtures to 

test the transferability of the alcohol parameters before studying salt containing systems. 

Figure 6.3 presents the SAFT-VR+D predictions for the P-x projection of the PTx surface 

for the alcohol-water mixtures over a range of different temperatures. As can be seen 

from figure 6.3a, the predictions using Lorentz-Berthelot combining rules for methanol-

water system are in excellent agreement with the experimental phase behavior data[344] 

at room temperature (298.15 K) as well as elevated temperatures of 313.15, 323.15 and 

333.15 K. However, in case of ethanol-water system, the Lorentz-Berthelot combining 

rules fail to predict the constant temperature P-x phase envelope. This may be due to 

inaccurate estimation of polarization with the theoretical framework. The unlike cross-

dispersion energy parameter ( =1.2) obtained by fitting to the experimental binary phase 
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equilibrium P-x data[345] at 298.15 K is found to correct this behavior and is 

transferrable to the higher temperatures studied. In figure 6.3b, Pxy phase diagrams of 

water-ethanol mixture correlated at 298.15 K and predicted at higher temperatures using 

SAFT-VR+D has been presented along with experimental data.   

 As shown in figure 6.4, the theory accurately predicts the dielectric behavior of 

the water/alcohol mixtures over the entire salt free solvent mixture composition. A 

comparison has been made with the theoretical prediction of dielectric property of the salt 

free alcohol-water mixture using the gas phase dipole moment value for water (1.84 D) 

and methanol (1.7 D) and as can be seen from the figure 6.4, it fails to capture the 

experimental dielectric property of the mixture accurately. In our previous study, it was 

discussed, how important it to capture the dielectric property of the solution in order to 

obtain an accurate estimation of thermodynamic properties of the electrolyte solutions. 

With the use of condensed phase dipole moments for constituting compounds, which 

gives an accurate description of the solution dielectric property, we look to accurately 

capture the thermodynamic property of the mixed solvent electrolyte systems. 
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Figure 6.3. Vapor–liquid equilibria for binary mixtures of alcohol + water. Part (a) methanol + water 
binary mixture at 298.15 K (red), 313.15 K (blue), 323.15 K (green), 333.15 K (black). Part (b) ethanol + 

water at 298.15 K (red), 323.15 K (blue), 328.15 K (green), 333.15 K (black). The solid lines correspond to 
the theoretical predictions from the SAFT-VR+D approach and the symbols to the experimental data[344, 

345]. 

 

Figure 6.4. Dielectric constant of salt free methanol+ water mixture at 293.15 K (black), 298.15 K (red), 
303.15 K (blue), 313.15 K (green), 323.15 K (yellow), 333.15 K (orange),. The solid lines correspond to 

the theoretical predictions from the SAFT-VR+D approach and the symbols to the experimental data[342]. 
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6.3.3 Mixed solvent electrolyte 
 
In the previous work, two sets of ion parameters were developed to represent binary 

mixtures of aqueous alkali halide solution: salt independent ionic radii and salt dependent 

cation-water dispersion interaction energy parameter. For cations such as K+, Cs+, Rb+ 

the ionic radii were taken from the work of Mähler et al.[258] corresponding to the 

appropriate coordination number and ionic radii for anions (Cl-, Br-, I-) were taken from 

the work of Shannon.[254, 255] Ions with smaller radii and higher charge densities, such 

as Li+, Na+, F- are termed net structure makers, as these ions distort the water structure 

beyond the first water shell[262, 263]. The greater solvation influence of such ions on 

surrounding water molecules which is spread across multiple shell were not well captured 

by the theoretical framework of SAFT-VR+DE equation of state as salts containing Li+, 

Na+, F- ions failed to give an accurate description of the mean ionic activity coefficient 

experimental data at 298.15 K and 1.01325 bar. Hence salt independent ionic radii of Li+, 

Na+, F- were obtained by fitting to the mean ionic activity coefficient experimental data at 

298.15 K and 1.01325 bar. The set of ionic radii for both cations and anions reported in 

the earlier study has been used in this work. 

 Apart from the ion specific ionic radii parameter, the cation–solvent (water) 

binary dispersion interaction energy ( ) parameter were obtain in the previous 

work fitting to the experimental mean ionic activity coefficient data of nineteen different 

alkali-halide aqueous solution at 298.15 K and 1 bar. The dispersive square-well 

interaction range (λ) for the cations was fixed at 1.2 and Lorentz-Bethelot combining rule 

was used to determine the cross-interaction range parameters between the cations and 

solvent water molecules.  

  ε
cation−H2O
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In the mixed solvent electrolyte solution, the dispersive interaction acts between 

three kinds of compounds: water, alcohol and salt. Among which the salt (cation)-water, 

water-alcohol cross-dispersive interaction energy parameters have already been obtained 

from the binary data of aqueous electrolytes and water-alcohol mixtures respectively. 

Now a salt (cation/ anion)-alcohol cross energy parameter is needed to capture the 

dispersive nature of interactions. This cross-interaction energy parameter between 

alcohol-salt (cation/ anion) can be obtained in two ways: fitting to the alcohol-salt binary 

mean ionic activity coefficient data or fitting to the ternary mean ionic activity coefficient 

data from mixed solvent electrolyte solution. Unfortunately, the mean ionic activity 

coefficient data for binary mixture of alcohol-salt are available for only few systems. So, 

the only choice remain is of using ternary mixed solvent electrolyte mean ionic activity 

coefficient data. In experimental studies a range of mean ionic activity coefficient data 

with the variation in composition of water –alcohol solvents and salt concentration have 

been reported. To decide upon the set of data to use (water-rich region or alcohol rich-

region) and set of dispersion energy parameters to fit (cation-alcohol or anion-alcohol) 

understanding of the relative interactions of electrolytes with solvents is necessary. 

Experimental NMR studies[346] and molecular dynamics (MD) computer simulation 

studies[347] on alkali halides /methanol−water systems have indicated preferential 

solvation of ions within mixed solvent. Preferential solvation is defined in terms of local 

composition of solvent species around the solute electrolytes. Studies concluded that 

cations of alkali halide salts show preferential hydration even in water-deficit solution 

where as anions are selectively solvated by alcohol molecule. Based upon this fact, the 

cation-alcohol dispersive interaction will be screened by water molecules, present at the 
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hydration shell of cation even at alcohol rich region. Since one-fluid approximation 

within the proposed theoretical approach for mixed solvent electrolyte presents solvent as 

an average entity, this fact (reduced interaction between cation-alcohol) cannot be 

captured well by cation-alcohol cross dispersive energy parameter if the experimental 

data from alcohol rich region is chosen. So, the cation-alcohol cross dispersive energy 

parameters ( ) are obtained by fitting to experimental mean ionic activity 

coefficient data corresponding to the highest available weight fraction of water within 

mixed solvent electrolyte solution. It was observed during fitting procedure that anion-

solvent dispersion energy has lesser influence on mean ionic activity coefficient data, 

which is consistent with other SAFT study and hence no anion-solvent dispersion 

interactions are considered. The dispersive square-well interaction range (λ) for the 

cations has been fixed at 1.2 and Lorentz-Bethelot combining rule has been used to 

determine the cross-interaction range parameters between the cations and solvent water 

molecules. 

   (5.24) 

The binary salt-specific cation-alcohol dispersion interaction parameters obtained from 

fitting to experimental mean ionic activity coefficient data of different mixed solvent 

electrolyte solutions at 298.15 K and 1.01325 bar along with % average absolute 

deviations (AAD) has been reported in table 6.2. Simulated annealing[157, 158] is used 

in the fitting process. Table also contains average absolute deviations from the 

experimental data, corresponding to the specific systems, 

 

  
ε cation−H2O

 
λcation−alcohol =

σ cationλcation +σ alcoholλalcohol

σ cation +σ alcohol
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Table 6.2. Salt specific dispersion energy parameters for the cation-alcohol (εcation-alcohol) interaction for the 
different mixed solvent electrolytes studied and the % average absolute deviation (AAD) for the SAFT-

VR+DE equation of state for  as compared to experimental data at 298.15 K and 1.01325 bar 

System Alcohol weight fraction ε cation-H2O 
% AAD γ+ 

CsCl/ water/ ethanol 10 344.39 2.95 

NaBr/ water/ ethanol 10 2512.74 4.53 

NaF/ water/ ethanol 10 1923.89 2.77 

CsCl/ water/ methanol 10 894.87 1.40 

KCl/ water/ methanol 20 2052.31 1.65 

LiCl/ water/ methanol 10 2349.11 5.37 

NaBr/ water/ methanol 10 1915.47 3.11 

NaCl/ water/ methanol 20 2359.89 4.29 

RbCl/ water/ methanol 20 1080.15 2.92 

 

The mean ionic activity coefficient of several mixed solvent electrolyte systems over the 

wider ranges of ionic and solvent compositions has been predicted using set of fitted 

cation-alcohol dispersive energy parameters. A comprehensive discussion on correlated 

results as well as theoretical predictions is given in following paragraphs. 

 

RbCl/ Water/ Methanol  

The SAFT-VR+DE approach with the one fluid like approximation gives a good 

correlation of mean ionic activity coefficient experimental data[348] with 2.92% AAD 

for the ternary mixture of RbCl +water +methanol (weight fraction of alcohol 20%) at 

γ ±



159 

298.15 K and 1 bar. Theory captures the experimental trend well, especially at lower 

ionic concentrations where the bulk of the experimental data is available as can be seen in 

figure 6.5. Using the fitted cation-alcohol dispersive interaction energy parameter, the 

mean ionic activity coefficient of the ternary solution has been predicted at a higher 

alcohol concentration (weight fraction of alcohol 40%) and presented in figure 6.5. 

Experimental results show a gradual decrease in mean ionic activity coefficient with the 

increase in alcohol concentration due to the decrease in salt solubility, and the theoretical 

prediction captures the trend at 40-weight % of alcohol. The increase in alcohol 

concentration decreases the overall solution dielectric constant and subsequently ions 

move into the water rich phase of the solution, causing decrease in salt solubility. Theory 

captures this phenomenon well and predicts with 7.49 % in AAD as reported in table 6.3 

of appendix. The deviation in theoretical prediction from experimental result at higher 

salt concentrations perhaps due to the failure of theory in accurately capturing the ion-

dipole interaction. 

  

Figure 6.5. Mean ionic activity coefficients of RbCl in water/ methanol mixtures at 298.15 K and 1.0125 
bar with salt-free alcohol weight fractions at 20% (red), 40% (blue). The symbols represent experimental 

data[348] and solid lines are theoretical correlations/ predictions by SAFT-VR+DE equation of state. 
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CsCl/ Water/ Alcohol system 

Next focus is shifted to systems containing CsCl, water, and alcohol (ethanol/ methanol). 

In both cases: CsCl+water+ methanol and CsCl+ water+ ethanol the theory gives a good 

correlation of experimental data[349] (1.40 and 2.95 % AAD respectively) at 298.15 K, 1 

bar and 10 weight % of alcohol, as can be seen in figure 6.6. Using the fitted cation-

alcohol unlike dispersive energy parameter, mean ionic activity coefficients at higher 

weight fractions up to 40% of alcohol have been predicted. The theory gives an excellent 

qualitative as well as quantitative representation of experimental data for most weight 

fractions of alcohol. With increasing alcohol weight fraction in solution, the experimental 

mean ionic activity coefficient decreases, this effect has been captured by the theoretical 

predictions. The SAFT-VR+DE prediction deviations in average within ~7% AAD of the 

experimental data up to 30 weight % of alcohol  as presented in figure 6.6 and reported in 

table A1. At 40% weight fraction of alcohol, theory over predicts the mean ionic activity 

coefficient for both methanol and ethanol based mixed solvent electrolyte systems, 

although in general for other systems SAFT-VR+DE tends to under predict the 

experimental results. This inconsistency may be due to some errors present in 

experimental result. 
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Figure 6.6. Mean ionic activity coefficients of CsCl in water + (a) methanol and  (b) ethanol mixtures at 
298.15 K and 1.01325 bar with salt-free alcohol weight fractions at 10% (red), 20% (blue), 30% (green), 
40% (orange). The symbols represent experimental data[349] and solid lines are theoretical correlations/ 

predictions by SAFT-VR+DE. 
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approach of SAFT-VR+DE gives a good correlation of mean ionic activity for KCl+ 
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dielectric constant of the solution. A detailed discussion on correcting this under 

prediction has been made at the end of this section.. 

 

  

Figure 6.7. Mean ionic activity coefficients of KCl in water/ methanol mixtures at 298.15 K and 1.0125 bar 
with salt-free alcohol weight fractions at 20% (red), 40% (blue), 60% (green). The symbols represent 

experimental data[348] and solid lines are theoretical correlations/ predictions by SAFT-VR+DE. 
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experimental[350] mean ionic activity coefficients data of the NaF +water +methanol 

system ranging from 20-80% weight fraction of ethanol. Even at higher alcohol 

concentration (80 weight % of alcohol), the parameters show good transferability and 

theory gives accurate prediction with %AAD of 4.2. In case of NaF, the experimental 

data is available only for dilute salt concentrations where even at high alcohol 

concentrations enough water molecules are present to form multiple shells to solvate Na+ 

and F- ions. This allows the effective ionic radii of Na developed by fitting to the 

experimental binary aqueous electrolyte solution data to work well. Now, lets see what 

happens for LiCl system, which also contains an ion (Li+) with effective ionic radii. 

 

  

Figure 6.8. Mean ionic activity coefficients of NaF in water/ ethanol mixtures at 298.15 K and 1.0125 bar 
with salt-free alcohol weight fractions at 10% (red), 20% (blue), 30% (green), 40% (orange), 50% (purple), 

60% (yellow), 70% (brown), 80% (black). The symbols represent experimental data[350] and solid lines 
are theoretical correlations/ predictions by SAFT-VR+DE. 
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structure making/ breaking ion. SAFT-VR+DE theoretical approach has been able to give 

a good correlation of mean ionic activity coefficient at 10 weight% of alcohol with 5.3% 

average deviation as can be seen from figure 6.9. In predicting the mean ionic activity 

coefficients at higher weight fraction of alcohol in solution, theory shows the correct 

experimental trend as mean ionic activity coefficient decreases with increasing alcohol 

fraction in solution. Along with good qualitative trend, good quantitative agreement has 

been achieved as well, theory predicts the mean ionic activity coefficient with an average 

deviation of ~8% at 20 weight % of alcohol in ambient condition. The fitted cation-

alcohol unlike dispersive energy parameter demonstrates good predictive ability as it 

gives a good theoretical representation of activity coefficient even at high (8 m) ionic 

concentration. Use of the effective ionic radii for Li+ ion works fine as experimental data 

is only available for water rich phase and enough water molecules are present to form 

multiple shells around the Li cation.  

 

Figure 6.9 Mean ionic activity coefficients of LiCl in water/ methanol mixtures at 298.15 K and 1.0125 bar 
with salt-free alcohol weight fractions at 10% (red), 20% (blue). The symbols represent experimental 

data[348] and solid lines are theoretical correlations/ predictions by SAFT-VR+DE. 
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NaCl/ Water/ methanol  

Now, mean ionic activity coefficient of NaCl +water  + methanol mixture has been 

investigated using SAFT-VR+DE approach. From figure 6.10, it can be observed that 

although theory gives a good correlation of experimental mean ionic activity coefficient 

data[351] at 20% weight fraction of alcohol with average deviation of 4.3% but fails to 

give an accurate quantitative prediction and more so at higher weight fractions of alcohol 

and ionic concentrations. It is due to the use of effective ionic radii for Na+, which 

considers a greater influence of cation on solvent species. Although Na+ is a structure 

making ion in aqueous conditions, it shows no structure making effect on alcohol rich 

solvent media. Even at higher weight fraction of alcohol in solution Na+ is preferencially 

solvated by water molecules. However, theory captures a greater interaction between 

cation-solvent species even at higher alcohol concentrations and influences more 

decrement in dielectric constant of the solution than actually exists. This kind of 

influence of effective radii on mean ionic activity coefficient was not observed in 

previously discussed LiCl and NaF salt systems. Compared to LiCl and NaF systems, 

NaCl shows a higher solubility in alcohol rich phase and experimental data are available 

for higher salt and alcohol concentrations. At a higher salt concentrations and higher 

alcohol fraction for NaCl solution, there is lesser (in some cases only trace amount) 

number of water molecules available to form multiple shells around the cation.  Other Na 

ion containing systems are investigated in the following paragraphs to find whether this 

trend of under predicting mean ionic activity coefficient with increasing salt and alcohol 

fraction in solution exists for all the other systems or not. 
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Figure 6.10. Mean ionic activity coefficients of NaCl in water/ methanol mixtures at 298.15 K and 1.0125 
bar with salt-free alcohol weight fractions at 20% (blue), 40% (orange), 60% (yellow), 80% (green). The 

symbols represent experimental data[351] and solid lines are theoretical correlations/ predictions by SAFT-
VR+DE. 
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of theoretical representation of mean ionic activity coefficient of NaBr + methanol (90 

weight %)+ water system as can be seen in figure 6.12. Use of a higher value of effective 

dipole moment compared to original one essentially improves the dielectric decrement as 

presented in figure 6.13. Although, there is no experimental dielectric decrement data 

available to get the actual measure of decrement, it can always be postulated the 

dielectric property of alcohol rich solution will be less affected by electrolytes than water 

due to lesser interactions of ions with alcohol molecules and in case of aqueous 

electrolyte solution SAFT-VR+DE does under predict the dielectric decrement as 

discussed in precious study. So, it is expected to get some under prediction of dielectric 

decrement for alcohol rich mixed solvent electrolyte systems. In figure 6.12, the effective 

dipole moment over estimates the mean ionic activity coefficient at lower ionic 

concentrations; this is due to the fact the dipole moment is not fitted to the pure fluids and 

over predicts the pure fluid dielectric constant as presented in figure 6.13.\ 

   

Figure 6.11. Mean ionic activity coefficients of NaBr in water/  (a) methanol and (b) ethanol mixtures at 
298.15 K and 1.0125 bar with salt-free alcohol weight fractions at 10% (red), 20% (blue), 40% (green), 

60% (orange), 80% (purple), 90% (yellow). The symbols represent experimental data[319] and solid lines 
are theoretical correlations/ predictions by SAFT-VR+DE. 
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Figure 6.12. Mean ionic activity coefficients of NaBr in water + methanol mixture (alcohol weight 
fractions 90%) at 298.15 K and 1.0125 bar. The symbols represent experimental data,[319] solid and 
dashed line presents theoretical prediction and correlation with original and effective dipole moments 

respectively using of SAFT-VR+DE. 

 

  

Figure 6.13.  SAFT-VR+D equation of state prediction for dielectric constant ε as a function of ionic 
concentration using different dipole moments μ for methanol + water + NaBr mixture  system. Solid line 

represents the dielectric constant corresponding to original dipole (2.45 D), dashed line gives dielectric 
constant corresponding to effective dipole moment (2.65 D) and dotted line represnts salt free mixed 

solvent (90 weight % methanol with water) dielectric constant .[343] 
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Table 6.3. Comparison between experimental mean ionic activity coefficient (γ+) and theoretical 

predictions obtained by SAFT-VR+DE EOS for the different electrolytes 

System Alcohol weight fraction % AAD γ+ 

RbCl + Methanol + Water 40% 7.49 

CsCl + Methanol + Water 

20% 2.23 

30% 5.55 

40% 15.29 

CsCl + Ethanol + Water 

20% 6.13 

30% 9.92 

40% 34.36 

KCl + Methanol + Water 

40% 3.44 

60% 7.63 

NaF + Methanol + Water 

20% 2.85 

30% 3.29 

40% 3.00 

50% 2.13 

60% 4.19 

70% 7.43 

80% 4.22 
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LiCl + Methanol + Water 20% 9.43 

NaCl + Methanol + Water 

40% 8.71 

60% 10.97 

80% 12.02 

NaBr + Methanol + Water  

20% 2.89 

40% 8.64 

60% 5.42 

80% 31.24 

90% 53.97 

NaBr + Ethanol + Water 

20% 8.02 

40% 30.54 

60% 48.39 

80% 50.46 

90% 52.59 

 
 

6.4 Conclusion 
 

SAFT-VR+DE with one fluid approximation has been used to study experimental mixed 

solvent electrolyte systems ranging across different ionic concentrations and solvent 

compositions. A non-primitive model based equation of state has been use for the first 
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time in literature to study mixed solvent electrolyte systems. The solvent alcohol 

molecules are modeled as a dipolar square-well dispersive chain with association sites. 2-

site association scheme has been used for ethanol where as a 3-site scheme of methanol. 

The SAFT-VR+D parameters for alcohols are obtained by fitting to experimental vapor 

pressure and liquid densities data with an effective dipole moment representative of 

dielectric constant at ambient condition, where as the water parameters are taken from a 

previous study. The fitted parameters show excellent transferability as vapor-liquid 

equilibrium of methanol-water system ranging from ambient to 333.15 K temperature 

along with the composition dependent dielectric constants are predicted without fitting to 

the mixture data. However, for ethanol-water system a binary unlike dispersive 

interaction energy parameter is needed for accurate representation of phase behavior at 

room temperature. For, experimental alcohol-water-salt systems, a predictive approach 

has been taken; based upon a single alcohol-salt fitted parameter obtained from ternary 

mean ionic activity coefficient data, mean ionic activity coefficients of nine different 

electrolyte systems have been predicted. Theory in general shows excellent qualitative as 

well as quantitative agreement with experimental data for most of the systems. In case of 

NaCl, NaBr systems, as use of effective ionic radii for Na cation influences a greater 

amount of dielectric decrement, an improvement can be made with the use of a higher 

effective dipole moment, which produces less dielectric decrement at higher ionic 

concentrations. 
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Chapter 7 : Conclusion and recommendation 
 
 
The development of a theoretical framework for the accurate prediction of 

thermodynamics and phase behavior of complex industrially relevant system is of great 

practical importance to chemical process design. Over last 20 years, advancement in 

chemical process design can be attributed to the development and improvements in 

thermodynamic modeling tools such as the SAFT equation of state. The family of SAFT 

equations has received significant attention due to their ability to rigorously incorporate 

the effect of anisotropic interactions, such as polar and electrostatic interactions, and 

structure on the thermodynamics properties of fluids through modification of the 

reference fluid within the SAFT framework. Building on earlier work, we have taken 

advantage of this feature of the SAFT family of equations to propose new approaches to 

model ring containing molecules, like benzene and alkylbenzenes, and electrolytes.  

 In chapter 3 the main aim of the study was to capture the correct curvature in the 

experimental saturated liquid densities of pure alkylbenzenes. In this work, an improved 

modeling scheme for aromatic ring has been adopted, which able to accurately capture 

 interactions present within benzene/ alkylbenzene rings and thus improves the 

theoretical representation of saturated liquid densities of pure alkylbenzenes. In future, 

the novel modeling scheme which has been proposed in this work, can be applied to the 

study of polymeric compounds with aromatic rings, where phase behavior and 

thermodynamic properties can be predicted with greater accuracy. In petroleum industry 

asphaltenes appear as a problem to oil refining, deposits plugs in wellbore tubing and 

valves, thus possess a hurdle in oil production. Aromatic rings in asphaltene can be 

modeled using the newly developed modeling scheme and, solubility, phase behavior of 

π −π
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those compounds in hydrocarbons can be accurately predicted. Another possible field of 

application can be ionic liquids. Using the novel modeling scheme, charge present in the 

cation can be explicitly positioned at a specific location of the ring.   

 In chapter 4, the recently developed non primitive model based SAFT-VR+DE 

approach was used to describe nineteen 1:1 aqueous electrolyte solutions with both a 

fully dissociated model (as in the original work of Zhao) and a partially dissociated 

model, considered in order to capture ion association at high salt concentrations. The 

approach was found to predict thermodynamic properties such as the osmotic coefficient, 

water activity coefficient and solution density, across different salt concentrations at 

room temperature and pressure in good agreement with experiment and using only one or 

two fitted parameters. Although the theory is able to capture the qualitative trend in 

dielectric decrement of aqueous electrolyte solutions it fails to give quantitative 

agreement. However one should note, there are also inconsistencies lie within 

experimental observations due to dielectric saturation and kinetic depolarization and can 

result in a 25–75% decrease in the measured static permittivity.  

 In this study, ion-association has been considered via a free energy contribution 

term similar to SAFT association. In future, ion association can be considered within non 

primitive model closure while solving Ornstein-Zernike equation for greater consistency. 

This study only considers nineteen different aqueous electrolyte solution systems of 1:1 

alkali halide salts. SAFT-VR+DE can be used for the study of more complex systems, 

such as salts containing divalent/ trivatent cations and anions in future. Study can also be 

extended by including systems containing mixed salts as the theory allows the treatment 

of arbitrary number of ions within the solution. The non primitive model based equation 
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of state also can be applied for the phase behavior study of complex mixtures such as 

ionic liquid + alcohol, ionic liquid + CO2.  However, for the study of compounds with 

quadrupole such as CO2, it is also necessary to extend the theory to the mixture of ions 

and quadrupole. 

 In chapter 5, SAFT-VR+DE approach has been extended to mixed solvent 

electrolyte systems. In this section, the theory is applied to study several model mixed 

solvent electrolytes in order to validate a simple one-fluid-like approximation that is 

proposed in order to describe the interactions between ions and dipolar solvents of 

arbitrary size and dipole moment within SAFT-VR+DE framework as solution of non 

primitive model proposed by Blum and Wei only allows one kind of dipolar solvent 

particle. Before application to real fluids the approach is extensively tested through 

comparison with isothermal-isobaric ensemble (NPT) Monte Carlo simulations for a 

number of model mixed solvent electrolyte systems. Simulations have been performed 

for different ionic concentrations, solvent compositions, cation, anion, and solvent 

segment diameters, and solvent polarity. The results show that the SAFT-VR+DE 

equation provides a good description of the PVT behavior of the model mixed solvent 

electrolyte systems studied, with some over-prediction of the PVT behavior observed at 

higher ionic concentrations. Additionally, comparisons are made between predictions 

from the non-primitive and primitive models for electrolytes and the importance of 

capturing the effect of the ions on the solvent dielectric demonstrated. Subsequently, 

upon validation the theory has been applied to the study of experimental mixed dipolar 

solvent electrolyte systems in chapter 6.  

 In this study, ions are considered to be fully dissociated within the solvent and the 



175 

solvent molecules are explicitly treated within the model as well as the theoretical 

framework. Typically in the study of electrolyte systems the simpler primitive model is 

used, which requires as input values for the experimental dielectric constant. With the 

non-primitive model the dielectric is calculated as part of the theory, which is a 

particularly attractive feature when mixed solvent electrolyte systems are being studied as 

for those systems experimental dielectric behavior is more scarce. Here for the first time 

a non-primitive based equations of state has been used for the study of real mixed solvent 

electrolytes. The solvents considered, water, methanol and ethanol are modeled using the 

SAFT-VR+D approach in the contribution of the dipole to the thermodynamics and 

structure of the fluid are explicitly accounted for. The theory is found to accurately 

predict the vapor-liquid equilibrium, as well as dielectric properties of the salt free 

alcohol-water mixtures both at room and elevated temperatures. The ternary mixture of 

salt/water/alcohol was then studied using the SAFT-VR+DE parameters for the salts 

determined in earlier work containing binary systems and the cation-alcohol unlike 

dispersive energy parameter obtained by fitting to mean ionic activity coefficient data at 

room temperature and pressure. Thus, with only one adjustable parameter, a predictive 

approach is developed. The SAFT-VR+DE predictions are found to be in good 

quantitative agreement with mean ionic activity coefficient data for several mixed solvent 

electrolyte systems over a wide range of molalities and solvent weight fractions. In cases 

where only qualitative agreement is obtained, the theoretical predictions can be improved 

at higher salt concentrations near the pure alcoholic limits by considering an adjustable 

effective dipole moment for the mixed solvent, which captures the dielectric decay more 

accurately.  
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 Mixed solvent electrolyte systems are of industrial interest due to their application 

in liquid-liquid and vapor-liquid separation processes. Application of salt within miscible 

mixture of dipolar solvents, phase separates the solvents and helps to recover compounds. 

In future, SAFT-VR+DE can be used for the prediction of properties such as osmotic 

coefficients, activity coefficient of the solvents in mixed solvent electrolyte systems for 

which experimental data is scarce. Using solvent activity coefficient one can determine 

change in relative volatility of solvent species in the solution, which is a very useful 

property for the design of separation process. SAFT-VR+DE for mixed solvent 

electrolyte is an approximated approach as no solution of non primitive mean spherical 

approximation has been derived to date for mixture composed of arbitrary kinds of ions 

and dipolar particles, which is useful for the study of system containing multiple kinds of 

solvent species. In future analytical expression for Helmholtz free energy can be 

developed for systems composed of arbitrary number of ions along with dipolar particles.  
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Appendix  
 
 
Free energy contribution for electrostatic interaction is determined using the MSA for 

mixtures of ions and dipoles developed by Blum and Wei and Golovko [204, 205, 242]. 

Within the MSA, the expression for the electrostatic free energy is given by  

                                                                 (A.1) 

where,   is a total volume of the solution, and   is an internal energy per unit 

of volume 

  (A.2) 

with virial integral terms  and  defined as [205],  
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where  α0  and  α 2  are the ion-ion coupling and dipole-dipole strength parameters, the 

quantities are defined as, 
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where µ is the dipole moment of solvent species,  kb and  T are the boltzman constant and 
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 is the contact values of the radial distribution function (RDF) invariant 

expansion coefficients, and  is the hard-sphere contact value. The contact values 

of the invariant expansion coefficients of the radial distribution function of equation  is 

given by, 

  

          (A.6)
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where  and with  and  representing density and 

segment diameter of  individual species in the solution.  and  are the density and 

segment diameter of  the dipolar solvent species present in the solution. The parameters 
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quantities ,  are related to dipolar strength parameters and expressions are given by, 

,  and  . 

and are the contact values of the Baxter 

factorization function expansion coefficients,[204, 242] and are given by,  

 (A.8) 

where ,  and  are the parameters corresponding to ion-ion, ion-dipole and 

dipole-dipole interactions and obtained numerically solving following equations, 

               (A.9) 

                                          (A.10) 

                                              (A.11) 

 

 

 β6 λ

β6 = 1−
1
6
b2 β3 = 1+

1
3
b2 λ = β3

β6

( )( )
( )

,
λ+
+λλb=q' 2

2

1
31−−

 

Q
ij

'mn
=
∂Q

ij

mn
r( )

∂r
r=σ

ij

Qij
'00 = 2π

Δ
σ ij +

πσ iσ jξ2
4Δ

⎛
⎝⎜

⎞
⎠⎟
− 1
2
Di

FDj
F ρnσ n

2υη
2

Dβ6
2 σ n + λσ i( ) σ n + λσ j( ) +

4Γ i
sΓ j

s

DDac

⎛

⎝
⎜

⎞

⎠
⎟

Qin
'00 =Qni

'00 = 2π
Δ

σ in +
πσ iσ nξ2
4Δ

⎛
⎝⎜

⎞
⎠⎟

Qin
'01 = − Di

F

Dβ6

λυη

σ n + λσ i

+ 2Γ i
san
1⎛

⎝⎜
⎞

⎠⎟

Qni
'10 = Di

F

Dβ6

λυη

σ n + λσ i

+ 2Γ i
san
1⎛

⎝⎜
⎞

⎠⎟

Qnn
'11 = 2λ

Dρnσ n
2 λ + ρnσ n

2Ω10an
1

2β6
2

⎛
⎝⎜

⎞
⎠⎟
+ σ nB

10an
1

2β6
− 2
ρnσ n

2

Γ   B10
2b

ρi ai
0( )2

i=1

n−1

∑ + ρn σ n
1( )2 =α 0

2

− ρiai
0kni
10 + an

1

i=1

n−1

∑ 1− ρnknn
11( ) =α 0α 2

1− ρnknn
11( )2 + ρn ρi kni

10( )
i=1

n−1

∑
2

= y1
2 + ρnα 2

2



208 

In the above equation,  Kni
10 and  Knn

11 represents  K − matrix  given in terms of the Baxter 

matrix  
Qij

mn( r )  is given by,  
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Additional to equations (A.9)-(A.10), compared to the equation (2.17) of Wei et al.[242], 

we calculate from known ,  and , by numerically solving the following 

equation,     

       (A.13) 

where,   is given by equation (A2.5) and is proportional to . Obtaining in this way 

makes our solution of the theory numerically consistent solution. Therefore, the 

numerical procedure consists of simultaneous solution of four equations (A.9)-(A.11) and 

(A.13) for four unknowns; , , and .  

The other parameters in expression (A.2)-(A.4) and (A.8) are expressed in terms of , 

, and are given by  [204, 242], 
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 ,  

 

 

  

The ionic excess chemical potentials is given by,  

   
 
The chemical potential of dipolar molecules is given by, 

   
Since in the MSA, the excess Gibbs free energy equals the excess internal energy, the 

pressure is given by 
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