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Abstract 

The purpose of this thesis was to create a Flowbat program for the calculation of the activity coefficients of species in 

different electrolyte solutions. In these solutions, electrolytes have dissociated into ions, which greatly increases the 

non-ideality of the solution even in small concentrations. Modeling of electrolytic solutions becomes essential when 

bioprocesses are considered, as they typically have several electrolytes present in the considered system. The highly 

non-ideal behavior must be accounted for accurately when estimating activity coefficients, and consequently the 

properties of the system at phase and reaction equilibrium. 

   

The theory part of this thesis begins by introducing the main principles behind vapor-liquid equilibrium calculations, 

which are the so-called “phi-phi” and “gamma-phi” approaches, for both electrolyte and non-electrolyte solutions. 

Next, different alternatives to estimate the fugacity coefficients and activity coefficients in the electrolyte solutions 

are presented. The fugacity coefficients and activity coefficients are calculated with different equations of state and 

activity coefficient models, respectively. The selection between the models is not straightforward, but the generally 

applied approach is to use the activity coefficient models. Because of this, different activity coefficient models, such 

as eNRTL and LIQUAC, will be mostly examined in this thesis. Some equations of state have also been extended for 

electrolyte solutions, but they are rarely used due to their inaccuracy in highly non-ideal systems. Inclusion of ionic 

species also necessitates the use of different thermodynamic standard states for them. Therefore, the general concepts 

of the generally applied standard state conventions and how they are chosen will be presented as well. 

 

The presence of ions in the solution means that the behavior of the solution is dependent on both long- and short-

range interactions between species. The short-range interactions can be modeled with typical non-electrolyte activity 

coefficient models, whereas the modelling of the long-range interactions needs different models. The electrostatic 

forces induced by the ions are long-range interactions. These phenomena can be modeled through the use of Poisson-

Boltzmann theory and Born model, and their effect on activity coefficients are accounted mainly with the Debye-

Hückel and the mean spherical approximation theories. As most activity coefficient models rely on the Debye-Hückel 

theory for representing long-range Coulombic interactions, it will be given special attention in the theory part of this 

thesis.  

 

In the applied section of this thesis, symmetric eNRTL activity coefficient model was chosen for a more in-depth 

analysis, and it was programmed into Flowbat simulation software with the Fortran programming language. The 

validity of the created Flowbat program was evaluated by comparing its results against the results of the basically 

identical eNRTL-SR model of  Aspen Plus. The tests were performed with the following mixtures: water + 1-

propanol + NaCl, water + 1-propanol + NaCl + CaCl2, water + formic acid, water + ammonia + hydrogen sulfide. 

Deviations between the activity coefficients of the created Flowbat program and Aspen Plus proved to be negligible. 

The small deviations are most likely caused by the fundamental differences between the simulation software. Thus, 

the main goal of the thesis work was reached succesfully. The steps taken during the creation of the Flowbat program 

and the Aspen Plus simulation have been documented in detail, which can serve as a guideline for the future 

implementation of the electrolyte models in different process design and analysis studies with electrolyte solutions. 

Additional Information 
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Tiivistelmä 

Tämän työn tarkoituksena oli luoda Flowbat ohjelma jolla pystytään laskemaan elektrolyyttiliuoksissa olevien 

komponenttien aktiivisuuskertoimet. Näissä liuoksissa elektrolyytit ovat dissosioituneet ioneiksi, jotka pienissäkin 

pitoisuuksissa kasvattavat liuoksen epäideaalista käyttäytymistä suuresti. Elektrolyyttiliuosten käyttäytymisen 

mallintaminen on keskeisessä osassa etenkin erilaisten bioprosessien tarkastelussa, koska näissä prosesseissa on 

tyypillisesti useita elektrolyyttejä seoksessa. Tämä erittäin epäideaalinen käyttäytyminen täytyy huomioida tarkasti 

aktiivisuuskertoimia laskettaessa, joka myös vastaavasti vaikuttaa systeemin ominaisuuksiin faasi- ja 

reaktiotasapainossa. 

 

Tämän työn teoriaosa alkaa elektrolyytti- ja ei-elektrolyyttiliuosten kaasu-neste - tasapainolaskentaan käytettävien 

menetelmien esittelyllä. Näitä menetelmiä kutsutaan “fii-fii” ja “gamma-fii” lähestymistavoiksi. Seuraavaksi 

esitellään eri vaihtoehdot elektrolyyttiliuosten fugasiteettikertoimien ja aktiivisuuskertoimien arviointia varten. 

Fugasiteettikertoimet voidaan laskea erilaisilla tilanyhtälöillä, kun taas aktiivisuuskertoimet voidaan laskea 

aktiivisuuskerroin mallien avulla. Valinta näiden mallien välillä ei ole suoraviivaista, mutta yleisimmissä tapauksissa 

sovelletaan aktiivisuuskerroin malleja. Tästä syystä erinäisiä aktiivisuuskerroin malleja, kuten eNRTL ja LIQUAC, 

tullaan käsittelemään enimmäkseen tässä työssä. Ionien huomioiminen liuoksessa edellyttää myös eri standarditilojen 

käyttöä riippuen tarkasteltavasta kohteesta. On siis tarpeellista myös esitellä laajimmin käytetyt standarditilat yleisesti 

sekä valintaperusteita niiden valinnalle eri seoksilla. 

 

Johtuen ionien vaikutuksista, liuoksen käyttäytyminen on riippuvainen eri osaslajien välisistä sekä pitkän kantaman 

että lyhyen kantaman vuorovaikutuksista. Lyhyen kantaman vuorovaikutuksia voidaan mallintaa perinteisillä ei-

elektrolyyteille muodostetuilla aktiivisuuskerroinmalleilla, kun taas pitkän kantaman vuorovaikutuksia täytyy 

mallintaa eri tyyppisillä malleilla. Ionien aiheuttamat elektrostaattiset voimat ovat pitkän kantaman vuorovaikutuksia. 

Näitä ilmiöitä pystytään mallintamaan Poisson-Boltzmannin teorian ja Bornin mallin avulla, sekä niiden vaikutus 

aktiivisuuskertoimiin voidaan huomioida Debye-Hückel ja MSA (mean spherical approximation) teorioiden avulla. 

Koska suurin osa aktiivisuuskerroinmalleista hyödyntää Debye-Hückel teoriaa pitkän kantaman Coulombisten 

vuorovaikutusten mallintamiseen, sitä käsitelleään erityisen tarkasti tämän työn teoriaosassa. 

 

Työn soveltavassa osuudessa symmetrinen eNRTL aktiivisuuskerroinmalli valittiin perusteellista tarkastelua varten ja 

tämä malli ohjelmoitiin Flowbat-simulointiohjelmistoon käyttäen Fortran-ohjelmointikieltä. Tämän luodun Flowbat- 

ohjelman tulosten paikkansapitävyyttä arvioitiin vertaamalla ohjelmalla laskettuja tuloksia Aspen Plus - 

simulointiohjelmiston käytännössä identtisen ENRTL-SR-mallin laskentatuloksiin. Nämä testit suoritettiin seuraavilla 

seoksilla: vesi + 1-propanoli + NaCl, vesi + 1-propanoli + NaCl + CaCl2, vesi + muurahaishappo, vesi + ammoniakki 

+ rikkivety. Erot tässä työssä muodostetun Flowbat-ohjelman ja Aspen Plus -ohjelman laskemissa 

aktiivisuuskertoimissa osoittautuivat suhteellisen vähäisiksi. Nämä pienet erot johtuvat todennäköisesti käytettyjen 

ohjelmistojen perustavanlaatuisista eroavaisuuksista. Täten tämän työn varsinainen päämäärä saavutettiin 

onnistuneesti. Muodostetun Flowbat-ohjelman ja Aspen Plus simulointien luomisen välivaiheet on dokumentoitu 

työssä yksityiskohtaisesti, joten muodostettua Flowbat-ohjelmaa voidaan tulevaisuudessa käyttää elektrolyyttimallien 

soveltamiseen erilaisiin prosessisuunnittelu- ja -analyysitarkasteluihin. 
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UNIFAC  UNIQUAC Functional-group Activity Coefficients model 
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VTPR   Volume-Translated Peng-Robinson equation of state 
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A  Anion 

mA   Partial molar Helmholtz energy [J] 

iA  Adjustable parameter for the temperature dependent function of relative 

permittivity of component i [-] 

SA   Solvent specific Debye-Hückel -constant [-] 

a  Parameter for correcting attractive potential for equations of state [-] 

ia   Activity of a component i [-] 

i ja  Adjustable parameter for activity coefficient model [-]  

B   Bjerrum length [Å] 



 

 

iB  Adjustable parameter for the temperature dependent function of relative 

permittivity of component i [-] 

i jB  Auxiliary parameter for activity coefficient models [-] 

Sb  Solvent specific DH-constant for Extended UNIQUAC and LIQUAC 

models [mol
0.5

 kg
-0.5

] 

b   Parameter for repulsive forces in cubic equations of state [m
3
 mol

-1
] 

i jb  Adjustable parameter for activity coefficient model [-]  

C  Cation 

i jC  Adjustable parameter for activity coefficient model [-]  

iC  Absolute ionic charge for ionic species, unity for molecular species [-] 

pC   Heat capacity at constant pressure [J mol
-1

 K
-1

] 

i jC
 A temperature dependent adjustable parameter for Pitzer model [-] 

c  An experimentally fitted parameter for equations of state [-] 

tc  Volume translation parameter for VTPR model [m
3
 mol

-1
] 

 ic r   Volumetric concentration of ions i in a volume element at a distance r 

from the central ion according to Boltzmann’s distribution [mol dm
-3

] 

 (0)

ic r   Volumetric concentration of ions i in a volume element at a distance r 

from the central ion, if the ions were distributed evenly [mol dm
-3

] 

i jD  Adjustable parameter for an activity coefficient model or equation of 

state [-] 

d  Temperature independent hard sphere diameter [m] 

i je  Adjustable parameter for activity coefficient model [-]  

E  Electrolyte molecule 

i jE  Adjustable parameter for activity coefficient model [-]  

i jf  Adjustable parameter for activity coefficient model [-] 

G   Gibbs energy [J] 

m,iG   Partial molar Gibbs energy of component i [J mol
-1

]
 
 

i jG  Auxiliary binary parameter for NRTL model [-] 



 

 

i jg  Radial distribution function [-] 

i jg   Interaction energy parameter for NRTL model [K] 

H  Enthalpy [J] 

f,iH  Enthalpy of formation [J mol
-1

] 

I  Ionic strength of solution [mol 1

solventkg ] 

K  Thermodynamic equilibrium constant [-] 

Bk   Boltzmann’s constant, = 1.3806488 · 10
−23

 J K
-1

 

iM   Molar mass of the species [kg mol
-1

] 

im   Molality of the species [mol 1

solventkg ] 

AN   Avogadro’s number, = 6.022137 × 10
23

 mol
−1

 

in   Amount of substance [mol] 

sphn  Effective number of spherical segments in SAFT / CPA model [-] 

asson  Total number of association sites in SAFT / CPA model [-] 

P   Pressure [Pa] 

nP  Factor for ion size and charge in MSA model [-] 

HSP  Hard sphere parameter [J Å
-3

] 

POY   Poynting correction factor [-] 

iq  Electrostatic charge of a particle [C] 

R  Gas constant, = 8.3144598 J mol
-1

 K
-1

  

iR  Effective Born diameter of particle [Å] 

i jr  Distance between particles i and j [Å] 

m,iS   Molar entropy of species i [J mol
-1 

K
-1

] 

T  Temperature [K] 

u   Temperature dependent square-well depth [J] 

m,iV  Molar volume of species i [m
3
 mol

-1
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m,iV  Partial molar volume of species i [m
3
 mol

-1
] 

f,iV  Volume fraction of a component in UNIQUAC model [-] 



 

 

v  Stoichiometric coefficient [-] 

)(i

k   Number of functional groups k in component i in UNIFAC model [-] 
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iX  Effective mole fractions of species i corrected with its charge number [-] 
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AX  Fraction of association sites that are not bonded in SAFT / CPA model [-] 

Y   Charge composition fraction [-] 

Z  Compressibility factor [-] 

z  Charge of an ion [-] 
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   Electrolyte specific constant in Pitzer model [kg
0.5

 mol
-0.5

] 

i   Factor for size and charge of component i in MSA model [-] 

 T  Function that accounts for acentricity of molecules [-] 

NRTL  Non-randomness parameter for NRTL model [-] 

   A temperature-dependent adjustable parameter [kg mol
-1

] 

  Inverse shielding length for MSA model [Å
-1

] 

k   Activity coefficient of functional group k in UNIFAC model [-] 

  Activity coefficient of a species [-] 

   Size factor in MSA model [-] 

AB   Association strength between association sites A and B in SAFT / CPA 

model [-] 

   Interaction energy between two molecules in activity models [J mol
-1

] 

  Parameter for the temperature independent volume translation [-] 

m  Molar density of a solution [mol m
-3

] 

  Permittivity [C
2
 J

-1
 m

-1
] 

AB  Energy of interaction between association sites in SAFT / CPA model [J] 

0   Permittivity of vacuum, = 8.8541878 × 10
−12

 C
2
 J

-1
 m

-1
 



 

 

S  Relative permittivity of solvent S [-] 

  Coordination number in UNIQUAC model [-] 

  Reduced fluid density [-] 

0  Constant for SAFT / CPA model, = 0.74048  

  Constant solvent parameter for HFK model (228 K) 

m   Surface area fraction of functional group m in UNIFAC model [-] 

  Volume of interaction between association sites in SAFT / CPA 
model [-] 

DH   Debye-Hückel screening parameter [m
-1

] 

i j   Binary interaction parameter between components i and j for Wilson’s 

equation [-] 

   Chemical potential of the species [J mol
-1

] 

  Relative van der Waals volume [Å
3
] 

   Partial molal (thermodynamic) property  

   Conventional Born coefficient for effective ion radius in HFK model [-] 

   Closest approach parameter for PDH term [-] 

i   Density of the species i [g cm
-3

] 

k  Number density of ion k [Å
-3

] 

 f r   Fixed charge distribution function [C m
3
] 

i  Relative van der Waals surface area of component i [Å
2
] 

1   Packing fraction parameter for MSA model [Å
-2

] 

2   Packing fraction parameter for MSA model [Å
-1

] 

3   Packing fraction parameter for MSA model [-] 

  Interaction parameter for activity coefficient model [-] 

S   Osmotic coefficient of a solvent component [-] 

 el r   Electric potential at distance r from an ion [J C
-1

] 

   Parameter for the temperature independent volume translation [-] 



 

 

   Constant solvent parameter for HFK model (2600 bar) 

nm   Auxiliary parameter for UNIFAC model [-] 

   Acentric factor [-] 

Superscripts 

*  Quantity expressed in unsymmetric standard convention 

'  Symbol for discerning two parameters from each other 

0   Standard state or pure component 

  Infinite dilution aqueous solution standard state 

A  Association site A in SAFT / CPA model 

abs  Absolute thermodynamic value 

B  Association site B in SAFT / CPA model 

E   Excess property 

fused  Pure fused salt standard state 

L   Liquid phase 

lc  Local composition contribution 

m   Molal scale value  

osm  Osmotic property 

PDH  Parameter according to Pitzer-Debye-Hückel formula 

PSRK  PSRK equation of state 

sat  Parameter at saturation pressure 

UNIQUAC  Parameter for the UNIQUAC model 

V   Vapor phase 

x   Mole fraction scale value 

Subscripts 

A   Anion 

ASSOC  Association contribution term for a thermodynamic model  

C   Cation 

c  Critical property 



 

 

Comb  Combinatorial term for the UNIQUAC model 

E   Electrolyte molecule (non-dissociated) 

ES  Electrostatic term / parameter 

HS  Hard sphere term / parameter 

R  Thermodynamic quantity of a reaction 

r  Reduced property 

real  Property in real conditions / Real fluid 

Res  Residual term for the UNIQUAC model 

S   Solvent molecule 

i   Component i  

ideal  Property in ideal conditions / Ideal fluid 

j   Component j 

k  Component k 

n  Component n 

m  Molecular component m (non-dissociated)  

m  Molar property 

W  Parameter for pure water 

  Mean ionic parameter 
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1 INTRODUCTION 

As the importance and technological level of bioprocesses keeps developing, accurate 

thermodynamic modeling of aqueous chemistry becomes more necessary. The main 

solvent found in bioprocesses, which is water, is highly polar and has the capability to 

dissolve large amounts of electrolytes. The ions resulting from dissociated electrolytes 

pose a problem for thermodynamic modeling, as electrolytic solutions behave highly 

non-ideally even in small concentrations. In the recent decades, a myriad of different 

activity coefficient models and equations of state have been developed to tackle this 

problem.  

In this thesis, some basic concepts of thermodynamic modeling will be presented, 

especially in respect to electrolytic solutions. These concepts include: determination of 

vapor-liquid and reaction equilibrium, thermodynamic standard states, electrostatic 

interactions and short-range interactions between molecules. Also, several more 

commonly used equations of state and activity coefficient models will be presented, and 

their performance in both non-electrolytic and electrolytic systems will be evaluated. 

Unfortunately, due to the broad spectrum of the addressed topics and time constraints, 

this thesis will exclude some concepts, such as ionic liquids, reaction kinetics and solid-

liquid equilibria.  

In the applied section, one activity coefficient model will be chosen for a more in-depth 

analysis, which will also be implemented in the Neste Jacobs in-house simulation 

software Flowbat. The model will be programmed with Fortran programming language, 

and its performance will be validated with the commercial Aspen Plus software 

package. The tested systems will contain completely and partially dissociating 

electrolytes, multiple electrolytes and solvents, and Henry components that can also act 

as electrolytes. Equilibrium compositions of these systems, as well as the interaction 

parameters, will be provided by the databanks of Aspen Plus. Once the final version of 

the programmed model has been validated, it will be integrated into Flowbat properly, 

and another Flowbat subroutine will provide the necessary equilibrium compositions. 

However, the actual integration process is not a part of this thesis and it will not be 

covered. 
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The ultimate goal of this thesis is to provide the reader a general understanding of 

thermodynamics that are involved with electrolyte systems. It will also provide a 

rudimentary guideline for choosing a suitable thermodynamic model and utilization of 

them for these systems. Much of the knowledge found in literature are either very 

spread out over several publications, or they are highly theoretical and would require 

time and devotion from the reader in order to grasp. This thesis aims to gather all of this 

information into a more practical compilation, from a point of view of an engineer. 

The programmed Flowbat model in the applied section of this thesis will serve as a 

starting point for future implementations of thermodynamic models for Neste Jacobs. It 

will provide a freely modifiable source code and lessen their dependence on commercial 

programs. Implementing the model and validating it with Aspen Plus will also provide 

valuable information on how the model parameters are defined and utilized.  
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2 VAPOR-LIQUID EQUILIBRIUM CALCULATIONS 

Several different methods have been developed for modeling vapor-liquid equilibrium 

(VLE) behavior of mixtures. All of them rely in the description of the phase equilibrium 

through chemical potential  : 

where i  is the chemical potential of component i [J mol
-1

], 

 m,iG  is the partial molar Gibbs energy of component i [J mol
-1

], 

 G  is the Gibbs energy [J] and 

in  is the molar amount of component i [mol]. 

Chemical potential is also called as the partial molar Gibbs energy. Chemical potential 

is a thermodynamic property that is used for defining phase equilibrium. Different 

phases in a system are considered to be in thermodynamic equilibrium when all phases 

have the same temperature, pressure and chemical potential. In a system with a vapor 

phase and a single liquid phase the dependence is written as: 

 (2)  

 

where 
V

i  is the chemical potential of component i in vapor phase [J mol
-1

] and 

 
L

i  is the chemical potential of component i in vapor phase [J mol
-1

]. 

As chemical potential is the same as partial molar Gibbs energy, it can also be presented 

through fugacity, which is considered to be the “effective pressure” of a real gas. 

Consequently, phase equilibrium can then be expressed through fugacities as well. 

Similarly, for each component in every phase the fugacity has to be equal in order for 

the equilibrium to be achieved. This supposition is the basis for practically all 

equilibrium calculations. Chemical potential according to fugacity formalism can be 

calculated with (Gmehling et al. 2012, p. 159-161):  

 

m,

, ,

i i

i T P n

G
G

n


 
   

 
, (1) 

 V L

i i  , 
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where 
0,x

i  is the chemical potential of component i in the standard state in 

mole fraction scale [J mol
-1

], 

 R   is the gas constant (= 8.3144598 J mol
-1 

K
-1

),  

 T   is the temperature [K],   

 if   is the fugacity of component i [Pa] and 

 0

if   is the fugacity of component i in the standard state [Pa]. 

Some of the methods for VLE calculations rely on fugacity coefficient   (also called as 

“phi”), which reflects the non-ideality between ideal and real gases or liquids. However, 

it is mostly used for representing only the gas phase, if liquid phase is known to behave 

non-ideally. Then, a more convenient measure of non-ideality called the “activity 

coefficient”   (also called as “gamma”) can be used for liquids instead. This activity 

coefficient can be considered as an auxiliary function derived from fugacity and 

standard state fugacity. Depending on whether fugacities or activities are used for 

representing liquid phase non-ideality, methods for VLE calculations are divided into 

“phi-phi” and “gamma-phi” approaches. (Gmehling et al. 2012, p. 161-162) 

In the same manner as with fugacity, activity of a species is considered to be its 

“effective concentration” and its deviation from “ideal concentration” is described with 

the activity coefficient. More accurately, activity coefficient is typically used to express 

non-ideality resulting from mixing different liquid species, which results in the change 

of the mixture Gibbs energy defined as the excess partial molar Gibbs energy. Together 

with a term for ideal partial molar Gibbs energy, partial molar Gibbs energy for a real 

mixture can be calculated, which is the aforementioned chemical potential. This is 

shown in Eq. (4). (Gmehling et al. 2012, p. 160-161) 

where 
ideal

m,iG  is the partial molar Gibbs energy of component i in ideal conditions 

[J mol
-1

] and 

 
E

m,iG   is the excess partial molar Gibbs energy of component i [J mol
-1

]. 

 
0,x

0
R ln i

i i

i

f
T

f
 

 
   

 
, (3) 

 ideal E

m, m, m,i i i iG G G    , (4) 
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Chemical potential according to activity coefficient is usually calculated in either mole 

fraction or molality scale. Molality scale is typically used only in electrolyte systems. 

The final value of calculated chemical potential i  is independent of the used scale, as 

long as the same one is used when defining standard chemical potential, composition 

and activity coefficient. General form of chemical potential in both mole fraction and 

molal scale, and in activity formalism, can be seen in Eq. (5). (Gmehling et al. 2012, p. 

370) 

where ix   is the mole fraction of component i [-], 

x

i  is the activity coefficient of component i in mole fraction scale [-], 

0,m

i is the chemical potential of component i in the standard state in 

molal scale [J mol
-1

], 

im   is the molality of component i [mol 
1

solventkg
],  

0

im   is the standard state molality of component i [mol 
1

solventkg
] and 

m

i   is the activity coefficient of component i in molality scale [-]. 

 

It should be noted that standard state molality 
0

im  in previous Eq. (5) is not often shown 

in the equation as it typically has the value of 1 mol/kg by convention. This procedure 

of course determines the unit of molality and definition of the used standard state.  

 

2.1 Gamma-phi and phi-phi -approaches in phase equilibrium 

calculations 

In the gamma-phi formulation fugacity coefficients are used to present behavior of the 

vapor phase and activity coefficients are used for liquid phases. An extended form of 

modified Raoult’s law for gamma-phi formulation can be seen in Eq. (6) as is given by 

Gmehling et al. (2012, p. 189). The product of saturation pressure and fugacity 

 
 0,x x 0,m m

0
R ln R ln i

i i i i i i

i

m
T x T

m
    

 
     

 
, (5) 
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coefficient (
sat sat

i iP  ) is chosen as the standard fugacity ( 0

if ), which will be covered in 

the next chapter. (Gmehling et al. 2012, p. 189)  

where 
V

i   is the fugacity coefficient of a component i in vapor phase [-], 

 iy   is the mole fraction of a component i in vapor phase [-], 

 P   is the total pressure of the system [Pa] and 

 POYi  is the Poynting correction factor of a component i [-]. 

In Eq. (6) Poynting correction factor is included to account for the change in molar 

volume of the liquid due to a change in overall pressure. The Poynting correction factor, 

or simply the Poynting factor, is defined as: 

where 
L

m,iV  is the liquid partial molar volume of component i at the temperature 

of T [m
3
 mol

-1
] and 

 
L

m,iV  is the liquid molar volume of i [m
3
 mol

-1
].  

The Poynting factor, presented in Eq. (7), is often omitted by giving it the value of one, 

as the effect of pressure on liquids is insignificant at low and moderate pressures. The 

Poynting factor only becomes relevant at high pressures (>~50 bar). At pressures below 

~10 bars vapor phase fugacity coefficients are also sometimes omitted, as the non-

ideality of the vapor phase can be considered as relatively insignificant in the 

conditions. Hence, the vapor phase fugacity coefficients approach unity at low 

pressures. The pressure dependence of partial molar volume of the liquid must be 

known in order to calculate the Poynting factor. However, if this data is not available, it 

can be approximated to be pressure independent and equal to molar volume as shown in 

Eq. (7). (Gmehling et al. 2012, p. 189; Skogestad 2009, p. 188) 

 

 V 0POYi i i i i iy P x f  , (6) 
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Fugacity coefficients for different species at different pressures can be calculated with 

an equation of state such as the cubic equations of state Soave-Redlich-Kwong, Peng-

Robinson or Virial equation. Activity coefficients can be calculated with empirical 

equations, like UNIQUAC, NRTL or Wilson, that are based on the usage of binary 

interaction parameters fitted against experimental data. Semi-empirical group 

contribution methods such as UNIFAC or LIFAC can also be used if the binary 

interaction parameters are not available. 

The main disadvantages of the gamma-phi -approach are that it requires two different 

models in order to represent both phases and it cannot be normally used at supercritical 

conditions (Albright 2009, p. 13). This is due to the fact that the standard fugacity 

becomes in these conditions undefined, similarly as does the liquid molar volume in the 

Poynting correction. The method also requires that thermodynamic properties such as 

partial molar heat capacity, liquid density and enthalpies must be provided for the liquid 

phase as a function of pressure, temperature and composition. Despite this, the gamma-

phi -approach is often used for its relative simplicity and its ability to model highly non-

ideal liquid phases. (Gmehling et al. 2012, p. 189-193) 

In the phi-phi -approach fugacity coefficients are used to represent both vapor and 

liquid phases, which are dependent on the amount of different components, as well as 

on the temperature and pressure of the system. Generally, in the phi-phi -approach a 

single equation of state (EOS) is used to calculate both vapor and liquid fugacity 

coefficients for all components in the system. Hence, the chemical potential equality 

equation is presented in the phi-phi -approach as: 

where 
L

i  is the fugacity coefficient of component i in liquid phase [-]. 

The parameters of an EOS can be determined from pure component properties, which 

necessitates the use of mixing rules. The mixing rule is an algorithm that determines the 

properties of a mixture based on the pure component properties. Simple mixing rules 

can be used for non-polar components and more complex ones for polar components. 

Accuracy of the EOS is heavily dependent on the selection of an appropriate mixing 

rule. (Albright 2009, p. 11) 

 V L

i i i iy P x P  , (8) 
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The gamma-phi approach is generally more suitable for modeling VLE, whereas the 

phi-phi -approach requires very sophisticated mixing rules in order to be accurate for 

polar mixtures. However, the phi-phi -approach is widely used in oil industry as 

supercritical conditions are possible and most components are non-polar. Availability of 

binary interaction parameters is also an important factor, as they are unique for each 

model. (Albright 2009, p. 13) 

 

2.2 Effect of electrolytes on phase equilibrium 

Addition of electrolytes into a solution can change its vapor liquid equilibrium behavior 

significantly. Solubility of certain species can either be increased or decreased by 

adding a certain type of electrolyte. These effects are called “salting in” and “salting 

out”, respectively, but the principle is also applicable to electrolytes other than salts. In 

the case of a mixture containing multiple solvents, the salting out effect can be 

explained by having one solvent more attracted to the dissociated electrolyte than the 

other due to their different polarities. As one solvent becomes more associated with the 

electrolyte, less molecules are “available” for dissolving the other solvent causing its 

concentration in another phase to increase, which can be the vapor phase, a solid phase 

or another liquid phase. This effect is visualized in Fig. 1 and it can be exploited during 

separation processes, as it can also be used e.g. to bypass azeotrope points (Gmehling et 

al. 2012, p. 398).  

Figure 1. Salting out effect in multi-solvent mixture. 1 = Solvent 1, 2 = Solvent 2, E = 

Dissociated electrolyte. (Based on Gmehling et al. 2012, p. 399) 
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As can be seen in Fig. 1, when an electrolyte, which dissociates completely in the 

conditions, is introduced into the solution, majority of solvent 2 is forced to move into 

the upper phase and solvent 1 in turn moves into the lower phase. Hence, the properties 

of the phases are changed. In the example depicted in Fig. 1, the upper phase can either 

be vapor or liquid. In general, the behavior may even lead to the appearance of a new 

phase. However, in the example the formation of a solid phase through precipitation of a 

salt is not accounted for. It should be noted that solvent 2 does not have to be a solvent, 

as the same mechanism applies to all dissolved species. Therefore, the presence of 

electrolytes in the system increases considerably the complexity of phase equilibrium 

behavior of the system.  

Moreover, including speciation equilibrium is necessary for an accurate VLE model, as 

the degree of dissociation of electrolytes is dependent on several factors, such as the 

presence of other ions. Even a small concentration of ions can greatly affect the 

thermodynamic properties of the mixture. In practice this means the increase of the non-

ideality of the system. This means in turn that the gamma-phi approach is commonly 

applied in the description of electrolyte systems. Effect of the electrolytes on VLE is 

taken into account through the activity coefficients. Several models have been devised 

that take this effect into consideration. These models include Extended UNIQUAC, 

Electrolyte NRTL, OLI MSE and LIQUAC, which will be investigated in more depth in 

Chapter 8. 

When dealing with solutions with very small ion concentrations, osmotic coefficients 

are sometimes used for solvents instead of activity coefficients. When ion concentration 

approaches zero, activity of the solvent approaches unity. Accurately measuring the 

solvent activity near this limit is problematic, and osmotic coefficients have proven to 

be more practical in these cases. The osmotic coefficient measures the ratio between 

osmotic pressures of a real and an ideal system, which makes it relatively easy to 

measure. Mean ionic activity coefficients can then be directly calculated from it. 

(Zemaitis et al. 1986, p. 20) Both osmotic and activity coefficients behave very 

similarly in relation to ion concentration and they can be easily related between each 

other. Relation between the osmotic coefficient and activity, expressed in molal scale 

can be seen in Eq. (9). (Gmehling et al. 2012, p. 373-374)  
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where S   is the osmotic coefficient of a solvent component [-], 

 
osm

realP   is the osmotic pressure of the real mixture [Pa], 

 
osm

idealP   is the osmotic pressure of an ideal mixture [Pa], 

 Sa   is the activity of a solvent component and 

SM  is the molar mass of the solvent [kg mol
-1

]. 

 

2.3 Used composition concentration scales for phase equilibrium 

calculations 

Equations presented in the previous chapters, and in chapters further on, mostly rely on 

the usage of the mole fraction scale (xi). In addition to mole fractions, thermodynamic 

functions can be presented in two other composition concentration scales, which are 

molarities (ci) and molalities (mi). 

Mole fractions are mainly used in process engineering when dealing with non-

electrolytic mixtures and it is generally considered to be better at handling mixtures 

with high concentrations. Molarities are particularly useful in analytical chemistry, but 

the scale can be troublesome as it is expressed through volumes. The reason for this is 

that the volume of a solution is in turn dependent on both temperature and pressure. 

Therefore, we need to have knowledge of both temperature and pressure and their effect 

on solution density in order to reliably define molarities of a solution. When dealing 

with electrolyte mixtures molalities are more often used. In molality scale the 

concentration of a dissolved solute (ni) is expressed in relation to one kilogram of 

solvent, which may consist of one or several solvent components. This scale can also be 

problematic if the solute concentration becomes too high in comparison to the solvent 

concentration, as the molality approaches infinity. (Majer et al. 2004, p. 101) Mole 

fractions will be mostly used for the equations later on in this study, but some equations 

will be presented in other scales generally due to the form given in the original source. 

 osm
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If activity coefficients are only available in the mole fraction scale and not in the 

molality scale, or vice-versa, Eq. (10) can be used for the conversion (Gmehling et al. 

2012, p. 371). 

  x m

S1i i iM m   . (10) 
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3 STANDARD STATES AND THERMODYNAMIC DATA 

Before the calculation of any thermodynamic properties of a mixture or a pure 

compound, appropriate standard states must be first defined for each species in the 

investigated system. As the absolute value of some state properties (e.g. enthalpy) 

cannot be determined, an arbitrary reference point must be chosen. Once the standard 

state has been determined, changes in the actual state property can be measured and 

calculated directly in relation to the standard state. 

3.1 Standard state conventions  

According to International Union of Pure and Applied Chemistry (IUPAC) the standard 

state is determined at a pressure of 10
5
 Pa (= 1 bar) for a pure component by 

convention. However, the conditions of the standard state may vary from source to 

source, especially since the recommended standard state pressure was 101 325 Pa (= 1 

atm) prior to 1982. (Mills et al. 1993, p. 54) Temperature is not a part of the official 

definition of standard states, but thermodynamic properties are often stated at the 

temperature of 298.15 K (= 25.00 
o
C). This temperature is called in this thesis as the 

reference temperature. When the system conditions are equal to the standard state 

pressure and reference temperature of a species, the species is said to be in its reference 

state. For solids, the species also has to be in its most stable form (e.g. for carbon, 

graphite is more stable than diamond). Different standard state conventions may be 

chosen on a component basis for a single system, if its components have a differing 

state of matter as pure substances (i.e. solute vs. solvent). (Grenthe & Puigdomènech 

1997, p. 56-58)  

The exact definition of the standard state for a species depends on its state of 

aggregation. That is whether the species is in the gas phase, in a liquid phase, in a 

solution (as a solvent or as a solute) or in a solid phase. (Ewing et al. 1994) For liquids 

and solids, its standard state is the species as a pure solid or as a pure liquid phase in 

equilibrium at the aforementioned standard state pressure. As the properties of solids 

and liquids are not sensitive to pressure changes, minor discrepancies in the standard 

state pressure can be overlooked. The standard state for a gas is a hypothetical pure 

ideal gas at the standard state pressure and reference state temperature. This definition is 
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hypothetical, because a real gas cannot be ideal above zero pressure and furthermore 

pressure does not affect the properties of an ideal gas. (Rock 1983, p. 187) For solutions 

the standard state of a solute is most often defined at a molality of 1 mol/kg of solvent 

while assuming that the solution behaves as if it were infinitely diluted. In most cases 

the solvent is assumed to be pure water, but it can also be a mixture of solvents. 

However, the pure component standard state is also sometimes applied to solutes as 

well, which for salts is called as the “pure fused salt” standard state. Both of these 

standard states are considered hypothetical.  (Song & Chen 2009) 

Reference system of components in a mixture can either be symmetric or unsymmetric. 

In symmetric convention all components are in the same physical state at their standard 

states. For example, if two miscible liquids are mixed together, their standard states can 

be defined symmetrically as pure liquids. In that case the activity coefficient of a 

component approaches unity (ideality) when its mole fraction approaches unity. In 

unsymmetric convention a pure component of a mixture does not exist in the same 

physical state at the given standard pressure. This is true for gases dissolved in liquids, 

i.e. Henry components, as the gas is not in liquid state when it is at the standard 

pressure. In this case the activity coefficient of the solute approaches unity when its 

mole fraction approaches zero. This assumption is called the limit of ”infinite dilution” 

and it is also used for ions when electrolyte solutions are considered. This topic will be 

covered in-depth later on. (Letcher 2007, p. 155) 

 

3.2 Standard states for thermodynamic quantities 

In order to calculate thermodynamic quantities such as enthalpies, suitable standard 

states must first be assigned to them. The standard states can be chosen according to 

convenience, as long as they are consistent with each other. As enthalpies or Gibbs 

energies cannot be measured directly, standard properties of formation are used instead. 

In this definition, the standard property of formation is equal to the change in the 

property when one mole of the component of interest is formed from its constituent 

elements. The constituent elements and the component of interest are considered to be 

in their standard states. An example of this would be the formation of gaseous ammonia 

from gaseous nitrogen and hydrogen. The elements in their standard states are 
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considered to have standard properties of formation of exactly zero. This way the 

standard property of formation for the component of interest can be measured 

experimentally up to some degree of accuracy. These properties can then be derived for 

more complex molecules by applying the law of Hess and using simpler molecules with 

known standard properties as the new constituent elements. (Graetzel & Infelta 2000, p. 

277-279) 

Unlike the standard enthalpy or Gibbs energy of formation, standard entropy has a non-

zero value for all compounds and elements. Strictly speaking, entropy approaches zero 

at the temperature of 0 K for perfect crystalline structures according to the third law of 

thermodynamics. Due to this theoretical limit, the absolute value for the entropy of a 

substance can be calculated by measuring its molar heat capacity as a function of 

temperature. The function is then integrated from zero kelvins to the temperature of 

interest. If this temperature is the reference temperature, similarly as in Eq. (11), then 

the standard entropy is calculated. (Lambert 2009)  

where 0

m,iS  is the molar standard entropy of component i [J mol
-1 

K
-1

] and 

 p,m,iC  is the molar heat capacity of component i at constant pressure 
[J mol

-1
 K

-1
]. 

Standard entropies of formation can then be directly calculated from standard entropies. 

As the standard enthalpies of formation can be determined from calorimetric 

measurements, and the standard entropies of formation can be calculated based on the 

heat capacities, the standard Gibbs energy of formation can now be calculated according 

to its thermodynamic definition, as seen in Eq. (12). (Graetzel & Infelta 2000, p. 282) 

where 
0

f,m,iG  is the molar standard Gibbs energy of formation [J mol
-1

], 

 
0

f,m,iH  is the molar standard enthalpy of formation [J mol
-1

] and 

 
0

f,m,iS  is the molar standard entropy of formation [J mol
-1 

K
-1

]. 

 0

p,m,0

m,

0

d

T
i

i

C
S T

T
  , (11) 
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Standard thermodynamic quantities of ionic species have a slightly different definition. 

The formation reaction of an ion from its elemental species always comes paired with 

an ion of opposite charge. Due to this fact, the standard enthalpy, entropy and Gibbs 

energy of formation of a hydrogen ion (H
+
) has been set at zero by convention. By 

referring to this value, properties of other ions can be derived in a similar way as any 

other species. Due to this definition, the standard entropy of some ions may have a 

negative value. (Barret 2003, p. 19-20) 

Other extensive standard properties that have known absolute values include the 

standard molar heat capacity and volume, which can be calculated with an equation of 

state. Large collections of standard state entropies, enthalpies and Gibbs energies of 

formation for different substances can be found tabulated in literature, like for example 

in CRC Handbook of Chemistry and Physics by Haynes (2015). Some correlations also 

exist, which can approximate the standard Gibbs energy or enthalpy of formation from 

group contributions of functional groups in the molecule. These correlations include e.g. 

methods of Joback and Reid, Domalski and Hearing, and Benson (Gmehling et al. 2012, 

p. 78).  

As shown earlier in the general equation for chemical potential (5), if the “mixture” is 

assumed to behave ideally ( i = 1) and it consists of only component i ( ix = 1), the 

chemical potential is equal to its standard state chemical potential. This assumption 

follows from the symmetric standard state convention and holds true for other 

thermodynamic quantities as well. Standard state of chemical potential is especially 

important, as it can be used to mathematically derive the standard states for other 

thermodynamic quantities. As chemical potential is merely the molar partial property of 

Gibbs energy, it is directly related to other quantities such as enthalpy, entropy and 

Helmholtz energy. In fact, the standard chemical potential is identical with standard 

Gibbs energy of formation. (Gmehling et al. 2012, p. 11, 532) 

 

 



29 

 

3.3 Standard states for electrolytes 

Dissociated electrolytes require a slightly different formalism for presenting their 

activity coefficients. Activity coefficient cannot be experimentally determined for a 

single ion, since the ion is always paired with one or more counter-ions. Therefore 

measurable mean activity coefficients must be used instead, which present the ions of an 

electrolyte molecule as a single entity. This can be seen in Eq. (13), which is derived in 

Appendix 1. Since electrolyte solutions typically contain only small concentrations of 

dissolved species, the molality scale is more often utilized. When calculating mean ionic 

properties, only the ions that result from the dissociation of the electrolyte in question 

are accounted for. (Gmehling et al. 2012, p. 369)  

where    is the mean ionic chemical potential of ions [J mol
-1

], 

0,m  is the molal standard state mean ionic chemical potential of an 

electrolyte [J mol
-1

], 

 v   is the sum of stoichiometric coefficients [-], 

m   is the mean ionic molality [mol 
1

solventkg
] and 

m    is the molal mean activity coefficient of an electrolyte [-]. 

Stoichiometric coefficients of ions in an electrolyte dissociation reaction are summed in 

v , which can be seen more closely in Eqs. (A 1) and (A 2) presented in Appendix 1. 

For solvent-electrolyte systems, the activity coefficient of the solvent approaches unity 

when its mole fraction approaches unity as well, just like in symmetric convention. 

However, unsymmetric convention is usually utilized when calculating activity 

coefficients for electrolytes, because the dissociated ion-assembly cannot exist as a pure 

liquid. Just like with dissolved gases, the theory of “infinite dilution limit” is often used 

to assume that the activity coefficient of the solute approaches unity when its mole 

fraction approaches zero. (Letcher 2007, p. 155-156) 
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The standard state at this hypothetical limit can be extrapolated from experimental data. 

For example, electromotive force for HCl measured inside a Harned cell at low HCl 

molalities can be used to calculate its standard state Gibbs energy through Nernst 

equation. This experiment has been carried out by e.g. Hitchcock (1928). The 

unsymmetric infinite dilution standard state for electrolytes is commonly used in the 

older activity models, but more recently symmetric conventions have been introduced to 

some modern activity coefficient models. One of these models is the symmetric eNRTL 

model by Song and Chen (2009), which will be utilized in the applied section of this 

thesis (chapter 0). These symmetric models often rely on the so-called hypothetical 

“pure fused salt limit” standard convention, which was originally postulated by Pitzer in 

1980. In this convention the mean activity coefficient of an electrolyte approaches unity 

as the mole fraction of non-electrolytes approaches zero. 
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4 REACTION EQUILIBRIUM OF DISSOCIATION 

The reaction equilibrium state is defined in the same way as the other forms of 

thermodynamic equilibrium, i.e. vapor-liquid or liquid-liquid phase equilibrium, 

presented earlier. The reaction equilibrium is reached when the total Gibbs energy of the 

reactive system is minimized and sums of the chemical potential of products and 

reactants are equal. Simultaneously, if more than one phase is present in the system, the 

phase equilibrium equations are fulfilled, i.e. the chemical potential of every species is 

equal in the respective phases. In the reaction equilibrium state the chemical 

composition is also said to be in speciation equilibrium, which can be expressed through 

an equilibrium constant K. 

The equilibrium constant of an electrolyte dissociation reaction, which in this case is 

called as the dissociation constant, can be determined similarly as with any other 

reaction, i.e. through the reaction quotient at equilibrium. (Gmehling et al. 2012, p. 531-

533) Due to electrolytic solutions being often highly non-ideal, activity quotients should 

be utilized instead, in which the concentrations of individual species are expressed 

through their activities. Eq. (14) presents the general form of the equilibrium equation 

(Albright 2009, p. 379-380):  

where K  is the thermodynamic equilibrium constant [-] and 

iv  is the stoichiometric coefficient of component i [-]. 

Eq. (14) presented for the equilibrium constant holds true when all of the components 

taking part in the equilibrium reaction share the same standard state. However, as the 

standard state of electrolytes and ions is usually defined as the infinite dilution aqueous 

solution standard state and water utilizes the pure component standard state, Eq. (14) 

cannot be directly used. This discrepancy can be avoided by using the mole fraction 

scale for water and the molality scale for other components, when calculating the 

equilibrium constant for a dissociation reaction. This form is often called as the molal 

equilibrium constant 
mK  (Aspen Technology, Inc. 2011, p. 187):  
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where mK  is the thermodynamic equilibrium constant in molal scale [-] and 

 W  is the water component. 

The molal equilibrium constant mK  defined in Eq. (15) can also be directly converted 

into the “general” equilibrium constant K through the molar mass of water:  

The importance of standard states for these two forms of the equilibrium constant 

becomes more apparent when the standard Gibbs energy definition of the equilibrium 

constant is considered. As can be seen in the following equation (17), the molal 

equilibrium constant can be also directly calculated from the standard Gibbs energy of 

reaction and ultimately from the standard Gibbs energies of formation (Aspen 

Technology, Inc. 2011, p. 187):  

where 
0,m

R,mG  is the molar standard Gibbs energy of the reaction in molal scale 

[J mol
-1

] and 

0,x

f,m,WG  is the molar standard Gibbs energy of formation of water in 

mole fraction scale [J mol
-1

]. 

0,m

f,m,iG  is the molar standard Gibbs energy of formation of component i 

in molal scale[J mol
-1

]. 

It should be noted that the unit of the standard Gibbs energy of formation is the same in 

both molal and mole fraction scale. The standard Gibbs energies of formation can be 

converted from mole fraction scale to molal scale in a similar way as presented in Eq. 

(16) for equilibrium constants:  

 

 
Wm x m

W W 0

iv
v

i
i

i

m
K x

m
 

 
  

 
,  (15) 

 
 

m W
Wln ln ln

1000

M
K K v

 
   

 
.   (16) 

 0,x 0,m
0,m W f,m,W f,m,
R,mmln

R R

i i

i

v G v G
G

K
T T

  


   


,  (17) 



33 

 

Due to the numerical value of a standard Gibbs energy of formation being dependent on 

the chosen standard state, the chosen standard states will consequently affect the 

equilibrium constant. The standard Gibbs energy of reaction form of the equilibrium 

constant equation can be derived from its chemical potential formalism. (Gmehling et 

al. 2012, p. 532).  

If measurement data is not available for determining the equilibrium constant, the 

standard Gibbs energy route would be preferable, as the equilibrium composition is 

dependent on the activity coefficients. Otherwise both the activity coefficients and 

corresponding equilibrium compositions would have to be solved simultaneously 

through computationally expensive iteration methods. Unfortunately, the standard state 

in which the standard Gibbs energies are most often defined in literature utilizes the 

infinite dilution standard state convention for ions. This means that they cannot be 

directly used with symmetric activity coefficient models. However, according to Que et 

al. (2011), the standard state properties can be converted from one convention to 

another, by calculating the difference in the properties between these two states. For the 

standard Gibbs energies of formation, this procedure is presented in the following 

equation: 

  0,fused 0,

f,m, f,m, mln 0i i iG G RT x      , A,Ci   (19) 

where 
0,fused

f,m,iG  is the molar standard Gibbs energy of formation of ion i in the 

pure fused salt standard state [J mol
-1

], 

 
0,

f,m,iG    is the molar standard Gibbs energy of formation of ion i in the 

infinite dilution aqueous solution standard state [J mol
-1

] and 

 i
   is the unsymmetrical activity coefficient of ion i [-]. 

As seen in Eq. (19), the conversion of the standard properties from the infinite dilution 

standard state to the pure fused salt standard state requires the activity coefficient of the 

ion, when the mole fraction of molecular components approaches zero. Calculating the 

activity coefficient would require knowledge of the equilibrium composition, and 

 
0,x 0,m W
f,m, f,m, W ln

1000
i i

M
G G v

 
    

 
.  (18) 
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consequently the standard Gibbs energies of formation. Thus, iterative methods must be 

utilized in this case as well.  

The values for standard Gibbs energies of formation can be retrieved from literature, but 

as they are usually tabulated in the temperature of 25 
o
C, relations such as the van’t 

Hoff equation must be utilized when the system is in a different temperature. 

Accounting the changes in the value of the temperature is very important, as the value 

of the equilibrium constant is highly dependent on it. The following van’t Hoff equation 

(20) can be simply integrated between the standard temperature and the temperature of 

interest if the standard enthalpy of reaction is assumed to be temperature independent. 

(Albright 2009, p. 378) 

where 0

R,mH  is the molar standard enthalpy of reaction [J mol
-1

]. 

Reaction equilibrium, or in this case dissociation equilibrium, is particularly important 

for electrolytes. Electrolytes are divided into weak and strong electrolytes depending on 

the extent of the dissociation reaction. Some salts, such as sodium chloride (NaCl), are 

considered to be strong electrolytes, as they dissociate practically completely. For these 

components some simulation software omit the possibility of undissociated electrolytes 

to be present in the solutions. Thus, the software assumes the dissociation reactions to 

be simple irreversible reactions. When the electrolyte dissociates only partially, such as 

formic acid, accurately determining its dissociation constant is crucial for a realistic 

depiction of the system. The matter is further complicated by the presence of other 

possible electrolytes, which will affect the dissociation equilibrium, as well as the 

vapor-liquid or liquid-liquid equilibrium. (Gmehling et al. 2012, p. 396-397) 
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5 MODELING SOLVENT-ELECTROLYTE SYSTEM 

BEHAVIOR  

As the electrolyte chemistry is highly dependent on the dissolution behavior of the 

solute components among solvent components (also called as solvation), it stands to 

reason that these solvent-solute interactions must be well understood. The matter is 

further complicated by the fact that electrolytes dissolve into ions that possess a strong 

electrostatic charge. The added electrostatic phenomena must be accounted for in the 

used solvation model.  

 

5.1 Ionic solvation / hydration 

Solvent-solute solvation can be represented through either implicit or explicit 

framework. In the explicit solvation models each solvent molecule and their effects on 

solute species are modeled individually. This way solvation can be described very 

accurately, but the models are highly complex and are hence computationally 

expensive. They are also often unable to calculate relative free energies of the solutions, 

making them less applicable to equilibrium calculations. Simpler models can be 

produced through the implicit framework, in which solvent molecules are represented as 

a continuous medium instead of as individual “explicit” units (also called as continuum 

solvation or McMillan-Meyer framework). (Onufriev 2010, p. 3) Dielectric properties 

of the solvent (usually water) are therefore assumed in the implicit framework to be 

completely uniform. Dielectric constant (i.e. permittivity) inside the solute molecule is 

often assumed as unity (same as in vacuum). This way required computing power is 

reduced significantly and free energies can be effectively estimated. (Onufriev et al. 

2001) Differences between these frameworks are demonstrated in Fig. 2. 
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Figure 2. Explicit and implicit solvation models. In the explicit model each solvent 

molecule contributes to permittivity, whereas in the implicit model the permittivity is a 

constant continuum. (Based on Bockris & Reddy (2007, p. 234)) 

However, the presence of actual solvent molecules cannot be completely neglected. 

Highly polar solvent molecules, such as water molecules, have a strong tendency to 

cluster around central ions in a way that they can be effectively considered to be a part 

of the ion. These clusters are often called “solvation shells”. In practice, this has been 

observed to hinder the ions permeation through a semipermeable membrane due to the 

solvation shell increasing the effective size of the ions. (Chen et al. 1999) In Fig. 3 a 

typical formation of solvation shells around ions can be seen.  

 

Figure 3. Water solvation shells around dissociated electrolytes, due to atoms in water 

molecules being partially charged. (Based on Mohs & Gmehling (2013)) 
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When the solvation shells are composed entirely of water molecules, the term 

“hydration” is often used instead. Studying the solvation phenomenon when water is the 

solvent is especially relevant due to the strong polarity of water and its common use in 

electrolyte chemistry. 

In one often used approximation for solvation, total energy of a solvated molecule 
totE  

is assumed to consist of the potential energy of the molecule in vacuum 
vacE  and the 

energy change associated with transferring the molecule from vacuum to the 

investigated solvent 
solvG . Further on, the latter energy is assumed to be the sum of 

energy change associated with transferring a uncharged / nonpolar molecule to the 

solvent 
nonpolarG , and the energy change of removing these charges in a vacuum and 

returning them back in the continuum solvent environment 
elG . This approximation is 

presented in Eq. (21). (Onufriev 2010, p. 4-5) 

 tot vac solv vac nonpolar elE E G E G G     . (21) 

Calculating the potential energy and nonpolar energy change are quite straightforward 

and do not generally pose any problems. The potential energy change can be computed 

through an appropriately chosen gas-phase potential function, and the nonpolar energy 

change can be calculated through cavity formation and van der Waals dispersion terms 

(Dzubiella et al. 2006).  

 

5.2 Electrostatic energy contribution 

The electrostatic energy term 
elG  in Eq. (21) is more problematic to calculate than the 

others, and the used approximations are often based on the Poisson-Boltzmann (PB) 

equation. However, the use of the PB equation for calculations is computationally very 

expensive and an approximation is typically required, such as the commonly used Born 

model. Other implicit solvation models include Onsanger’s model and Polarizable 

Continuum Model. (Onufriev 2010, p. 5) 
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5.2.1 Poisson-Boltzmann model 

If continuum solvation is used and no mobile ions are present, then the PB equation 

provides an exact description for solute-solvent electrostatic interactions. However, this 

only serves as an approximation for dissociated electrolytes, as the ions have a strong 

tendency to move towards ions of opposite charge. The PB equation relies on 

calculating position-dependent electrostatic potential  el r  and charge distribution 

 f r , both of which lack the analytical solutions in more complex geometries, i.e. in 

non-spherical geometries. Therefore, numerical methods must be utilized, which makes 

the PB equation resource intensive to use due to its complex nature. Several 

approximations have been devised to reduce this complexity, one of which is the 

linearized PB equation. The contribution of this equation to the solvation energy is 

presented in Eq. (22). (Onufriev 2010, p. 5-7) 

where iq    is the atomic effective charge of ion i [C], 

  el

ir   is the electrostatic potential at distance r from an ion i 
[J C

-1
] and 

 el

vac
ir  is the electrostatic potential at distance r from an ion i in 

vacuum [J C
-1

]. 

The three-dimensional potential distribution can be presented through the following 

relation, in which the charged ions are assumed to be in fixed positions: 

where  r  is the dielectric constant at position r [C
2
 J

-1
 m

-1
], 

  f r  is the fixed charge distribution function [C m
3
] and 

 DH  is the Debye-Hückel screening parameter [m
-1

]. 

 

 
    el el el

vac

1

2
i i i

i

G q r r    , (22) 

          2

f DH4r r r r r            , (23) 
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5.2.2 Generalized Born model 

The Generalized Born model was developed in order to form the electrostatic 

contribution to the solvation energy more efficiently. It is a semi-empirical formalism 

that consists of “self-solvation” and “solvation shielding” terms. The self-solvation term 

accounts for intramolecular interactions between solute atoms, while solvation shielding 

refers to charged groups of a molecule having their electrostatic effects suppressed by 

other atoms or counterions. Max Born originally derived the Born formula from the 

Poisson equation, but it cannot be analytically solved if the solute contains multiple 

atoms. A generalized approximation of the formula was introduced to solve this 

problem. Different variations have since then been introduced that are based on the 

Born model, such as the quite popular GBSA method (Generalized Born / Surface 

Area). (Im et al. 2003) An often used form of the Generalized Born solvation energy is 

presented in Eq. (24) (Onufriev 2010, p. 10). 

where p   is the permittivity inside the solute [F m
-1

], 

S   is the permittivity of the solvent [F m
-1

], 

 i jr   is the distance between particles i and j [Å] and 

iR   is the effective Born radii of particle i [Å]. 

Permittivity inside the solute p  is often assigned the value of 1. The Generalized Born 

(GB) equation also introduces the concept of “effective Born radii”, which characterizes 

the location of an atom inside the molecule. It is considered to be the average distance 

from the selected atom to the solvent molecule, or to an area accessible by the solvent 

molecule. Accuracy of the GB equation is strongly dependent on the Born radii, and the 

Born radii is a function of the radii of the atom and shape of the whole molecule. (Im et 

al. 2003) Several approximations of varying complexity have been devised for 

computing the Born radii, which usually involve numerically evaluating the integral of 

the energy density of Coulomb field over its molecular volume (Onufriev et al. 2001).  
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Born methods typically have a lower computational cost of several magnitudes in 

relation to Poisson-Boltzmann equations while remaining almost as accurate. The 

Generalized Born equation functions well when the solute molecules are relative small, 

but becomes increasingly inaccurate for molecules that have larger interior regions. 

(Onufriev et al. 2001) 
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6 EQUATIONS OF STATE 

At least one equation of state is always needed for describing the VLE behavior of a 

system. Along with fugacity coefficients, thermodynamic properties such as partial heat 

capacity, partial enthalpy and partial molar volume can be calculated with an 

appropriately chosen EOS. If the pressure of a VLE-system is sufficiently low (<~10 

bar) and there is no vapor phase association phenomenon or polar components present, 

the vapor phase is often assumed to behave ideally. In these conditions the simple ideal 

gas law can be applied to present the vapor phase. However, if the vapor phase is highly 

non-ideal, more advanced equations of state must be employed. Cubic equations of state 

derived from the van der Waals equation and virial equations of state are particularly 

popular and widely used in industry for their ability to accurately predict mixture 

properties in a wide range of conditions. (Gmehling et al. 2012, p. 27) 

Unfortunately most of the commonly used equations of state are incapable of 

representing the effect of dissolved ions in a liquid phase. Due to the relatively strong 

and long-range electrostatic interactions caused by these ions, their contribution to 

thermodynamic properties of a solution is considerable even at low concentrations. 

Several electrolyte equations of state have been developed, which typically consists of 

separate terms that account for molecular interactions and ion-molecule interactions. 

Use of an electrolyte EOS has remained relatively low as they have been rarely applied 

to multi-solvent or ternary electrolyte systems. (Lin et al. 2007) Naturally, the 

electrolyte EOSs are only relevant when the aforementioned phi-phi approach is used, 

as ions are not present in the vapor phase. Due to the excessive amount of different 

equations of state, the following chapters will only cover some of the more recent 

models, which are applicable to electrolyte solutions. 

 

6.1  Predictive Soave-Redlich-Kwong (PSRK) 

The PSRK equation of state combines the conventional SRK model with the UNIFAC 

method. This EOS was formulated by Holderbaum & Gmehling in 1991 and it utilizes 

the UNIFAC model for the prediction of the excess Gibbs energy 
EG  for mixing. 
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LIFAC can also be used instead to extend the PSRK methods applicability to 

electrolytes. PSRK is capable of accurately predicting properties of mixtures that 

contain polar or even supercritical components. The base EOS used by PSRK is the 

Soave modification of Redlich-Kwong’s EOS, which can be seen in Eq. (25). 

(Holderbaum & Gmehling 1991) 

where b is a parameter for repulsive forces of molecules [m
3
 mol

-1
], 

 a is a parameter for attractive potential of molecules 
[(m

3
 mol

-1
)
2
] and 

  T  is a function that accounts for acentricity of molecules [-]. 

PSRK mixing rules used for parameters a  and b  can be seen in equations (26) and 

(27).  

where 
E

mG   is the molar excess Gibbs energy of the mixture [J mol
-1

], 

 ia   is a PSRK model parameter for pure component i [-] and 

 ib   is a PSRK model parameter for pure component i [-]. 

Equation (26) utilizes the excess Gibbs energy which is calculated by a modified 

UNIFAC model. Values for pure component i ia  and ib  parameters must be fitted from 

experimental VLE data. In PSRK EOS, the generalized Mathias-Copeman equation is 

used for the  T  -function: 
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where rT is the reduced temperature [-],  

PSRK

1c  is an empirical constants [-], 

PSRK

2c  is an empirical constants [-] and 

PSRK

3c  is an empirical constants [-]. 

In Eq. (28) 
PSRKc  parameters can be obtained by adjusting them based on the vapor 

pressure data. The value of zero can be given for the parameters 
PSRK

2c  and 
PSRK

3c in 

supercritical conditions. (Gmehling et al. 2012, p. 53). 

The main advantage of the PSRK model is that it can use the same parameters as 

UNIFAC, except now they are applicable to a wider range of conditions. In fact, 

according to Holderbaum & Gmehling (1991) other activity coefficient models, such as 

NRTL can also be directly used without the need to modify their parameters. However, 

later on in a paper published by Fischer and Gmehling (1996) they reported that PSRK 

model has problems with describing alkane / water systems as well as systems that 

contain molecules of vastly different sizes. In addition, Ahlers & Gmehling (2001) 

criticized the ability of the PSRK model to calculate saturated liquid densities and 

excess enthalpies. 

 

6.2 Volume-Translated Peng-Robinson (VTPR) 

VTPR is a group contribution equation of state that was devised by Ahlers & Gmehling 

in 2001. It was originally designed to improve further the PSRK model due to its 

aforementioned problems. Like PSRK, VTPR is also often combined with the UNIFAC 

or LIFAC method for calculating liquid phase activity coefficients. (Ahlers & Gmehling 

2001) The base equation of state used in the VTPR model and its parameters are 

presented in the following equations:  

 
       

2
2 3

PSRK PSRK PSRK

r 1 r 2 r 3 r1 1 1 1T c T c T c T        
  

, (28) 
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where 
tc  is the volume translation parameter [m

3
 mol

-1
]. 

where cT  is the critical temperature [K] and 

 cP  is the critical pressure [Pa]. 

where   is a parameter for temperature independent volume translation [-], 

   is a parameter for temperature independent volume translation [-] and 

cZ  is the critical compressibility factor [-]. 

Eqs. (29) and (30) are the same as in Peng-Robinson EOS, while volume translation is 

handled by the parameter c  according to Eq. (32). The two parameters   and   are 

fitted to saturated liquid density data and they are correlated as a function of the critical 

compressibility factor cZ . Previously presented general form of volume translation is 

considered to be accurate up to a reduced temperature of r 0.8T  . Modifying the 

volume correction parameter to be temperature dependent has been proven to increase 

the applicable temperature range up to the critical temperature of the species. (Ahlers & 

Gmehling 2001) A so-called “Twu-α“ -function is used for VTPR, which is defined 

according to Eq. (33) in subcritical conditions and according to Eq. (34) in critical 

conditions (Gmehling et al. 2012, p. 53-54). 
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where 
VTPR

1c  is an empirical constant [-], 

 
VTPR

2c  is an empirical constant [-] and 

 
VTPR

3c  is an empirical constant [-]. 

where    is the acentric factor [-]. 

 

6.3 Statistical Associating Fluid Theory (SAFT) 

Simple cubic equations of state like the Peng-Robinson equation have problems when 

representing long-chained molecules such as polymers due to their tendency to associate 

with each other. Energy models based on statistical mechanics and perturbation theory 

of fluids have been developed in order to solve this issue. One of these models is the 

SAFT EOS developed by Chapman et al. (1989). More recently, several extended SAFT 

models have been devised that can also account for electrolytic solutions.  

In the SAFT EOS, molecules are assumed to be composed of perfectly spherical 

segments, i.e. “hard spheres” of equal diameter. The term “hard sphere” is used in 

statistical mechanical fluid theory to describe particles that cannot overlap each other 

due to strong repulsion forces. Different molecules in a mixture can have different 

segment diameters and number of segments. Association between molecules happens 

between two association sites due to strong hydrogen bonding. Activity of a site is 

assumed to be independent of other sites. Like many other thermodynamic models, 

SAFT comprises of an ideal term and a residual term, which are expressed as Helmholtz 

energies. Other thermodynamic properties such as fugacities can be derived from 
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Helmholtz energy. (Kiselev & Ely 1999) The residual part consists of contributions 

outlined in the following equation:  

where mA  is the total molar partial Helmholtz energy [J mol
-1

], 

ideal

mA  is the ideal contribution term for the molar partial Helmholtz 

energy [J mol
-1

], 

res

mA  is the residual contribution term for molar partial Helmholtz 

energy [J mol
-1

], 

s   is the number of segments [-], 

hs

0,mA  is the hard sphere contribution term to the molar partial Helmholtz 

energy [J mol
-1

], 

disp

0,mA  is the dispersion term for the molar partial Helmholtz energy that 

accounts for segment-segment attractive forces [J mol
-1

], 

chain

mA  is a chain term for the molar partial Helmholtz energy that 

accounts for chain formation between segments [J mol
-1

] and 

assoc

mA  is an association term for the molar partial Helmholtz energy that 

accounts for association between chains [J mol
-1

]. 

The partial Helmholtz energy can be converted into PVT-formalism by differentiating it 

with respect to volume (Kiselev & Ely 1999): 

 
  m,

T

A
P T V

V

 
  

 
. (36) 

Over the years several modifications have been suggested, such as terms for Coulombic 

interactions, but the base formulation of SAFT according to Eq. (35) remains the same. 

The following equations (37) - (45) for pure component terms are given in the paper by 

Fu & Sandler (1995). In Eq. (37), the ideal term of the Helmholtz energy can be 

calculated in a similar way as other thermodynamic potentials through the molar volume 

and standard state energy.  

  ideal res ideal hs disp chain assoc

m m m m 0,m 0,m m mA A A A s A A A A       , (35) 
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where 0,mA  is the molar standard partial Helmholtz energy [J mol
-1

].  

 The single hard sphere contribution is calculated according to an expression originally 

formulated by Carnahan & Starling (1969) in Eq. (38).  

where   is the reduced fluid density [-]. 

Reduced fluid density is defined according to Eq. (39). 

where AN  is the Avogadro’s number (=6.022137 × 10
23

 mol
−1

), 

hs

m   is the molar density of hard spheres [mol m
-3

] and 

d   is the hard sphere diameter (independent of the temperature) [m]. 

The dispersion energy between segments can be calculated by dividing the well depth 

with Boltzmann’s constant.  

where ijD  is a constant fitted from experimental data [-], 

 u   is the temperature dependent square-well depth [J],  

Bk   is the Boltzmann’s constant (=1.3806488 · 10
−23

 J K
-1

) and 

 0   is a constant for SAFT / CPA model (= 0.74048) [-]. 

The contribution from the formation of chains in Eq. (41) is based on Wertheim’s 

association theory and so is the association term in Eq. (42). 
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where sphn  is the effective number of spherical segments [-]. 

where AX  is the fraction of association sites A that are not bonded [-] and 

 asson  is the total number of association sites [-]. 

The fraction of non-bonded molecules is defined according to Eq. (43). 

where BX  is the fraction of association sites B that are not bonded [-] and 

 AB  is the association strength between association sites [-]. 

Association strength between association sites can be calculated in different ways. In Fu 

& Sandler’s (1995) work they gave the following form for the calculation of the 

association strength: 

where  hs

ijg d  is the radial distribution function as a function of hard sphere 

diameter [-], 

AB  is the interaction energy between association sites A and B 
[J] and 

AB  is the interaction volume between association sites A and B [-]. 
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The form of the radial distribution function is dependent on the used model. The one 

used by Fu & Sandler (1995) in Eq. (45) is dependent on the hard sphere diameter 

through reduced fluid density. 

Accuracy of the SAFT model hinges on the used association scheme. That is, the 

amount and type of association sites available for hydrogen bonding between molecules, 

which essentially depends on the functional groups and structure of the molecules. 

Interaction strength between these sites could be determined precisely from 

experimental data gained through spectroscopy, but as this type of data is scarce, certain 

simplifications must be done to the model. The different types of simplified association 

schemes are presented in Fig. 4. (Huang & Radosz 1990) 

 

Figure 4. Association schemes for different types of molecules. Sites are marked with 

A, B, C and D. Scheme names are used to differentiate between used approximation 

models. (Based on Huang & Radosz 1990; Kontogeorgis et al. 2006)  
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As seen in Fig. 4, the association of carboxylic acids is relatively simple, as they only 

have one association site (1A scheme). It should be noted that the association site does 

not necessarily correspond to a single atom on the molecule. Instead, assemblies of 

several atoms (or their electron pairs) can be assumed to behave as one single 

association site. In the case of alcohols, the hydrogen atom of the -OH group contains 

one site while the two electron pairs of the oxygen atom can be approximated as one 

single site or as two sites for each pair (2B or 3B scheme). Similarly three or four sites 

can be assigned to water molecules, which is evident from their strong tendency to form 

hydrogen bonds. Association scheme is usually chosen according to available 

experimental data, as higher number of sites requires more rigorous fitting. Used 

association scheme directly determines the relations between AX  and BX  variables. 

Scheme names, e.g. 4B and 4C, are used to differentiate between used approximation 

models. (Kontogeorgis et al. 2006) 

The main advantage of the SAFT model is that it directly accounts for shapes and sizes 

of the molecules. Due to this, effects of molecular structures on bulk properties can be 

quantified. Also, each contribution term has been individually verified against 

molecular simulations. It is capable of accurately predicting properties for pure 

compounds or mixtures from moderate to high polymer concentrations. However, the 

model becomes less accurate at lower concentrations as the long-range interactions 

become more dominant. Same problem persists near the critical point. In the study of 

Economou & Tsonopoulos (1997) it was noted that the SAFT model cannot predict 

hydrocarbon solubilities in water and its accuracy is highly dependent on the used 

mixing rule. The SAFT model has been proven to work well with most highly 

associating water-carboxylic acid and alcohol-carboxylic acid mixtures. (Chen et al. 

2012) 

Several extensions to the SAFT model that are applicable to electrolyte solutions have 

been developed relatively recently. For example, these extensions include SAFT-VR by 

Galindo et al. (1999), SAFT-LJ by Liu et al. (1999) and ePC-SAFT by Held et al. 

(2008). The long-range Coulombic interactions are usually accounted for with terms 

based on either Debye-Hückel theory or “mean spherical approximation” (MSA) theory. 

Change in the dielectric constant of the solvent due to ion solvation can be regarded 

with a traditional Born term. Contribution of these terms into total partial Helmholtz 

energy can just be added along with other previously mentioned terms. Same types of 
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association schemes also can be used for ions, except their association sites are 

considered either “positive” or “negative” according to the charge of the ion. This way 

an ion can only associate with its respective counter-ion. (Rozmus et al. 2013) 

The applicability of different electrolyte SAFT models seem to be limited to moderate 

electrolyte concentrations. Due to the relative “adolescence” and numerousness of these 

models, association energies have been regressed for only a handful of ions. In an article 

by Rozmus et al. (2013), they accurately predicted mean ionic activity coefficients, 

densities and vapor pressures for 20 different alkali-halide combinations in the molality 

range of 0 - 6 mol/kg and in the temperature range of 298 - 573 K. The PPC-SAFT 

model they used utilizes the MSA theory for Coulombic interactions. In the dissertation 

of Cameretti (2009, p. 43-60, 73), Cameretti successfully predicted the same properties 

with the ePC-SAFT model for different 25 alkali-halide combinations, 15 amino acids 

and 5 peptides. The ePC-SAFT model, which utilizes the Debye-Hückel theory, was 

applied to molalities up to 4 mol/kg for mean ionic activity coefficients and up to 10 

mol/kg for other properties, in the temperature range of 273 - 373 K. Currently, both of 

these models are limited to representing single electrolyte systems in purely aqueous 

solutions. Unfortunately, none of the electrolyte SAFT models can be applied to 

supercritical systems (Courtial et al. 2014). 

 

6.4 Cubic-Plus-Association (CPA) 

The CPA model combines the Soave-Redlich-Kwong (SRK) EOS, which accounts for 

“physical” interactions, with a similar association term as in the SAFT model. The CPA 

model was designed to handle associating fluids in a simpler way than the SAFT model 

and it has been successful in the description of hydrocarbon / water / alcohol mixtures 

as well as electrolyte solutions. It also shows good results for both VLE and LLE in a 

wide range of temperatures. (Kontogeorgis et al. 2006) The model was originally 

suggested in a paper by Kontogeorgis et al. (1996) and it has since been modified by 

several authors for different systems. The following Eqs. (46) - (48) are presented in the 

review of Kontogeorgis et al. (2006).  



52 

 

where  mg V  is the radial distribution function as function of molar volume [-]. 

When no associating molecules are present, the CPA model reduces back to normal 

SRK model. The parameter a  in the SRK term is defined by a Soave-type temperature 

dependency in Eq. (47). 

where 0a  is a pure component parameter for the CPA model [-] and 

 1c  is a pure component parameter for the CPA model [-]. 

The fraction of association sites A in molecule i is calculated in the following Eq. (48). 

The CPA model utilizes the same association schemes as the SAFT model. 

Association strength between molecules A and B is calculated differently than in the 

SAFT model. Hard-shell diameter is not needed in the CPA model, instead it uses the 

same co-volume parameter ijb  as the SRK term, as can be seen in Eq. (49). 

The association term in Eq. (49) has been derived by Michelsen & Hendriks (2001), 

which is considered to be much simpler than the term in the original formulation of the 

CPA model. The radial distribution function is defined as a function of molar volume, 

instead of a function of the hard-shell diameter like in the SAFT model. The used 
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equation is the same as (45) in the SAFT model, but it differs in the definition of the 

reduced density in Eq. (50). Another simpler form of the radial distribution function has 

also been presented by Kontogeorgis et al. (2006). 

The CPA model is capable of predicting hydrocarbon solubility in an aqueous mixture 

much more accurately than  the SAFT or SRK equations of state. However, it seems to 

have some minor problems with calculating their minimum solubilities, which is the 

lowest solubility achieved by varying a certain variable (e.g. pH). Just like with the 

SAFT model, accuracy of the CPA model is heavily dependent on the chosen 

association scheme. For alcohol / alkane mixtures CPA model appears to produce 

similarly accurate results as the SAFT model for both VLE and LLE calculations. Both 

models are more resource intensive than simpler models (e.g. SRK) when performing 

phase equilibrium calculations, but their increased accuracy in multicomponent systems 

typically compensates for it. They also have some problems with representing 

supercritical systems. (Kontogeorgis, 2004, p. 123 - 127) 

Like with the SAFT model, the CPA model has also been extended for electrolytic 

solutions in recent developments. Long-range Coulombic-interactions are typically 

accounted for with a mean spherical approximation term, while changes in the dielectric 

constant of the solvent are handled by a Born term. It appears that thus far only a couple 

of electrolyte CPA models have been devised. One of the models is the eCPA model by 

Courtial et al. (2014). Courtial et al. (2014) used the model to represent phase behavior 

and salting-out effects for CH4 / CO2 / H2O / NaCl binary and ternary systems. The 

model managed to qualitatively predict critical properties, phase densities and 

solubilities with moderate deviations in a temperature range of 219 K - 573 K and with 

pressures up to 200 MPa. Molality of NaCl was 5 mol/kg at most in the study of 

Courtial et al. (2014). Despite producing somewhat inaccurate results, the eCPA model 

is still usable in a very wide temperature and pressure range, and it can be easily applied 

to other components as well. The model can be utilized in both subcritical and 

supercritical conditions, but inaccuracies become more significant near the critical 

point. 
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6.5 Helgeson-Kirkham-Flowers model (HFK) 

The HFK model was originally developed by Helgeson, Kirkham & Flowers in 1981 

and it has been used in several applications, especially in geochemistry. Since then it 

has been revised many times in order for it to be better suited for other uses and to 

tackle some of its limitations. One of its features is the capability of predicting behavior 

of electrolytes in liquid phase through a modified Debye-Hückel term, while also being 

applicable for nonelectrolytic solutions. It is suitable up to relatively high temperatures 

and pressures. (Binter 2012, p. 31) 

Equations for the calculation of the standard partial thermodynamic properties in the 

HFK model at infinite dilution consist of different nonsolvation and solvation related 

contributions. (Helgeson et al. 1981, p. 1289)  

where 0

i  is the standard partial molal thermodynamic property of 

component i, 

0

n,i  is the nonsolvation contribution to the standard partial molal 

property of component i, 

0

S,i  is the solvation contribution to the standard partial molal property 

of component i, 

0

int,i  is the intrinsic value of the standard partial molal property of 

component i and 

0

c,i  is the electrostriction collapse / cavity formation contribution to the 

standard partial molal property of component i. 

The nonsolvation term is the sum of the intrinsic term of the property and a term that 

results from solvent disruption caused by the species. For ionic species this disruption is 

caused by solvent collapse resulting from ion-solvent interaction (electrostriction) and 

for neutral species it is caused by cavity formation between molecules. The solvation 

term is used to represent the formation of primary and secondary solvation shells by 

electrostriction phenomenon when ions are present in the solution. (Helgeson et al. 

1981, p. 1289) 

 0 0 0 0 0 0

n, S, int, c, S,i i i i i i       , (51) 
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The relative molal property of a thermodynamic property ( 0,abs

i i  ) can now be 

expressed as the sum of following terms: ideal mixing term 
ideal,i , contribution term for 

long-range interactions as described by Debye-Hückel theory 
d,i , non-standard state 

contribution term for ion solvation 
h,i  and a short-range interaction term that 

accounts for ion-ion collisions 
r,i . (Helgeson et al. 1981, p. 1289-1290) 

where i is the molal thermodynamic property of component i [-], 

 0,abs

i  is the absolute value of the standard molal thermodynamic 

property of component i [-], 

ideal,i  is the ideal mixing term for the molal thermodynamic property for 

component i [-], 

 
d,i  is the contribution term for long-range interactions for the molal 

thermodynamic property for component i [-], 

 
h,i  is the non-standard state contribution term for the molal 

thermodynamic property for component i [-] and 

r,i  is the short-range interaction term for the molal thermodynamic 

property for component i [-]. 

In Eq. (52), 
h,i  also represents electrostriction solvation contribution to the property 

and its respective standard state value. Together with 
r,i , the purpose of these two terms 

is to account for all ion-related departures from ideality that are not considered in the 

Debye-Hückel theory. This departure is negligible at low electrolyte concentrations, but 

becomes dominant as the ionic strength increases. (Helgeson et al. 1981, p. 1289-1290) 

The Debye-Hückel theory will be covered more in-depth in chapter 7.2.1. 

 

 

 

 0,abs

ideal, d, h, r,i i i i i i      , (52) 
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The actual equations for partial molal properties, as is given by Shock & Helgeson 

(1989) in their revised form, contain species specific parameters ai and ci. The ai 

parameters are temperature independent and used for representing pressure effects, 

while the regressable ci parameters are used to represent temperature effects. The Born 

coefficient   is also regressable if the relevant Born diameters are not available. This 

coefficient acts as the effective electrostatic radius of an incompressible ion. (Binter 

2012, p. 20 - 22) The standard partial molal heat capacity 0,m

PC  [J K
-1

], can be calculated 

with: 

where 1 4a  are species dependent solvation parameters [-], 

1c  is a species dependent non-solvation parameter [-], 

2c   is a species dependent non-solvation parameter [-], 

0P  is the reference pressure [bar], 

   is the conventional Born coefficient for the species [-], 

   is a solvent specific parameter [K] and 

   is a solvent specific parameter [bar]. 

The standard partial molal enthalpy 0,m

iH [J], can be evaluated with: 
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where 0,m

f,iH  is the standard partial molal enthalpy of formation of component i 

[J] and 

0T   is the reference temperature [K]. 

Equations for the standard partial molal entropy, Gibbs energy and volume are also 

available in the aforementioned article by Shock & Helgeson (1989). The solvent 

specific parameter   can be determined from experimental standard molal volume data 

at high pressures and at a temperature of  . Parameter   is dependent on the pressure 

and the identity of the dissolved electrolyte, but the uncertainty range for its measured 

value is often wide. A constant value of 2600 bar for   and 228 K for   are mostly 

used, as it seems to fit inside the uncertainty ranges of several different electrolytes in a 

wide range of pressures. (Tanger 1986 p. 23) 

The HFK model is cited by Shock & Helgeson (1989) as being capable of representing 

electrolytic solutions up to pressures of 5000 bar and temperatures of 1000 
o
C. This 

makes the model very suitable for geochemical applications. Even though the model is 

only applicable for aqueous solutions, it predicts highly consistent values for their 

standard partial molal properties. The HFK model has been successfully used to predict 

mean ionic activity coefficients for most alkali-halide systems, up to electrolyte 

molalities of ~6 mol/kg. (Helgeson et al. 1981, p. 1323-1326)  
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6.6 Summary of equation of state models 

HFK, ePC-SAFT, PPC-SAFT and eCPA equation of state models are all directly usable 

for electrolytic solutions. The temperature and electrolyte concentration ranges, as well 

as maximum pressure, where these models are applicable, are compiled in Table 1. 

PSRK and VTPR models have been left out from this table, as their applicability for 

electrolytic solutions is more dependent on the LIQUAC model, with which they must 

be combined. 

Table 1. Applicability ranges for different electrolyte equation of state models. 

Model ePC-SAFT PPC-SAFT eCPA HFK 

Maximum pressure Moderate High High High 

Temperature range 25-100 
o
C 25-300 

o
C -54-300 

o
C 25-1000 

o
C 

Electrolyte concentration 

range [mol/kg] 
0-4 0-6 0-5 0-6 
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7 ACTIVITY COEFFICIENT MODELS 

In order to determine a value for the activity coefficient of a component, an activity 

coefficient model is required. As different types of molecular phenomena are more or 

less dominant depending on the distance between the two components, activity models 

are often divided into long-range interaction models and short-range interaction models. 

In some models middle-range interactions are also present. Different “sub-models” can 

be assigned to represent interactions at a certain range, such as models based on the 

local composition theory for short-range interactions, and the combined effect of these 

interaction contributions is obtained simply by summing the individual contributions 

together. 

Activity coefficient models are also called excess Gibbs energy models, as the activity 

coefficients can be derived from the excess Gibbs energy expression of the investigated 

system. Models derived from the Gibbs energy formalism all suffer from the fact that 

the model itself is incapable of directly calculating the density of the solution or its 

pressure dependence. Dependence of excess Gibbs energy on component 

concentrations, temperature and pressure must be expressed through binary parameters, 

which can be fitted from experimental data. How these parameters are related to each 

other depends on the chosen activity coefficient correlation model. (Lin et al. 2007) 

 

7.1 Short-range interactions 

Some of the first short-range interaction activity coefficient models are the Van Laar 

equation and the Margules model. Despite being outdated now, these early models 

served as a basis for newer activity coefficient models, such as the Wilson’s, NRTL and 

UNIQUAC models.  
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7.1.1 Wilson’s model 

Many activity coefficient models are based on the statistical mechanical theory of local 

compositions originally suggested by Wilson (1964). According to Wilson’s model, the 

placement of molecules in relation to each other in a liquid mixture is not completely 

random due to the interactions between them. This local composition could be 

accounted for by using local mole fractions and volumes, which can be determined 

through binary interaction energies. In order to scale-up and represent excess energies in 

macroscopic scale, Wilson assumed that the excess energy is given by a relation similar 

to the Flory-Huggins equation, while distribution of molecules is expressed through 

Boltzmann factors. (Maquer 1992, p. 8) This became the still widely used Wilson’s 

model. (Gmehling et al. 2012, p. 213-214)  

where i j  is a binary interaction parameter for Wilson’s equation between 

components i and j [-]. 

The binary interaction parameter   is assumed to be dependent on the relative molar 

volume of the interacting species and the interaction energy as shown in Eq. (56). 

where i j  is the interaction energy between molecules i and j specifically for 

the Wilson’s model [J mol
-1

]. 

The Wilson’s model is still often preferred due to its relative simplicity. The simplicity 

originates from the fact that the Wilson’s model requires only binary interaction 

parameters. The Wilson’s model is capable of predicting relatively accurately the 

behavior of multicomponent mixtures of moderate non-ideality. The only serious 

disadvantage of the Wilson’s model is its incapability to represent liquid-liquid 

equilibrium and thus partially miscible liquids. (Elliot & Lira 1999, p. 386) 
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7.1.2 NRTL 

Nonrandom two-liquid (NRTL) activity coefficient model devised by Renon & 

Prausnitz (1968) is based on the so-called two-liquid theory. Instead of using Flory-

Huggins equation like Wilson, Renon & Prausnitz (1968) combined the idea of local 

compositions with the two-liquid theory of Scott (1956). In “one-liquid” theory 

employed by Wilson, a liquid mixture was assumed to behave as a hypothetical pure 

fluid consisting of a single component. According to the principle of corresponding 

states, properties of this hypothetical component were composition-dependent averages 

of properties of the pure real components. In the two-liquid theory, interaction of every 

molecule pair is assigned a parameter. Hence, instead of modeling interactions between 

hypothetical averaged molecules, real molecules are used in their pure reference state. 

(Henderson & Leonard 1970) These interactions in relation to a central molecule are 

demonstrated in Fig. 5.  

 

Figure 5. Two-liquid representation of local composition theory. 

NRTL model does not use volume fractions when expressing local composition, instead 

it uses mole fractions and introduces an additional adjustable non-randomness 

parameter NRTL . If the parameter has a value of zero, then the mixture is assumed to 

behave completely randomly and Eq. (57) is reduced to the two-suffix Margules activity 

coefficient model (see e.g. Prausnitz & Rudiger (1999, p. 255, 261)). However, 

hydrogen bonds and other weak bonds tend to form somewhat orderly structures 

between molecules. This behavior is reflected by assigning for the non-randomness 

parameter a value between 0.2 and 0.47. (Prausnitz & Rudiger 1999, p. 261) Eqs. (57) - 

(58) for the NRTL model are given in the book of Gmehling et al. (2012, p. 213-214). 
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Equation for the interaction parameter and non-randomness parameter can be easily 

extended to account for temperature dependence. 

where j i  is an interaction parameter between components i and j [-] and 

 j iG  is an auxiliary binary parameter between components i and j [-]. 

where NRTL

i j  is the non-randomness parameter between components i and j [-]. 

where 
NRTL

i j  is the interaction energy between components i and j specifically 

for the NRTL model [J mol
-1

].  

The interaction parameters and non-randomness parameters can be made temperature 

dependent through adjustable parameters, as will be shown later on in Eq. (122). The 

NRTL model is readily applicable to multicomponent mixtures just like the Wilson’s 

model, but the NRTL model can also be used for systems where a miscibility gap is 

present. The NRTL model is generally more accurate than simpler models when highly 

non-ideal systems are concerned. In moderate to low non-ideal mixtures it offers no 

advantage, as long as LLE behavior is not present. In these cases the simpler models 

should be preferred, as NRTL requires three adjustable parameters for each binary pair 

making it arduous to work with when extended to multicomponent systems. (Prausnitz 

& Rudiger 1999, p. 262) Both the Wilson and NRTL models have been modified to be 

suitable for electrolyte systems through the application of the Debye-Hückel theory, 

which will be addressed later on. 
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7.1.3 UNIQUAC 

The UNIQUAC model (Universal QuasiChemical) refines the Wilson’s model further 

by assuming that the number of molecules in contact with the central molecule is 

dependent on its available surface area, instead of its size. It was derived by Abrams & 

Prausnitz (1975) by generalizing Guggenheims quasichemical lattice theory through the 

use of statistical mechanics. Like the NRTL model, UNIQUAC also relies on the two-

liquid theory for representing local composition. Currently, this model is frequently 

used to describe behavior of VLE, LLE and solid-liquid equilibrium (SLE) systems and 

several newer models have been developed from it, such as LIQUAC for electrolyte 

solutions. 

The UNIQUAC model is divided into combinatorial and residual terms. The 

combinatorial term can be determined from pure component data, as it describes 

entropic contributions resulting from shapes and sizes of the molecules. Binary 

interaction parameters are only needed to represent the intermolecular forces shown in 

the residual term of the model. Coordination number   is used to represent the number 

of spherical molecules surrounding a central molecule, which is dependent on the type 

of lattice packing (e.g. hexagonal, cubic). It is usually assigned the value of 10. 

(Prausnitz & Rudiger 1999, p. 263) The activity coefficient of a component can be 

calculated in the UNIQUAC model with (Gmehling et al. 2012, p. 374-375): 

where f,iV   is the volume fraction per mixture mole fraction of component i [-], 

    is the coordination number [-], 

 i   is the relative van der Waals surface area of component i [Å
2
], 

f,iF  is the surface area fraction per mixture mole fraction of component i 

[-] and 

 i j  is an interaction parameter between components i and j [-]. 
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where  i  is the relative van der Waals volume of component i [Å
3
] and 

UNIQUAC

i j  is the interaction energy between components i and j 

specifically for UNIQUAC model [J mol
-1

]. 

As experimental data is usually scarce and obtaining three adjustable parameters 

accurately from them can be difficult, like it is in the case of NRTL. The advantage of 

UNIQUAC is that it only requires two parameters (per binary pair) while remaining 

able to represent liquid-liquid equilibria. Due to its high basis in theory its parameters 

are less dependent on the temperature than the Wilson’s or NRTL model, meaning that 

less data is required for fitting parameters. In addition, as UNIQUAC relies on relative 

surface areas it is applicable to molecules of vastly different sizes, like polymers. 

(Maquer 1992, p. 9) In some rare ternary LLE systems, such as chloroform / ethanol / n-

heptane -mixtures where strong hydrogen bonding is present, significant deviations in 

accuracy may occur. These problems can be alleviated if appropriate experimental 

ternary data is available for determining ternary interaction parameters. However, the 

original formulation of UNIQUAC does not contain any ternary terms, so in these cases 

modified models must be used. (Prausnitz & Rudiger 1999, p. 292) According to Edison 

(2013), the UNIQUAC model is not as accurate at representing LLE behavior as NRTL. 

In addition, the UNIQUAC model is less accurate than the Wilsons model for VLE 

according to Edison (2013). 

7.1.4 UNIFAC 

The UNIQUAC Functional-group Activity Coefficients (UNIFAC) model is a widely 

used semi-empirical group-contribution method for approximating liquid phase activity 

coefficients. As its name implies, it utilizes the same assumptions about molecular 

surface area as UNIQUAC. In addition, UNIFAC is, similarly as UNIQUAC, divided 

into combinatorial and residual parts. While the combinatorial part remains identical to 

the one used in UNIQUAC, the residual part differs by accounting for different 

interactions between intramolecular groups. Instead of handling molecules as single 

units, the UNIFAC model considers them to be composed of different functional 
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groups. For example, alkanes are divided into CH3- and CH2-groups, with each group 

having different van der Waals properties and interaction energies. This “solution of 

groups” concept allows for modeling multicomponent mixtures without the need to 

experimentally determine binary interaction parameters for each possible combination 

of components. Only parameters between each group pair are required. The largest 

provider of these parameters is the UNIFAC Consortium in conjunction with Dortmund 

Data Bank. (Kontogeorgis & Gani 2004, p. 59-61) 

As previously stated, the temperature-independent combinatorial part of the UNIFAC 

model is identical to the one in Eq. (60) in the UNIQUAC model, but the residual part 

consists of group activity coefficients k , which are calculated individually for each 

group k in each component i. The only parameters required are the van der Waals 

volumes and relative surface areas, which can be determined from x-ray data, and the 

group interaction parameters nma  that are fitted from VLE data. The residual activity 

coefficient for component j can be calculated with (Gmehling et al. 2012, p. 294-295):  

where  
)(i

k  is the number of functional groups k in component i [-] and 

 k  is the activity coefficient of functional group k [-]. 

The activity coefficient of a functional group can be calculated with: 

where m  is the surface area fraction of functional group m [-] and 

 mk  is an auxiliary parameter between groups m and k [-]. 
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The parameters required in Eq. (63) can be calculated with: 

where mX  is the mole fraction of functional group m [-] and 

 n m
  is a binary interaction parameter between groups n and m [J mol

-1
]. 

The original UNIFAC model had several limitations, such as its incapability to predict 

LLE behavior. The model has been improved several times over the years and there are 

no longer fundamental problems in the description of LLE systems. However, the 

UNIFAC model is still highly dependent on the temperature and most of its parameters 

are applicable only in the range of 25 - 150 
o
C, with some parameters having even 

narrower ranges. Additionally, it should only be applied to systems with a pressure only 

up to a few atmospheres, and these systems must be far from their critical regions. The 

components in the system of interest should not have vastly different sizes. In addition, 

the maximum number of different functional groups of a component should not be 

higher than ten. UNIFAC also has severe problems when predicting excess enthalpies 

and infinite dilution activity coefficients. If proper VLE data is available for the system 

in question, other models should always be utilized over UNIFAC. Despite its 

inaccuracies, UNIFAC method is still highly useful for its wide collection of 

parameters, and for the fact that it does not require any VLE data. (Edison 2013) It has 

since been incorporated in most chemical process simulation software, such as Aspen 

Plus, and it is most often used to estimate the values of the binary interaction parameters 

of other activity coefficient models. 

 

7.2 Long-range interactions 

All intermolecular interactions acting at a long-range are due to electrostatic forces 

caused by ions, permanent dipoles or induced dipoles. Typically, the only long-range 

interactions that are considered are between ion-ion pairs, as their Coulombic forces are 

stronger by several orders of magnitude in relation to the forces of dipoles. However, 
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interactions between induced dipoles, or ion-dipole pairs, become more significant as 

the ion concentration of the mixture increases. Depending on the model, these 

interactions can be accounted either with a long-range term or a middle-range term. 

(Bockris & Reddy 2007, p. 252) 

Electrically charged ions in the solution repel like-charged ions and attract ions of the 

opposite charge at a relatively long-range in molecular scale. This strong Coulombic 

interaction between them can cause significant deviations from ideality even at low 

electrolyte concentrations. (Bockris & Reddy 2007, p. 252) In addition, it has been 

shown that anions and cations in the solution are not distributed evenly. Due to the 

repelling and attracting electrostatic forces there is a tendency for ions of opposite 

charge to encounter each other more frequently, which causes a slight excess of counter-

ions around any given ion. Most commonly used models to describe the long-range 

electrostatic effects are the Debye-Hückel theory, the Pitzer model and their variants. 

(Gmehling et al. 2012, p. 374-378) 

7.2.1 Debye-Hückel model 

The now frequently cited Debye-Hückel theory was devised by Peter Debye and Erich 

Hückel in 1923. It offers one of the first theoretical explanations for the departure from 

ideality for liquid solutions that contain electrolytes. (Debye & Hückel 1923) The 

theory has served as a good basis for future modeling of electrolyte behavior and it is 

still often incorporated in modern thermodynamic models, in one form or another.  

The Debye-Hückel model has been derived according to these following assumptions 

(Gmehling et al. 2012, p. 374-375): 

1) All electrolytes have been completely dissociated in the solvent, i.e. they are 

strong electrolytes.  

2) The only forces acting between ions are electrostatic, which causes the 

departure from ideality. Any other forces between ions are assumed to be 

insignificant.  

3) The ions are regarded as point charges with spherical ionic atmospheres. In 

addition, they are not polarized by the surrounding electric field. 
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4) Solvent activity is not accounted for by the model, instead it only serves as a 

dielectric continuum, which dampens the electrostatic interactions. Consequently, 

dielectric constant of the mixture is defined only by the solvent. 

5) There is no electrostriction phenomenon. Solvent molecules are not pulled 

closer to ions due to their polarity. 

6) Ions are scattered around a central ion according to the Boltzmann’s 

distribution law because of their electric potential.  

The Boltzmann’s distribution is formulated in the following way (Gmehling et al. 2012, 

p. 375): 

where  ic r   is the volumetric concentration of i ions in a volume element at a 

distance r from the central ion according to Boltzmann’s 

distribution [mol dm
-3

], 

 (0)

ic r  is the volumetric concentration of i ions in a volume element at a 

distance r from the central ion if the ions were distributed evenly 

[mol dm
-3

], 

iz  is the charge of ion i [-] and 

e  is the electron charge (=1.602177 · 10
−19

 C).  

The Debye-Hückel approach by itself is considered to be a poor approximation of the 

non-ideal behavior, as it completely neglects the short range interactions between 

molecules and ions. However, due to its simplicity it is often combined with other 

methods that can account for short-range interactions between species. 

Over the years several modifications and extensions have been added to the original 

Debye-Hückel equations to accommodate for its insufficiencies. The simplest form of 

the model is called the Debye-Hückel limiting law, which is capable of calculating the 

activity coefficient of an ion in dilute electrolyte solutions. It is generally considered to 
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be valid only up to ionic strengths of 0.001 mol/kg. Despite being generally too 

inaccurate for practical applications, the limiting law serves as a theoretical basis for 

modeling infinite dilution behavior of an electrolytic solution. The Debye-Hückel 

limiting law is presented as (Lee 2008, p. 36):  

where 
av

S  is the average relative permittivity of the solvent [-], 

 
m

SA  is the solvent specific Debye-Hückel -constant based on molality 

scale [kg
0.5

 mol
0.5

] and 

mI  is the ionic strength of the solution based on molality scale 
[mol 

1

solventkg
]. 

The Debye-Hückel - constant A  is dependent on the average relative permittivity of the 

solvent and temperature. However, in more recent variations the Debye-Hückel - 

constant may also contain dependency on the solvent molar volume or density. It is 

imperative that the exact form and units of the constant are always presented when it is 

used. The constant must also be based in the same concentration scale as the ionic 

strength. Several simple equations that correlate the Debye-Hückel - constant with a 

variable such as temperature have been created (Thomsen 2005). The correlations 

presented in literature are often limited to representing a certain solvent at a certain 

pressure. For example, Thomsen (2005) proposed a correlation to approximate A  quite 

accurately for aqueous solutions, in a temperature range of 273.15 - 500 K and at 

saturation pressure: 
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Ionic strength can be calculated in either molal mI or mole fraction scale xI  and it must 

be chosen according to the used scale of the Debye-Hückel - constant. The both scale 

alternatives are presented in Eq. (68).  

Activity coefficients of different species in electrolytic solutions are typically highly 

nonlinear in relation to the ionic strength of the solution. The limiting law can be used 

to calculate activity coefficients for ionic and electrolyte species in low concentrations, 

but as can be seen in Fig. 6, the law rapidly becomes more inaccurate when ionic 

strength increases. 

 

Figure 6. Qualitative performance of the Debye-Hückel limiting law (dashed blue line) 

against experimental results (red line), when predicting activity coefficients of 

electrolytes. Ionic strength in the blue area is less than 0.001 mol/kg. (Based on Lee 

2008, p. 37). 

In Fig. 6, the curve for activity coefficient at high ionic strength shows a local 

minimum. This kind of behavior is very typical for electrolytes and a more sophisticated 

model is required for representing it accurately. An often used modification of the 

Debye-Hückel model is called as the “Bromley extension”. The modification introduces 

the parameter   which must be fitted based on experimental data. The introduction of 

the parameter   increases the applicability of the model up to ionic strengths of 6 

mol/kg. The Bromley extension is presented as (Gmehling et al. 2012, p. 372, 376-377):  
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where   is a temperature-dependent adjustable parameter [kg mol
-1

]. 

Another variation of the Debye-Hückel theory is called as the Davies equation (Wright 

2007, p. 402): 

As can be seen in the Davies equation, Eq. (70), it contains an empirical constant 0.15. 

Constants 0.20 and 0.30 may also be used instead according to Wright (2007, p. 402). It 

should be noted that the Davies equation utilizes a base 10 logarithm instead of the 

natural. The Davies equation is not as accurate as the Bromley extension and it is 

generally considered to be applicable only up to ionic strengths of 0.5 mol/kg. However, 

the advantage of the Davies equation is that it requires no adjustable parameters and 

only the ion charges must be specified. Due to this the Davies equation is a handy tool 

for quickly estimating electrolyte activity coefficients without the need for experimental 

data.  

7.2.2 Mean Spherical Approximation model (MSA)  

The MSA model was developed by Blum in 1975 in order to address one of the biggest 

assumptions made by the Debye-Hückel theory, which is the zero volume of ions. When 

ion concentration increases, the chance of collision between two ions increases as well. 

Neglecting this phenomena is one of the main reasons why different variants of the 

Debye-Hückel models become inaccurate beyond ionic strengths of ~0.5 mol/kg. The 

MSA model accounts for this by assigning a hard core diameter ( id ) to each ion, based 

on statistical mechanics. (Lee 2008, p. 61) 

MSA models have been divided into “primitive” and “non-primitive” versions. In the 

simpler primitive versions, solvent molecules are assumed to form a continuous 
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dielectric continuum, which means that it does not explicitly account for ion-solvent and 

solvent-solvent interactions. In the non-primitive MSA models, solvent molecules are 

present explicitly and their interactions can be included. The versions also differ in the 

way they define ion diameters. The primitive versions assume that all anions have a 

constant diameter and cation diameters are dependent on the electrolyte concentration, 

while non-primitive versions commonly use the Ornstein-Zernike equations for defining 

both. (Memarnejad & Dehghani 2012) 

The MSA model provides expressions for electrostatic internal energy, Helmholtz 

energy, osmotic coefficients and both mean ionic and single-ion activity coefficients. 

All of these expressions are composed of terms for hard sphere and electrostatic 

contributions that are summed together. In the case of activity coefficients this is 

calculated in the following way:  

where 
m

,ESi  is the electrostatic contribution to activity coefficient [-] and 

 
m

HSi,  is the hard sphere contribution to activity coefficient [-]. 

The hard sphere contribution uses an equation of state that is based on the Mansoori-

Leland-Carnahan-Starling equations. Contributions for single-ion activity coefficients, 

in the primitive formalism and molal scale, are presented in Eqs. (72) and (73). (Lee 

2008, p. 66-67) 

where  B   is the Bjerrum length [Å], 

    is the inverse shielding length [Å
-1

], 

    is a size factor [-], 

 nP  is a factor for size and charge [-], 

 i   is a factor for size and charge for component i [-] and 

 k   is the number density of ions [Å
-3

]. 

 m m m

,ES ,HSln ln lni i i    , A,Ci   (71) 

 
2 2n

m 2n
ES

2

2ln
1 1 4 3

2

6 4 2

i i
i i

i, i i

i i

i k k
k k

k

B
z d P

B z d P B
d P

d d

Bz z
d

B




 

 




         
    

  
  

  


, A,Ci   (72) 



73 

 

where HSP  is a hard sphere parameter [J Å
-3

], 

 1   is a packing fraction parameter [Å
-2

], 

 2   is a packing fraction parameter [Å
-1

] and 

 3   is a packing fraction parameter [-]. 

The different parameters used by MSA model are presented in Eqs. (74) - (79) (Lee 

2008, p. 68). 

As can be seen in Eq. (74) the inverse shielding length must be solved numerically, as it 

is present in both sides of the equation, but in some cases it is approximated as being 

half of the Debye-Hückel screening parameter ( DH ) (Lee 2008, p. 68). The only 

adjustable parameters required for the primitive MSA models are the hard-core 

diameters and number density. Thus, the application of the primitive MSA models 

requires defining one additional parameter in comparison to the simpler Debye-Hückel 
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models. However, the accuracy of the MSA models is significantly higher than the 

simpler Debye-Hückel models. As a result some MSA models have been successfully 

fitted for systems with ionic strengths up to 2.5 mol/kg (Bockris & Reddy 2007, p. 326). 

In an article by Memarnejad & Dehghani (2012) they derived a new DM-MSA model 

and fitted it up to the ionic strength of 4 mol/kg. Of course, the MSA model should also 

be combined with another model that accounts for short-range interactions, in order to 

improve its applicability. Unlike the Debye-Hückel model, the MSA model has not been 

studied extensively with mixed electrolyte solutions or in temperatures differing from 

25 
o
C. Due to this, the Debye-Hückel models are more commonly used in combination 

with short-range interaction models than the MSA models. 

 

7.3 Middle-range interactions 

Only a few models consider the "middle-range" interactions. These interactions account 

for all effects between ions, dipoles and charge-induced dipoles that have not been 

incorporated in the long-range interactions, but the exact definition of the middle-range 

interactions is often left open in literature. The empirical and adjustable middle-range 

terms are typically used as a way of fitting the model with experimental results. (Wang 

et al. 2002)  

OLI MSE and LIQUAC models are the only notable activity coefficient models that 

utilize this term, and they both base it on a second virial coefficient equation. The 

general form of this virial equation for Gibbs energy is presented in Eq. (80), as is given 

by Wang et al. (2005) in mole fraction scale:  

where i jB  is an auxiliary parameter dependent on ionic strength [mol
-1

]. 
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The exact formalism of the middle-range term depends on the used concentration scale 

and standard state convention. The parameter Bij is dependent on ionic strength and 

contains several adjustable parameters. These parameters must be determined in the 

same concentration scale as the ionic strength. Activity coefficient formalism of the 

middle-range term can be seen further on in Eqs. (95) and (101) for OLI MSE and 

LIQUAC models, respectively. The use of middle-range interactions has been criticized 

as “inconsistent” by Song and Chen (2009), as it remains somewhat unclear how 

different electrostatic phenomena are divided between long-range and middle-range 

terms. 
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8 ELECTROLYTE ACTIVITY COEFFICIENT MODELS 

Since the previously mentioned interaction models can only account for species 

interactions at a certain range, some of them have been combined into more 

comprehensive activity coefficient models. An important application for these more 

comprehensive activity coefficient models is electrolyte solutions. Some of the more 

commonly used models will be presented in this chapter, each of which has a myriad of 

different versions found in literature.  

8.1 Pitzer ion interaction model 

The Debye-Hückel theory dedicated for the description of the long-range interactions 

was extended by Pitzer in 1973 to include terms for short-range ion-molecule and ion-

ion interactions. These interactions are accounted with an ionic strength dependent virial 

equation coefficient. The Pitzer model is often cited as being more accurate at much 

higher salt concentrations than the Debye-Hückel model, which is natural as the latter 

one does not account for short-range interactions by itself. (Kim & Frederick 1988)  

In the Pitzer model the activity coefficients for ions are calculated with (Gmehling et al. 

2012, p. 377-378): 

where f  is an auxiliary parameter for Pitzer model [-], 

 i jC  is an auxiliary parameter for adjustable variables between 

components i and j [kg
2
 mol

-2
] and 

 '

i jB  is an auxiliary parameter for adjustable variables between 

components i and j [kg
2
 mol

-2
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and for solvents with: 

The formulation of the Pitzer model also contains a term for ternary interactions 

between species, but it has been omitted in Eqs. (81) and (82). The first term on the 

right hand side of Eq. (82) has a denominator with the value of 1.2. The value holds true 

when the temperature is 25 
o
C, but it can be adjusted in different temperatures. The 

associated auxiliary variables are calculated with (Gmehling et al. 2012, p. 377-378): 

where (0) (2)

i j i j   are temperature dependent adjustable parameters [kg mol
-1

], 

 1   is an electrolyte specific constant [kg
0.5

 mol
-0.5

],   

 2   is an electrolyte specific constant [kg
0.5

 mol
-0.5

] and 

 i jC
  is a temperature dependent adjustable parameter [kg

2
 mol

-2
]. 
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The freely adjustable parameters in previous Eqs. (84) - (86) are (0)

i j , (1)

i j  and i jC
, 

while (2)

i j  serves as an extra adjustable parameter, which has the value of zero if one or 

both of the ions are univalent. In these univalent cases the constant 1  has a value of 2, 

while 2  is also considered to be zero. For more special electrolytes, such as 2-2 

electrolytes, the constant 1  has a value of 1.4, while the constant 2  has a value of 12. 

The auxiliary variables i jB  and i jC are symmetric (i.e. i j j iB B ) and 0i i i iB C  . 

The Pitzer model has been reported to produce accurate predictions for most electrolyte 

solutions up to molalities of approximately 6 mol/kg. In some cases, solutions of higher 

concentrations have also been successfully represented with properly regressed ternary 

parameters. However, when ternary parameters are utilized for multi-electrolyte 

solutions, the model may become cumbersome to use. An extensive amount of Pitzer 

parameters have been collected over the years, although parameters for some low 

solubility electrolytes remain uncertain. The parameters are highly dependent on the 

temperature and should only be used in the conditions at which they have been 

regressed. Due to the large library of available parameters for the Pitzer model and 

applicability to solutions which contain several electrolytes, the Pitzer equations are 

often used for modeling sea water and geochemical systems. As it is with the Debye-

Hückel model, the Pitzer model has also been modified by several different authors to 

be more suitable for certain applications. (Safari et al. 2014) 

 

8.2 Extended UNIQUAC 

The Extended UNIQUAC model is a local composition model that combines the 

conventional UNIQUAC model with a modified Debye-Hückel term, allowing it to 

model electrolytic solutions. Similarly, the UNIQUAC terms for short-range 

interactions consist of combinatorial and residual parts that are identical to the ones 

presented in Eq. (60). When no electrolytes are present, the model reduces back to the 

form of the conventional UNIQUAC model. (Thomsen 1997) 
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As can be seen in Eq. (87), the activity coefficient terms for the combinatorial, residual 

and Debye-Hückel contributions are simply summed in the model together. This same 

principle is often utilized in other combined interaction models as well. Kaj Thomsen is 

often cited as the person who derived the most commonly used form of the Extended 

UNIQUAC model, but the first version of it was developed by Sander et al. (1986). The 

equation for the Debye-Hückel term is (Thomsen 2005): 

where 
Sb  is a solvent specific Debye-Hückel -constant (= 1.5 (kg mol

-1
)
½
). 

Eq. (88) for the Debye-Hückel term is also sometimes called as ”The Extended Debye-

Hückel Law”. The constant b has been calculated from several universal constants and 

from a so-called closest approach parameter. As this parameter is often considered as 

constant, b is also left constant for all ions. Eq. (88) calculates the term for ions, while 

(89) is used for the solvents (Georgios & Georgios 2010, p. 475): 

The exact formalism of the activity coefficient terms depends on the used standard 

state(s). For the Extended UNIQUAC model, symmetric standard state is usually used 

for solvents and unsymmetric (infinite dilution) for solutes. It should be stressed that the 

residual and combinatorial activity coefficient contributions for ions are calculated at 

symmetric standard states, therefore they must be converted into the unsymmetric state 

for them to be compatible with the unsymmetric Debye-Hückel term. This is achieved 

simply by dividing the calculated ion activity coefficients of the residual and 

combinatorial terms, which were presented in Eq. (60), by their corresponding activity 

coefficients in infinite dilution (Thomsen 1997):  
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where 
x,

,UNIQUACi


 is the unsymmetrically normalized activity coefficient for the 

UNIQUAC term in mole fraction scale for an ion i [-], 

 
x,

,Combi


 is the activity coefficient of the combinatorial term in infinite 

dilution standard state in mole fraction scale for an ion i [-] and 

x,

,Resi


 is the activity coefficient of the residual term in infinite 

dilution standard state in mole fraction scale for an ion i [-]. 

Equations for these infinite dilution activity coefficients are as follows (Thomsen 1997): 

As seen in previous Eqs. (90) - (92), the UNIQUAC terms are based on the mole 

fraction scale, while the Debye-Hückel term is based on the molality scale. One of the 

terms must be converted into the other scale, in order for them to be compatible. Eq. 

(10) presented earlier in chapter 2.3 can be used to convert them. 

This model has been successfully applied to VLE, LLE and SLE systems, just like the 

conventional UNIQUAC model. In addition, it has been proven to be able to 

satisfactorily predict osmotic and mean ionic activity coefficients for multi-solvent / 

multi-electrolyte mixtures at high pressures. In multi-solvent applications, a Born term 

is typically added to account for differing permittivity of the solvents, as will be shown 

for the Electrolyte NRTL model in chapter 8.3. (Georgios & Georgios 2010, p. 477) The 

advantages and disadvantages inherent to the conventional UNIQUAC model also apply 

here, but the additional inconsistencies between used standard states and concentration 

scales can make the Extended UNIQUAC model more cumbersome to use. 
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8.3 Electrolyte NRTL 

The Electrolyte NRTL (eNRTL) model was originally derived by Chen et al. (1982) and 

it has since been modified several times (see e.g. Chen (2001, 2008, 2009)). Originally 

the model was only capable of representing inorganic electrolytes that completely 

dissociate in aqueous solutions. It has since been expanded to accommodate systems 

containing multiple organic electrolytes and solvents. More recently, the model has also 

been altered by Song and Chen (2009) to utilize symmetric reference state for both 

solvents and ions, whereas the original formulation used the unsymmetric convention 

for ions. This particular model will be examined more thoroughly in the applied section. 

Like with the Extended UNIQUAC model, eNRTL combines a conventional local 

composition model with a long-range Debye-Hückel term. In this case the conventional 

NRTL and Pitzer modified Debye-Hückel (PDH) terms are used. In addition, if the 

model follows unsymmetric convention and nonaqueous systems are involved, a Born 

term is also required. Contributions of these terms to activity coefficient can be seen in 

Eq. (93).  

Absence of ionic components will cause the model to reduce back to the conventional 

NRTL model, as the activity coefficients in the other terms in Eq. (93) have the value of 

one, and subsequently the terms have the value of zero. The eNRTL model and all of its 

variants rely on the same two-liquid theory as the conventional NRTL model, with the 

addition of electrically charged ions as can be seen in Fig. 7. This addition of ions 

necessitates two assumptions (Austgen et al. 1989): 

1) Due to repulsive forces acting between two like-charged ions, the immediate 

vicinity next to a central ion will be free of ions with the same electrical charge. 

This results in an excess of oppositely charged ions next to a central ion. 

2) Due to local electrical neutrality of the solution, net charge of the ions around a 

central uncharged molecule must be zero. 

 NRTL PDH Bornln ln ln ln       . (93) 
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Figure 7. Local composition interactions between different components in the eNRTL 

model. S = Solvent, A = Anion, C = Cation. (Based on Zemaitis et al. 1986, p. 77) 

As can be seen in Fig. 7, interaction parameters SMG , CMG  and AMG  are required for 

all molecule-ion and molecule-molecule pairs when a molecule is considered. When a 

cation is considered, it only requires parameters for cation-solvent and cation-anion 

interactions, i.e. cation-cation interactions are neglected. Similarly, this applies also to 

anions. It should be noted that the interaction parameters are not symmetrical (i.e. 

ì j j iG G ). These rules are reflected in the separate activity coefficient equations for 

molecules and ions, which will be presented later on in a more detailed way in Eqs. 

(109) - (120).  

In many eNRTL models, the activity coefficient term based on the Born model is often 

used to account for the difference between the dielectric constants (relative permittivity) 

of the investigated solvent (pure component or a mixture) and pure water. More 

accurately, this Born term corrects the unsymmetric reference state of infinite dilution 

aqueous solutions to be suitable for the mixed solvent cases. This correction to activity 

coefficients is only applied to ions, as other components utilize the symmetric 

convention. If the symmetric convention is used for ions as well, the Born term is not 

needed for them. The Born term is evaluated with (Song and Chen 2009): 
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where Bornln i  is the change in the activity coefficient of species i when the 

solvent permittivity differs from water permittivity [-], 

 
Born

mG  is the change in molar Gibbs energy when the solvent 

permittivity differs from water permittivity [J mol
-1

] and 

W  is the relative permittivity of water [-]. 

A notable advantage of the eNRTL model over the Extended UNIQUAC model is that 

the latter utilizes ion specific parameters like surface area fractions, whereas eNRTL 

needs electrolyte specific interaction parameters only. Both models have been proven to 

be suitable for several electrolyte systems in a wide temperature range, but in some 

cases they both have difficulties in representing solid-liquid equilibrium behavior 

accurately (Lin et al. 2010). The eNRTL model is also applicable for both strong and 

weak electrolytes (Zemaitis et al. 1986, p. 223). According to Aspen Technology, Inc. 

(2011, p. 114), the eNRTL model is basically capable of handling mixed solvent 

systems at any concentration. However, according to Gmehling et al. (2012, p. 383), the 

eNRTL model becomes more inaccurate when the system contains more than two 

different electrolytes. 

Different eNRTL models are widely used in chemical process design, especially as they 

are readily available in most simulation software packages, such as Aspen Plus. One 

interesting variant of the model is a segment based model derived by Chen et al. (2001), 

which is called ENRTL-SAC in Aspen Plus. In the model each species is divided into 

segments which can interact with neighboring segments or species just like in the 

conventional local composition model. The model was originally intended for 

representing neutral polymeric chains, but it has since been adapted for long organic 

electrolyte molecules such as sodium carboxylates. (Chen et al. 2001) 
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8.4 OLI MSE (Mixed Solvent Electrolyte) 

The OLI MSE model, created by OLI Systems Inc., is a thermodynamic package 

incorporated in some simulation softwares such as OLI Stream Analyzer and Aspen 

Plus, provided that a suitable license has been purchased. It is a relatively new model 

designed specifically for multi-solvent electrolyte systems, and it has been cited as 

being capable of accurately predicting, in addition to VLE, both VLLE and SLE 

equilibrium behavior. It is considered to be valid at a temperature range of -50 - 300 
o
C 

and a pressure range of 0 - 1500 bar as long as none of the components are supercritical. 

Electrolyte concentrations may vary anywhere between infinite dilution and molten salt 

limit. (OLI Systems Inc. 2016) 

The model utilizes a revised version of the HFK equation of state for predicting 

standard state properties of the system. Its Gibbs energy function is comprised of three 

contributions: UNIQUAC equation for short-range local interactions, Pitzer-Debye-

Hückel equations for long-range interactions and a second virial coefficient expansion 

for middle-range interactions. All contributions are based on the symmetric standard 

state convention. The used UNIQUAC and Pitzer-Debye-Hückel (PDH) models are 

similar to the ones presented in chapters 7.1.3 and 9.3 correspondingly, and the form of 

the virial equation can be seen in the following equations (Wang et al. 2005): 

where i je  and i jf  are temperature dependent adjustable parameters [-]. 

The middle-range virial term is used to represent ion-ion and ion-molecule interactions 

that are not accounted for by the long-range PDH term. In addition to the ambiguous 

definition of the middle-range term, Song and Chen (2009) also criticized the use of 

pure ion standard state, as pure fused salt standard state would have been more realistic. 

Despite these minor faults, the OLI MSE model has been extensively validated for 
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several different electrolyte systems with concentrations varying from infinite dilution 

to fused salt state. In addition to aqueous solutions, it has been shown to be applicable 

for organic and mixed-solvent solutions as well. (Wang et al. 2002) 

 

8.5 LIQUAC 

Like the OLI MSE model, the LIQUAC model is also comprised of long-range, middle-

range and short-range interaction contributions. The long-range contribution to Gibbs 

energy utilizes a modified Debye-Hückel term and it accounts for attractive / repulsive 

forces between ions, as well as the formation of solvation shells. The medium-range 

term is based on the Pitzer model and it accounts for interactions between dipoles or 

induced dipoles, while UNIQUAC model is used for the short-range interactions. It was 

derived by Li et al. (1994) for extending the applicability of the UNIQUAC model to 

electrolyte solutions. Shortly after, a similar model called LIFAC was made by Yan et 

al. (1999) that uses the group contribution model UNIFAC for short-range interactions. 

Recent revisions done to both of these models have been compiled by Mohs & 

Gmehling (2013). 

The long-range terms in Eqs. (97) and (98) are based on the molal units, which must be 

noted when calculating ionic strength. The short-range local composition term that uses 

UNIQUAC model is identical to the one presented previously in Eq. (60). (Gmehling et 

al. 2012, p. 387) 

where S   is the density of the solvent species [kg m
-3
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The LIQUAC model uses Debye-Hückel -constants in which universal constants such 

as the electron charge are omitted. The constants are presented in Eqs. (99) and (100).  

The modified Pitzer equation used for middle-range interactions utilizes ionic strength 

dependent interaction coefficients i jB . The middle-range contribution to activity 

coefficient can be seen in Eq. (101). 

where 
0

Sx  is the salt-free mole fraction of solvent [-]. 

The interaction coefficients for ion-ion pairs ijB  are evaluated with (Gmehling et al. 

2012, p. 388-389): 
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and for ion-solvent pairs SiB  with: 

As can be seen in Eqs. (103) and (104), both of the interaction coefficients are 

dependent on two fitted parameters and ionic strength. However, as the model uses the 

symmetric reference state convention (i.e. pure component) for solvents and the 

unsymmetric reference state convention (i.e. infinite dilution) for ions, the short-range 

UNIQUAC term must be normalized properly for ions, just like with the Extended 

UNIQUAC model. In fact, the normalization procedure for the LIQUAC model is 

identical to the one used for the Extended UNIQUAC model in chapter 8.2. This 

procedure was presented in Eqs. (90) - (92). (Thomsen 1997, Gmehling et al. 2012, p. 

390) 

The LIQUAC model has been shown to reliably calculate activity and osmotic 

coefficients, as well as the salt solubilities, freezing point depressions and boiling point 

elevations for numerous different solvent-electrolyte systems. Results with electrolyte 

concentrations of up to ~20 mol/kg have been extensively tested and checked against 

Dortmund Data Bank. (Mohs & Gmehling 2013)  

  m m

S S S exp 1.2 0.13i i iB e f I I    , , A,Ci j   (104) 
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9 APPLIED ACTIVITY COEFFICIENT MODELS: 

SYMMETRIC AND UNSYMMETRIC ELECTROLYTE 

NRTL 

Most widely used and modern activity coefficient models for electrolyte solutions were 

presented in the theory part of this thesis. Aspen Plus is one of the most used process 

simulation software in the industry. This applies also to Neste Jacobs Oy and other 

engineering companies. Therefore, Aspen Plus was selected as a good reference 

simulation software for the Flowbat models created. Similarly, as pointed previously, 

eNRTL models are widely used in the modelling of electrolytic solutions. Aspen Plus 

has eNRTL models incorporated and the manual of the software presents relatively well 

how the calculations are implemented. Hence, the comparison of the created Flowbat 

model results with the Aspen Plus model results was presumed to be relatively easy. 

(Tremblay et al. 2012). Due to these reasons, the eNRTL model was chosen for further 

analysis. More precisely, this specific model uses symmetric reference states for all 

components, and the Pitzer-Debye-Hückel model for long-range ion interactions, as 

presented in Song and Chen (2009). All of the following equations in this chapter are 

taken from the aforementioned article. 

This particular form of the eNRTL model is identical to the ENRTL-SR model used in 

the Aspen Plus simulation software package, allowing for an accurate basis of 

validation of own implementation. In addition, the eNRTL model (Eq. (109)) reduces 

back to the conventional NRTL model (Eq. (57)) when no ionic species are present. 

This kind of modular form of the equations makes the programming easier. Other 

interesting activity coefficient models, such as the segment-based eNRTL and OLI-

MSE, would have required additional licenses for Aspen Plus and the number of 

parameters would have increased. Thus, the models were not investigated in this work. 

The symmetric eNRTL model requires only binary interaction and non-randomness 

parameters for each component pair. The data banks of Aspen Plus provide these 

parameters for most common components. Also, the symmetric standard convention 

allows neglecting Born terms and most normalization procedures. However, as will be 

discussed more thoroughly below, also the additional equations needed in the 

unsymmetric version of eNRTL were implemented due to the difficulties with reaction 
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equilibrium constant calculation in the symmetric eNRTL. The name of the 

unsymmetric eNRTL model used in Aspen Plus is ENRTL-RK. 

The symmetric eNRTL model is fully capable of representing activities of Henry 

components (i.e. dissolved light gases). If these components are present, the symmetric 

activity coefficients of the Henry components must be normalized into the unsymmetric 

standard state before they are used in equilibrium calculations. 

 

9.1 Required parameters 

In the eNRTL model, components are divided into different categories:  

 The molecular species are marked as “m” and include all the liquid phase 

components that are not ions (cations or anions). There are solvents, dissolved 

gases, electrolytes and other neutral molecules.  

 All cationic components are marked as “C”, while anions are marked as “A”.  

In the eNRTL equations, effective mole fractions, iX , are used to account for the charge 

numbers of the different species according to Eq. (105). In the case of ions, their 

(conventional i.e. actual) mole fractions are multiplied by their absolute ionic charge 

 i iC z  and in case of neutral molecular species by 1iC  . Thus, the effective and 

conventional mole fractions are the same for 1-1 electrolytes. (Song and Chen 2009) 

The auxiliary variable G  applied in the eNRTL model is dependent on the non-

randomness parameter ( ) and binary interaction parameter ( ), as shown in Eq. (58) 

for the conventional NRTL model   expij ij ijG    . The binary interaction 

parameters between two identical species are always equal to zero ( 0i i  ). The non-

randomness parameters are symmetric (i.e. ij ji  ), and conversely the binary 
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i i i i
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X C x C

n

 
   

 
 , , A, Ci m   (105) 
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interaction parameters are unsymmetric (i.e. ij ji  ). Parameters between two different 

electrolytes need to be defined only when they share a common cation or anion. In these 

cases, ion-ion parameters can also be calculated, but their effect on the activity 

coefficient of any component is typically negligible as will be discussed below. 

Non-randomness and binary interaction parameters are needed for the following 

interactions: 

 cation-anion - solvent molecule. For example, the notation for dissolved sodium 

chloride is Na
+ 

- Cl
-
 - water. Ion-molecule (e.q. Na

+ 
- water) pair parameters are 

derived from these parameters, as shown below. 

 molecule - molecule. Molecule can also be a non-dissociated electrolyte as 

discussed below (e.q. formic acid - water) 

The non-randomness parameters   and auxiliary variables G  for ion-solvent pairs are 

calculated based on the cation-anion - solvent parameters using charge composition 

fractions. Anion fractions are required for the cation interactions and vice versa, as 

shown in Eq. (107). The charge composition fractions account for the presence of 

multiple different electrolytes. If only one electrolyte is present in the solution, then 

these fractions are equal to one and the ion-solvent parameters are the same as the 

cation-anion - solvent parameters. The charge composition fractions are calculated in 

the following way (Song and Chen 2009): 

where iX  and 'iX  are the effective mole fractions of an anion or a cation [-] and 

 iY  is the charge composition fraction for an anion or a cation [-]. 

The ion-solvent parameters are then calculated with the charge composition fractions 

and cation-anion - solvent parameters: 

 

'

'
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i
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Y

X
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It is very important to notice that cation-anion - solvent parameters CA,m  and CA,mG  

(and vice versa) are not the same as the electrolyte-solvent parameters. Cation-anion - 

solvent parameters handle the dissociated electrolyte as an assembly of its constituent 

ions, whereas the electrolyte-solvent parameters only consider the non-dissociated 

electrolytes. The latter parameters are the same as the ones used by the conventional 

NRTL model. eNRTL models use these electrolyte-solvent parameters as well, but they 

are not related to the ion-solvent parameters in any way. 

The eNRTL models also account for ion-ion interactions, but these parameters are non-

zero only when at least two ion-pairs have a common ion (for example: NaCl and 

CaCl2). In these cases, the cation-anion - cation-anion interaction parameters should be 

defined (e.g. Na
+
-Cl

-
 - Ca

2+
-Cl

-
). Unfortunately, these parameters are very rarely 

available in literature, or in Aspen Plus. In an article by Kwaterski & Herri (2011), they 

tested the eNRTL model in a multielectrolyte systems and assigned cation-anion - 

cation-anion parameters arbitrarily. They noted that the effect of these parameters on the 

activity coefficients remains small, but it grows when the ionic strength of the solution 

increases, or when bivalent ions (such as Ca
2+

) are present. Neglecting these interactions 

completely by setting their parameters to zero was suggested by them. The ion-ion non-

randomness parameters and auxiliary G parameters, as seen in Eq. (108), are defined in 

a similar way as the ion-solvent parameters, but these parameters are set to zero in the 

programmed Flowbat model. (Song and Chen 2009) 
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9.2 Short-range contributions 

The equations for the activity coefficient calculation are based on the local compositions 

for cationic, anionic, and molecular species. The equations can be derived from the 

partial derivative of the excess Gibbs energy. This derivation is presented more in-depth 

in the work of Song and Chen (2009). Activity coefficients (i.e. the local composition 

contribution) for neutral molecular species, cationic species and anionic species can be 

seen in Eqs. (109), (110) and (111), respectively.  

It should be noted that Eq. (111) as presented in Song and Chen’s original article 

appears to have a slight discrepancy. In the article of Song and Chen (2009), charge of 

the anion is accounted for as it is without seemingly using its absolute value. It appears 
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that Song and Chen (2009) used absolute charges by default in their article, which may 

be confusing for the reader. 

In Eqs. (109) - (111), the local composition model can be seen through their separate 

terms. In the cases where an uncharged molecular species is in the center, terms in Eq. 

(109) are used to represent interactions between the molecular species and other 

molecules, as well as interactions with cations and anions. As stated in chapter 8.3 in 

connection with the eNRTL model, the cation-cation and anion-anion interactions are 

neglected in this model, which is why they are absent in Eqs. (110) and (111). If no 

electrolytes are present, then Eq. (109) is reduced back to the general form of NRTL in 

Eq. (57).  

9.3 Long-range contributions 

Long-range ion-ion interactions are accounted with the symmetric extended Pitzer-

Debye-Hückel model. Different equations are used depending on whether the 

component of interest is an uncharged molecule or an ion. These equations are (112) 

and (114), respectively. The contribution of the long-range interactions to the activity 

coefficients is more pronounced for ions, as uncharged molecules are more dependent 

on the local interactions. An error was noticed in the equation reported by Song and 

Chen (2009) for long-range molecular interactions (Eq. (69) in the article). Both the 

corrected version and the original version are presented in Eqs. (112) and (113), 

respectively:  

where   is the closest approach parameter [-]. 

The original Eq. (112) as presented in the article of Song and Chen (2009) appears to 

have a significant error that was also confirmed by the thesis supervisor. The exponent 

3/2 is incorrectly reported as 2/3 in the article of Song and Chen (2009), which is not in 

  
3/2

x x

PDH

x

2
Corrected: ln

1
m

A I

I






,  (112) 

 
2/3

x x

PDH

x

2
Song & Chen: ln

1
m

A I

I






, (113) 



95 

 

accordance with the derivation of the equation. This erroneous exponent also caused 

notable deviations between the activity coefficients calculated by Aspen Plus and the 

implemented Flowbat program of this study. In addition, if Eq. (114) for ions is 

calculated with a charge of zero it reduces back to Eq. (112), with an exponent of 3/2. 

Additionally, the exponent 3/2 was also used by Pitzer & Simonson (1985) in their 

original formulation of the Pitzer-Debye-Hückel model. 

where  i j  is the Kronecker’s delta ( = 1 when i = j;  = 0 when i ≠ j) [-], 

 x,0I  is the ionic strength in mole fraction scale at the fused salt reference 

state [-] and 

 
0

jx  is the mole fraction of an ion j in the reference state [-]. 

Ionic strength ( xI ) is calculated according to the mole fraction basis, as was presented 

in Eq. (68). The Debye-Hückel parameter xA  is also calculated in the mole fraction 

scale:  

where 
av

m,SV  is the average molar volume of the solvent [m
3
 mol

-1
] and 

 
av,abs

S is the average absolute permittivity of the solvent [C
2
 J

-1
 m

-1
]. 

The evaluation of 
xA  in Eq. (115) requires knowledge of the average relative 

permittivity and average molar volume of the solvent mixture. These parameters can be 

calculated with a simple mixing rule presented in Eq. (116). The relative permittivity 

must be converted into absolute dielectric permittivity by multiplying it with the 

vacuum permittivity. However, this would produce the permittivity in Gaussian unit 
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system. Conversion from Gaussian unit system to SI units is done by multiplication 

with 4π. This procedure was not explained in the original article of Song and Chen 

(2009), but it is included in Eq. (117).  

where 0  is the permittivity of vacuum (8.8541878 × 10
−12

 C
2
 J

-1
 m

-1
). 

The temperature dependence of the molar volume and relative permittivity of a pure 

component can be accounted with adjustable variables and models, such as the Rackett 

equation for molar volumes (Aspen Technology, Inc. 2011, p. 169). However, in the 

Flowbat program the molar volumes are provided by another subroutine, while relative 

permittivities are calculated with the following equation (Gmehling et al. 2012, p. 381): 

 1 1

298.15K
i i iA B

T


 
   

 
,  (118) 

where iA  is an adjustable parameter for the temperature dependent function of 

relative permittivity of component i [-] and 

 iB  is an adjustable parameter for the temperature dependent function of 

relative permittivity of component i [-]. 

The closest approach parameter   is dependent on the properties of the electrolytes 

present in the mixture. The parameters required for the estimation of its value include 

the hard-core collision diameters of the ions, and a model to evaluate the short-range 

interactions. The Debye-Hückel model incorrectly assumes that ions have no diameter, 

which is corrected with the closest approach parameter. Calculating the closest approach 

parameter accurately would complicate equations significantly and it is therefore often 

treated empirically by giving it a fixed value. The value of 14.9 is used by Aspen Plus 
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and in most articles concerning eNRTL equations as it was originally suggested by 

Pitzer & Simonson (1985), but according to Simoni et al. (2007) larger values can be 

more suitable for larger, organic electrolytes. Simoni et al. (2007) used the value of 25 

for several relatively complex organic electrolytes. Simple approximations for some 

specific cases are available (Pitzer & Simonson 1985): 

Eq. (119) is exceptionally accurate for water-NaCl systems in a wide temperature range. 

However, it should not be directly applied for other systems. (Pitzer & Simonson 1985) 

The conversion of the Pitzer-Debye-Hückel model from the unsymmetric to the 

symmetric reference state is accounted by using ionic strength at reference state ,0xI , 

and corresponding mole fractions 0x . This is the ionic strength of the “mixture”, if it 

were in its hypothetical pure fused salt state, which can be seen in equation (120). In 

this state, the mole fraction of non-ionic components is assumed to be equal to zero. 

(Song and Chen 2009) 

If the unsymmetric standard convention is used instead, 
,0xI  is equal to zero and the 

same equations presented thus far are still applicable. 

The Kronecker’s delta ij  in Eq. (114) is equal to 1 when ions i and j are the same, and 

when they are different, ij  is equal to zero. Song and Chen (2009) did not clarify this 

in their article. 
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9.4 Conversion to unsymmetric standard convention 

As stated in chapter 4, reaction equilibrium constants can be determined directly from 

the standard Gibbs energies. In literature, the unsymmetric standard convention, i.e. 

“infinite dilution aqueous solution”, is most often used when defining the standard 

Gibbs energies for ions. This presents a minor problem when the symmetric activity 

coefficient program is integrated fully into Flowbat, as it also calculates the equilibrium 

constants through the standard Gibbs energies, if they are not specified manually. 

Converting thermodynamic properties based on the unsymmetric convention into the 

symmetric convention would only complicate the Flowbat program further. This 

problem can be averted by adding simple normalization procedures to the program, 

which makes it capable of functioning with both standard conventions.  

The differences between a model based on the symmetric convention and a model based 

on the unsymmetric convention are small, if only their equations are considered. Same 

equations for short-range and long-range interactions are used for both types of models, 

with certain modifications. For short-range interactions terms, a normalization term is 

added for ionic species. The local composition contributions ( lcln i ) are calculated as 

they were shown in Eqs. (110) and (111), but now an infinite dilution term is subtracted 

from them, as is shown in Eq. (121). The infinite dilution term can be derived from Eqs. 

(110) and (111) by assuming that the mixture consists only water (i.e. W 1x  ). (Song 

and Chen 2009) 

where 
,lc

i


 is the unsymmetric local composition contribution to the activity 

coefficient of ion i [-] and 

lc,

i


 is the local composition contribution to the activity coefficient of 

ion i at infinite dilution [-]. 
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The long-range interaction contribution to the activity coefficients of ions is calculated 

as it was shown in Eq. (114), except in the unsymmetric convention ionic strength at the 

reference state is equal to zero (i.e. 
x,0 0I  ). Short-range and long-range contributions 

for non-ionic species are calculated exactly the same way as in the symmetric model, as 

both conventions assumed these species to be pure in the reference state. However, this 

is not true for the Henry components, and  the unsymmetric reference state must be used 

for them. As they are gases dissolved in a liquid phase, the activity coefficients of the 

Henry components can be normalized with the same infinite dilution term presented in 

Eq. (121). (Aspen Technology, Inc. 2011, p. 15-16) 

Additionally, when the unsymmetric infinite dilution aqueous solution standard state is 

utilized for ions, the change in the dielectric constant of the solvent mixture must be 

accounted with the Born term. As this standard state assumes that water is the only 

solvent present, the Born term as presented in Eq. (94) can be used to correct the effect 

of other solvents on the dielectric constant, and subsequently their effect on the activity 

coefficients. The Born term is also only applied to ionic species. (Song and Chen 2009) 

 

9.5 Setting up Aspen Plus 

Aspen Plus version 8.4 was used for verifying the model implemented to Flowbat. As 

stated previously, the activity coefficient model that was programmed is the symmetric 

eNRTL model presented in Song and Chen (2009). The corresponding property method 

in Aspen Plus is called ENRTL-SR. ENRTL-SR uses identical equations as Song and 

Chen (2009). By default this property method uses the Redlich-Kwong equation of state 

for calculating vapor phase properties. The presence of the electrolytes affects the VLE 

behavior of a mixture, which in turn has an effect on the system properties, and 

naturally the equilibrium conditions and compositions. However, the vapor phase has no 

direct effect on the activity coefficients in the solution. In addition, all the equilibrium 

compositions were first calculated with Aspen Plus and the results of this calculation, 

i.e. the equilibrium mole fractions in the liquid phase, were used to evaluate the 

performance of the built Flowbat program for the activity coefficients. 
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The Aspen Plus User Guide was used to clarify on how some of the parameters are 

determined by Aspen Plus. This guide can be found through the software interface, or as 

a separate document called “Aspen Physical Property System” (Aspen Technology, Inc. 

2011). The parameters of a simulation are defined through the indexed structure of the 

Aspen Plus interface. This interface is shown in Fig. 8, in which all of the relevant tabs 

for this thesis are highlighted. 

 

Figure 8. Indexed Aspen Plus interface and its tabs. All relevant tabs are highlighted. 

After initializing Aspen Plus as a “Blank simulation” and setting the property method as 

ENRTL-SR, components were determined. Then the “Elec Wizard” function of Aspen 

Plus was used for determining relevant electrolyte chemistry. In the Electrolyte Wizard 

prompt, “APV84 REACTIONS” was chosen as the source for chemistry data and the 

symmetric reference state was chosen for ions. Then all components that take part in the 

dissociation reactions were selected. “Hydronium ion H3O
+
” was chosen by default for 

hydrogen ion type. From the available options, “salt formation” was included although 

it is irrelevant for cases where dissociation is complete and the concentration of the 

electrolyte is not excessive. “Water dissociation reaction” was neglected in the initial 

simulations, but it was added once the formed Flowbat program functioned properly in 

cases without water dissociation. 
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Next, the Electrolyte Wizard presented all the available reactions between specified 

dissociating components. Some of these reactions may be removed freely, which causes 

Aspen Plus to ignore these reactions during simulations. The previous two steps can be 

seen in Fig. 9.  

 

Figure 9. Choosing components and reactions in the electrolyte wizard of Aspen Plus. 

The Electrolyte Wizard will then ask whether “True component approach” or 

“Apparent component approach” is used. If the apparent component approach is 

selected, Aspen Plus will only report results for initially defined apparent components 

such as solvents and undissociated electrolytes. Since the ion activity coefficients are in 

focus of this thesis, the true component approach was selected, as ions (and precipitated 

salts) are considered as true components. Generally, both approaches produce the same 

results in simple cases, but it can affect calculations in certain electrolyte cases. The 

apparent approach is recommended for systems with liquid-liquid equilibrium and true 

approach for complex multi-electrolyte systems as it converges more easily. (Aspen 

Technology, Inc. 2011, p. 182-183) Finally, the Electrolyte Wizard will present a 

summary of all previous decisions, and reviews of chemical reactions and possible 

Henry components can be viewed. The last two steps can be seen in Fig. 10. 
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Figure 10. Choosing component approach in the electrolyte wizard and reviewing 

previous decisions. 

Under the “Chemistry” tab, dissociation and other possible reaction equilibrium 

constants can be defined. Normally, with the unsymmetric eNRTL methods Aspen Plus 

is able to automatically calculate equilibrium constants from the reference state Gibbs 

energies, or the reaction equilibrium constants are available from an external source. 

Instead, for the symmetric ENRTL-SR method these constants must be manually 

inputted. This does not pose a problem in this case, as the program created in Flowbat 

only uses the calculated equilibrium compositions, which was calculated in Aspen Plus. 

In the case of NaCl dissociation reaction, its equilibrium constant “A” was arbitrarily 

chosen as 200 000, in order to ensure complete dissociation. 

Aspen Plus defines binary interaction parameters   and non-randomness parameters   

by dividing them into temperature independent and temperature dependent terms. These 

terms contain adjustable parameters, but the exact form of these terms depends on 

whether they are used for the conventional NRTL parameters or for the eNRTL 

parameters. The conventional NRTL parameters are calculated by Aspen Plus with Eq. 

(122), while Eq. (123) is used for eNRTL parameters. 

where  i ja , i jb , i je , i jf , i jc  and i jd  are adjustable parameters for NRTL model. 
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where i jC , i jD  and i jE  are adjustable parameters for eNRTL model. 

The reference state temperature 0T  used by Aspen Plus is 298.15 K by default. 

Electrolyte-solvent parameters are calculated with the conventional NRTL equation 

(122), while ion-pair - solvent parameters and ion-pair - ion-pair parameters are 

calculated with Eq. (123) for eNRTL. Parameters for the NRTL equation can be found 

under the tab “NRTL” in binary interactions, and for the symmetric ENRTL-SR 

equation under the “Electrolyte Pair” tab. The electrolyte parameters are all further 

divided into “GMENCC” (parameter C in Eq. (123)), “GMENCD” (parameter D in Eq. 

(123)), “GMENCE” (parameter E in Eq. (123)) and “GMENCN” (non-randomness 

parameter  ) tabs. These parameters are compiled in Table 2. 

Table 2. Adjustable parameters used for defining the binary interaction and non-

randomness parameters in Aspen Plus.  

Parameters Binary interaction (τ) Non-randomness (α) 

Adjustable parameters C D E α 

Name in Aspen Plus GMENCC GMENCD GMENCE GMENCN 

The user may freely overwrite these variables manually, or define new interaction pairs 

altogether. It should be noted that if the non-randomness parameter is not defined, it will 

be as a default 0.3 for the NRTL pairs and 0.2 for the eNRTL pairs. The electrolyte pair 

tabs are can be seen in Fig. 11. 
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Figure 11. Binary interaction parameters for the water - Na
+
-Cl

-
 pair. 

Activity coefficients are used for comparing the functionality of own implementation to 

Aspen Plus, but version 8.4 of Aspen Plus will not report these values by default. In 

order to fix this, a new “Property Set” was created under a corresponding tab. The 

activity coefficient will be reported if the physical property “GAMMA” is chosen from 

the property set dropdown menu. Additionally, in order to make debugging the code 

faster, ionic strength of the solution is reported with the property “IONSX”, mixture 

molar volume with “VMX” and liquid phase mole fractions with “MOLEFRAC” 

property. If a vapor phase is present in the simulation, liquid phase mole fractions must 

be used for calculating activity coefficients in the Flowbat program. In the one test case 

that has Henry components present, their unsymmetric activity coefficients are reported 

under “GAMUS” property. The custom property set was then instructed to calculate 

these properties in system temperature and pressure, as shown in Fig. 12.  
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Figure 12. Custom property set is created by first selecting desired physical properties 

and then defining the phase and component for which they are presented for. 

Now that the properties of the used thermodynamic model and report options are set up, 

the simulation itself can be prepared. The special “Analysis” tool found in Aspen Plus is 

used for setting up different simulation cases. Component flows are specified for the 

solvents and electrolytes, latter of which will be inputted in its undissociated form. Mole 

fractions used in the Flowbat program later on will be taken from calculated equilibrium 

composition. Temperature and pressure are set to desired values in “Fixed state 

variables”, while mole fractions for an arbitrary component will be chosen as an 

“Adjusted variable”. The adjusted mole fraction will be the same as in original input, 

meaning that nothing will be actually adjusted as there is no need for that feature. The 

custom property set is then chosen under the “Tabulate” tab.  

As the programmed Flowbat model should also be able to utilize unsymmetric standard 

convention if needed, the corresponding Aspen Plus simulations were performed. In 

Aspen Plus, ENRTL-RK is essentially the same model as ENRTL-SR, but it is based on 

the unsymmetric convention instead. A simulation using the unsymmetric model of 

Aspen Plus is setup in almost the same way as the symmetric model simulations. The 

main change during the Electrolyte Wizard setup is that, the standard convention is 

chosen as unsymmetric, and property method as ENRTL-RK. If the standard Gibbs 
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energies for chosen components are available in Aspen Plus databanks, equilibrium 

constants of the dissociation reactions are determined automatically, although these 

parameters can be overwritten by the user. Binary interaction parameters for both the 

conventional NRTL parameters and eNRTL parameters are determined exactly in the 

same way as stated before, and in fact they are identical in both conventions. (Aspen 

Technology, Inc. 2011, p. 122-183) 
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10 FLOWBAT MODEL 

Flowbat is a steady state flowsheeting program used by Neste Jacobs Oy. Program code 

is organized to several modular subroutines and -programs. These subprograms are used 

together for defining and simulating process units, such as distillation columns and 

reactors. Flowbat already has several conventional activity coefficient models 

implemented in it, like e.g. NRTL, UNIQUAC and Wilson, but it currently lacks a 

model capable of representing electrolytic solutions. For this reason, the symmetric 

electrolyte NRTL model, as presented by Song and Chen (2009), was programmed into 

Flowbat with Microsoft Visual Studio 2013. The model was programmed using the 

Fortran programming language and compiled with Intel Visual Fortran Compiler 

version 16.0.  

The created code for the activity coefficient program is considered to be proprietary of 

Neste Jacobs Oy, and cannot be directly presented in this thesis. However, the working 

principles and the general structure of the program will be elaborated in-depth.  

10.1 User input 

The simulation case for Flowbat is defined in a text file, which will be called as the 

input file. In the input file, the user provides: 

 ID numbers of the components included in the simulations. User is also able to 

give or overwrite pure component properties given in the databank. 

 Define and give interaction parameters and other settings required for the usage 

of the activity coefficient model. 

In the input file, several different “flow cases” can be provided, each of which has their 

own mole fraction composition. One of the flow cases is chosen for the simulation, 

along with the temperature and the pressure of this case. All of the required input 

parameters and their descriptions are listed in Table 3. 
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Table 3. Parameters that must defined in the input file and their descriptions. 

User input variable Description 

NCOMP Vector of ID numbers of the components in  

the database 

ROLE_IN_EL_SOLUTION(i) Determines if component i is a solvent (=1) 

or a solute (=2) 

CHARGE(i) Charge number of component i 

RELPERMA(i) Parameter A for the relative permittivity of  

component i 

RELPERMAB(i) Temperature dependent parameter B for the  

relative permittivity of component i 

ENRTLCHEN2009_UNSYMMETRIC Determines whether the model is  

unsymmetric (=1) or symmetric (=0) 

ENRTLCHEN2009_2_A(i,j) Parameters a, b, e and f for determining  

ENRTLCHEN2009_2_B(i,j) binary interaction parameter TAU between  

ENRTLCHEN2009_2_E(i,j) components i and j 

ENRTLCHEN2009_2_F(i,j)   

ENRTLCHEN2009_2_C(i,j) Parameters c and d for determining  

ENRTLCHEN2009_2_D(i,j) non-randomness parameter ALPHA 

between components i and j 

ENRTLCHEN2009_3_C(i,j,k) Parameters C, D and E for determining  

ENRTLCHEN2009_3_D(i,j,k) electrolyte binary interaction parameters  

ENRTLCHEN2009_3_E(i,j,k) TAUE between species i, j and k 

ENRTLCHEN2009_3_ALPHA(i,j,k) Non-randomness parameter ALPHAE  

between species i, j and k 

FNAMES Name of a flow case 

flow Vector of mole fractions for the flow case 

FEED Name of the chosen flow case 

PRES Pressure of the flow case [MPa] 

TEMP Temperature of the flow case [K] 

The program utilizes a symmetric standard state eNRTL model by default, but it can 

also be switched into utilizing an unsymmetric standard state with a 

“ENRTLCHEN2009_UNSYMMETRIC = 1” argument in the input file. This argument 

causes the program to use normalization procedures later on. 

The binary interaction and non-randomness parameters are determined according to 

their adjustable parameters (as seen in Eqs. (122) and (123)), which must be defined in 

the input file. The eNRTL program then calculates the actual binary interaction 
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parameters (TAU and TAUE) and non-randomness parameters (ALPHA and 

ALPHAE), which will be used for the activity coefficient calculations. 

Initially, the binary interaction parameters TAU and auxiliary binary parameters G are 

given the default value of 0, while non-randomness parameters ALPHA’s use the 

default value of user-given “ALPHADEF” constant. This constant usually has the value 

of 0.2, which is also the default value for non-randomness parameters used by Aspen 

Plus. These default values are over-ridden if new ones are defined in the input file. 

Binary interaction parameters and nonrandomness parameters are inputted in a different 

way depending on whether the binary pair is a molecule-molecule pair (i.e. NRTL 

parameters), or if the pair contains a dissociated ion-pair (i.e. eNRTL parameters). The 

conventional NRTL parameters between two molecules are defined through two-

dimensional variables “TAU(i,j)” and “ALPHA(i,j)”. However, the eNRTL parameters 

have to be defined through three-dimensional variables “TAUE(i,j,k)” and 

“ALPHAE(i,j,k)” as each ion pair contains two specific ions. The solvent (or 

electrolyte) molecule is considered a single component in this format, while the cation 

and anion are considered two different components. For example, parameters for NaCl 

dissociation in water would be TAUE(H2O,Na
+
,Cl

-
) and TAUE(Na

+
,Cl

-
,H2O). This 

format is necessary in order to differentiate between dissociated and non-dissociated 

electrolytes, and electrolytes with a common ion. 

While Flowbat is running and solving the phase and reaction equilibrium, the subroutine 

calculating the activity coefficients is called several times. In the subroutine argument 

list temperature, pressure and mole fractions are passed to the routine and activity 

coefficients are obtained as results. Those parameters that are not changed during the 

simulation are usually passed to the simulation through COMMON-area definitions, 

such as molar masses, molar volumes, relative permittivities and charge numbers. 
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10.2 Calculating missing binary parameters 

The actual calculations start by defining effective mole fractions and charge 

composition fractions, which will be later used for the calculation of the short-range 

interactions. The three-dimensional parameters defined earlier are only used for 

deriving two-dimensional parameters for individual ion interactions, that are ion-solvent 

and ion-ion interactions.  

The order in which the program calculates different equations generally tries to follow 

the source article of Song and Chen (2009). Similarly as in the article, the program 

starts by calculating auxiliary G  parameters from inputted non-randomness parameters 

( ) and binary interaction parameters ( ) (Eq. (58)). Then all the missing   and G  

parameters (i.e. ion-solvent, ion-ion etc.) can be derived from charge composition 

fractions (Eqs. (107) and (106)). Finally, all   parameters are calculated again to fill in 

the missing ones. 

10.3 Contributions to activity coefficients  

Now that all of the main eNRTL parameters have been defined, the program proceeds to 

calculating local composition contributions to activity coefficients. Different equation 

for the contribution is used depending on whether the component of interest is a 

molecular species, a cation or an anion (Eqs. (106) - (111)). However, the individual 

terms that these equations use are very similar and only differ in the range of the 

summation function. The program utilizes this fact and divides these terms into three 

subroutines: ‘Term 1’, ‘Term 2 MOL’ and ‘Term 2 ION’. Equation for the contribution 

of molecular species can be seen in Fig. 13, which has been divided into the 

aforementioned terms. 
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Figure 13. Local composition contributions are divided into terms, which are calculated 

by their own subroutines. Terms are dependent on the range of the overall sum function 

(m, A or C). (Song and Chen 2009) 

Whether the program uses the subroutine ‘Term 2 MOL’ or ‘Term 2 ION’ is decided by 

a fourth subroutine ‘Term 2’, through a “switch” variable. This switch determines the 

overall range (i.e. “m”, “C” or “A”) of the summation operator of the subroutine. The 

use of these subroutines and the whole program is summarized in Fig. 14. If the model 

was initially set to use an unsymmetric standard state convention, the local composition 

terms for ions will also be normalized according to Eq. (121). 
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Figure 14. An illustrative flowsheet of the created Flowbat program. The program is 

essentially divided into local composition and electrostatic contributions for activity 

coefficient, and into a main program and five subroutines. 

As seen in Fig. 14, after calculating the local composition contributions to the activity 

coefficients the program moves onto the long-range electrostatic contributions. The 

used Pitzer-Debye-Hückel model requires that variables such as average permittivity, 

average molar volume and ionic strength of the solution are defined (Eqs. (116) and 

(68)). Additionally, the ion mole fractions and ionic strength at the symmetric reference 

state must also be defined (Eq. (120)), which is done with another subroutine. However, 

in the unsymmetric standard convention, these parameters are neglected and set to zero. 

After calculating the Debye-Hückel parameter (Eqs. (112) and (114)), the program can 

then calculate ln  values for all molecular and ionic species (Eq. (115)). 
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Finally, the activity coefficients can be computed by summing the ln  values of short-

range and long-range contributions together. Due to the symmetric standard state 

convention, the Born correction term can be neglected. If a component of interest is a 

Henry component, unsymmetric standard state has to be used for it. In this case, the 

short-range contribution to ln  is normalized according to Eq. (121), before adding it 

to the long-range interaction contribution. 
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11 COMPARISON OF FLOWBAT AGAINST ENRTL-SR 

OF ASPEN PLUS 

A constant value of 1 atm was used for the pressure throughout all of the cases. Change 

in the activity coefficients of the species were less than 0.1 % when the pressure was 

changed to 100 atm. In this chapter the activity coefficients calculated by Flowbat and 

ENRTL-SR of Aspen Plus are compared. The Aspen Plus model supplied the cases with 

the equilibrium compositions and was used also as the source of the binary interaction 

parameters.  

 

11.1 Water + 1-propanol + NaCl system 

A relatively simple water, 1-propanol, NaCl solution was chosen as the first system, 

which was used for testing the functionality of the first implementations. Water and 

NaCl were chosen in order to make sure that Aspen Plus has binary parameters 

available for them, and to make sure that the electrolyte, NaCl, will dissociate 

completely in water as long as its concentration is not increased too much. In addition, 

NaCl is a simple 1-1 electrolyte, which makes debugging the code less arduous by 

reducing some terms to zero. 1-propanol was added in order to test how the program 

handles components that are assumed not to interact with the formed ions. The same 

system was also investigated by Song and Chen (2009), which also influenced the 

choice. Once similar results were achieved with both programs, more complex multi-

electrolyte systems were then tested. 

The agreement between results produced by Aspen Plus and the Flowbat program was 

achieved relatively quickly, once the program was coded. However, as this system is 

relatively simple, some problems that are present in more complex systems were not 

encountered on this stage. The interaction parameters for water - 1-propanol pair were 

provided by the Aspen Plus databank APV84 VLE-RK, while the parameters for water - 

ion-pair interactions were from databank APV84 ENRTL-RK. According to Aspen 

Plus, these parameters were regressed from data points in the temperature range of 25 - 

100 
o
C, which can be considered to be their range of validity. These parameters are 
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compiled in Table 4, in which the factors for binary interaction parameters (τij) and non-

randomness parameters (αij) used in Eqs. (122) and (123) are presented. 

Table 4. Used binary interaction parameters for water + 1-propanol + NaCl system. The 

parameters were taken from Aspen Plus. 

NRTL pairs ij aij bij eij Alpha 

Water - 1-Propanol 5.5085 -879.5382 0 0.3 

1-Propanol - Water  -1.8098 596.9582 0 0.3 

eNRTL pairs ij Cij Dij Eij Alpha 

Water - (Na+ Cl-) 5.980196 841.5181 7.4335 0.2 

(Na+ Cl-) - Water -3.789168 -216.3646 -1.100418 0.2 

Activity coefficients calculated by Aspen Plus and the final version of the Flowbat 

program are compared in Tables 5 and 6. The temperature of 25 
o
C was used for the 

first case, while the temperature of 70 
o
C was used for the latter one. As can be seen 

from the tables, NaCl was assumed to dissociate completely. The salt concentration 

used in these cases corresponds to a molality of 6.24 mol/kg. 

Table 5. Calculated activity coefficients and their deviations at the temperature of 25 
o
C 

for water + 1-propanol + NaCl system. 

Component 

Mole 

fraction [-] 

Molality 

[mol/kgwater] 

Activity 

coefficient 

(Aspen Plus) 

Activity 

coefficient 

(Flowbat) 

Deviation 

[%] 

Water 0.733945 55.508435 0.999452 0.999476 0.00246 

1-Propanol 0.100917 7.632407 1.284957 1.284987 0.00230 

NaCl 0.000000 0.000000 0.288055 0.288061 0.00217 

Na+ 0.082569 6.244698 0.158328 0.158354 0.01657 

Cl- 0.082569 6.244698 0.158328 0.158354 0.01657 

Table 6. Calculated activity coefficients and their deviations at the temperature of 70 
o
C 

for water + 1-propanol + NaCl system. 

Component 

Mole 

fraction [-] 

Molality 

[mol/kgwater] 

Activity 

coefficient 

(Aspen Plus) 

Activity 

coefficient 

(Flowbat) 

Deviation 

[%] 

Water 0.733945 55.508435 1.018052 1.018234 0.01788 

1-Propanol 0.100917 7.632407 1.336539 1.336777 0.01777 

NaCl 0.000000 0.000000 0.285167 0.285217 0.01765 

Na+ 0.082569 6.244698 0.185571 0.185791 0.11875 

Cl- 0.082569 6.244698 0.185571 0.185791 0.11875 
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As can be seen in Table 5, the differences between the activity coefficients calculated 

by Aspen Plus and the Flowbat program are negligible. The small deviations can be 

explained with differences between the accuracies of the programs related to the used 

universal constants and variables. On the other hand, the exact values that Aspen Plus 

uses for these constants could not be found. By comparing Tables 5 and 6, it becomes 

apparent that the activity coefficients of every species increases with temperature. By 

raising the temperature from 25 
o
C to 70 

o
C, the deviation between simulation models 

increases by an order of magnitude, while still remaining negligible.  

 

11.2 Water + 1-propanol + NaCl + CaCl2 system  

Once the program worked with the previous water + 1-propanol + NaCl system, CaCl2 

was added in order to test how the program handles multiple electrolytes with differing 

charge numbers. In addition, NaCl and CaCl2 share the same anion which affects how 

the model determines some parameters. Used binary interaction parameters are 

presented in Table 7:  

Table 7. Used binary interaction parameters for water + 1-propanol + NaCl + CaCl2 

system, as is provided by Aspen Plus. 

NRTL pairs ij aij bij eij Alpha 

Water - 1-Propanol 5.5085 -879.5382 0 0.3 

1-Propanol - Water  -1.8098 596.9582 0 0.3 

eNRTL pairs ij Cij Dij Eij Alpha 

Water - (Na+ Cl-) 5.980196 841.5181 7.4335 0.2 

(Na+ Cl-) - Water -3.789168 -216.3646 -1.100418 0.2 

Water - (Ca++ Cl-) 10.472 0 0 0.2 

(Ca++ Cl-) - Water -5.06 0 0 0.2 

Like in the previous case, water autoionization is not accounted for and all the salts are 

assumed to dissociate completely. However, in this case the amount of dissolved salts is 

increased greatly. The simulated system would have a NaCl molality of 18.73 mol/kg 

and a CaCl2 molality of 7.54 mol/kg. In reality, solubilities of NaCl and CaCl2 in water 

at the temperature of 25 
o
C, according to Aspen Plus, are approximately 6.1 mol/kg and 

6.6 mol/kg, respectively. As the equilibrium constants were exaggerated in these 
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simulations, complete dissociation is achieved even in much higher electrolyte 

concentrations. Calculated activity coefficients and the deviations between the 

calculated values can be seen in Tables 8 and 9, at the temperatures of 25 
o
C and 70

o
C, 

respectively. 

Table 8. Calculated activity coefficients and their deviations at the temperature of 25 
o
C 

for water + 1-propanol + NaCl +CaCl2 system. 

Component 

Mole 

fraction [-] 

Molality 

[mol/kgwater] 

Activity 

coefficient 

(Aspen Plus) 

Activity 

coefficient 

(Flowbat) 

Deviation 

[%] 

Water 0.439337 55.508435 0.410533 0.410606 0.01768 

1-Propanol 0.084846 10.719963 0.680673 0.680794 0.01789 

NaCl 0.000000 0.000000 0.362513 0.362578 0.01788 

Na+ 0.148319 18.739537 0.941774 0.941777 0.00033 

Cl- 0.267771 33.831774 0.747827 0.747832 0.00063 

CaCl2 0.000000 0.000000 0.362513 0.362578 0.01788 

Ca++ 0.059726 7.546118 0.492254 0.492576 0.06520 

Table 9. Calculated activity coefficients and their deviations at the temperature of 70 
o
C 

for water + 1-propanol + NaCl +CaCl2 system. 

Component 

Mole 

fraction [-] 

Molality 

[mol/kgwater] 

Activity 

coefficient 

(Aspen Plus) 

Activity 

coefficient 

(Flowbat) 

Deviation 

[%] 

Water 0.439337 55.508435 0.436598 0.437168 0.13026 

1-Propanol 0.084846 10.719963 0.702781 0.703699 0.13047 

NaCl 0.000000 0.000000 0.360653 0.361124 0.13044 

Na+ 0.148319 18.739537 0.985559 0.985599 0.00406 

Cl- 0.267771 33.831774 0.761307 0.761340 0.00435 

CaCl2 0.000000 0.000000 0.360653 0.361124 0.13044 

Ca++ 0.059726 7.546118 0.479634 0.481925 0.47521 

If the results in Table 8 and 9 are compared in relation to the results of the previous case 

without CaCl2, the deviations between the Aspen Plus and Flowbat simulations have 

increased noticeably, except for the Na
+
 and Cl

-
 ions. The most notable deviation is for 

Ca
2+

-ion, which may be due to its higher charge number. As seen in Eq. (114), the long-

range interaction term is dependent on the square of the charge number, which increases 

deviations associated with it significantly as the charge number value increases. 
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11.3 Water + formic acid system with water autoionization 

In the previous examples, all of the investigated systems have had only electrolytes that 

dissociate completely. As most organic acids found in biomass related processes 

dissociate only partially, water - formic acid mixture was also used to test the model. In 

addition, the dissociation of water into H3O
+
- and OH

-
 -ions (i.e. autoionization) was 

included in the simulations.  

Due to the fact that formic acid dissociates only partially, interaction parameters 

between water and the non-dissociated formic acid molecules are needed, in addition to 

the parameters for water - dissociated ion-pair. The conventional NRTL parameters 

were provided by the Aspen Plus databank APV84 VLE-HOC, while eNRTL 

parameters for ion-pair - water and water - ion-pair pairs were provided by APV84 

ENRTL-RK databank in the temperature range of 30 - 108 
o
C. These parameters are 

presented in Table 10. 

Table 10. Used binary interaction parameters for water + formic acid system with water 

autoionization, as is provided by Aspen Plus. 

NRTL pairs ij aij bij eij Alpha 

Water - Formic acid -2.5864 725.0173 0 0.3 

Formic acid - Water  4.5156 -1432.0835 0 0.3 

eNRTL pairs ij Cij Dij Eij Alpha 

Water - (H3O+ HCOO-) -2.5864 725.0173 0 0.2 

(H3O+ HCOO-) - Water 4.5156 -1432.0835 0 0.2 

Water - (H3O+ OH-) 8.045 0 0 0.2 

 (H3O+ OH-) - Water -4.072 0 0 0.2 

As stated previously, the actual equilibrium composition this mixture would have does 

not matter while validating the calculation capabilities of the built Flowbat program. 

The formic acid dissociation constant was arbitrarily chosen as e
-1

, while the water 

dissociation constant was chosen as e
-2

. This format is due to the form of the reaction 

equilibrium constant used by Aspen Plus. This resulted in a mixture that has a HCOO
-
 

molality of 3.41 mol/kg, H3O
+
 molality of 11.74 mol/kg and a OH- molality of 8.33 

mol/kg. The results of simulations in temperatures of 25 
o
C and 70 

o
C for this system 

are in the following Tables 11 and 12, respectively. 
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Table 11. Calculated activity coefficients and their deviations at the temperature of 25 

o
C for water + formic acid system with water autoionization. 

Component 

Mole 

fraction [-] 

Molality 

[mol/kgwater] 

Activity 

coefficient 

(Aspen Plus) 

Activity 

coefficient 

(Flowbat) 

Deviation 

[%] 

Water 0.487864 55.508435 0.742491 0.742430 -0.00820 

Formic acid 0.146986 16.723815 0.625336 0.625285 -0.00814 

HCOO- 0.053014 6.031904 1.061951 1.061856 -0.00893 

H3O+ 0.182575 20.773173 1.191540 1.191430 -0.00925 

OH- 0.129561 14.741269 0.630005 0.629946 -0.00944 

Table 12. Calculated activity coefficients and their deviations at the temperature of 70 

o
C for water + formic acid system with water autoionization. 

Component 

Mole 

fraction [-] 

Molality 

[mol/kgwater] 

Activity 

coefficient 

(Aspen Plus) 

Activity 

coefficient 

(Flowbat) 

Deviation 

[%] 

Water 0.480941 55.508435 0.766018 0.766105 0.01127 

Formic acid 0.147640 17.040071 0.625464 0.625535 0.01127 

HCOO- 0.052360 6.043200 1.058803 1.058929 0.01192 

H3O+ 0.185710 21.433925 1.215576 1.215719 0.01176 

OH- 0.133350 15.390725 0.610158 0.610229 0.01165 

As can be seen in Tables 11 and 12, the calculated activity coefficients of the Aspen 

Plus model and the Flowbat program are in a remarkably good agreement. The H3O
+
-

ions have a much higher concentration than the other ions, as it is formed by both 

dissociation reactions. The equilibrium composition is now slightly different in higher 

temperatures, as the extent of dissociation reactions has increased. 

 

11.4 Water + ammonia + hydrogen sulfide system 

11.4.1 Symmetric convention 

The last system tested contained ammonia (NH4) and hydrogen sulfide (H2S), which are 

dissolved in water. Both ammonia and hydrogen sulfide can be considered as “light 

gases”, due to both them having a boiling point significantly lower than the normal 

room temperature. This would classify them as Henry components, as is confirmed by 

Aspen Plus by automatically assigning them as such. This system was chosen because 
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ammonia and hydrogen sulfide are components commonly found in different processes 

and they act as electrolytes when dissolved in water (also called as “sour water”). 

Used binary interaction parameters and non-randomness parameters for these 

components are presented in Table 13. Curiously enough, Aspen Plus databank APV84 

ENRTL-RK gives the same parameters for all eNRTL pairs. It would appear that the 

databank uses these parameters as default values if more accurate ones are not available. 

In any case, this does not matter when validating the Flowbat program. When different 

interaction parameters were assigned for each pair manually, deviations between 

simulation results remained negligible. NRTL parameters were also supplied by the 

APV84 ENRTL-RK databank. The temperature ranges these parameters are valid are 0 

- 200 
o
C for ammonia and 0 - 150 

o
C for hydrogen sulfide.  

Table 13. Used binary interaction parameters for water + ammonia + hydrogen sulfide 

system with water autoionization, as is provided by Aspen Plus. 

NRTL pairs ij aij bij eij Alpha 

Water - Ammonia -0.544072 1678.469 0 0.2 

Ammonia - Water  -0.1642422 -1027.525 0 0.2 

Water - Hydrogen sulfide -3.674 1155.9 0 0.2 

 Hydrogen sulfide - Water -3.674 1155.9 0 0.2 

eNRTL pairs ij Cij Dij Eij Alpha 

Water - (H3O+ HS-) 8.045 0 0 0.2 

(H3O+ HS-) - Water -4.072 0 0 0.2 

Water - (NH4+ OH-) 8.045 0 0 0.2 

 (NH4+ OH-) - Water -4.072 0 0 0.2 

Water - (H3O+ OH-) 8.045 0 0 0.2 

 (H3O+ OH-) - Water -4.072 0 0 0.2 

Like with previous cases, results of the simulations are presented in the following tables 

14 and 15. 
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Table 14. Calculated activity coefficients and their deviations at the temperature of 25 

o
C for water + ammonia + hydrogen sulfide system with water autoionization. 

Component 

Mole 

fraction [-] 

Molality 

[mol/kgwater] 

Activity 

coefficient 

(Aspen Plus) 

Activity 

coefficient 

(Flowbat) 

Deviation 

[%] 

Water 0.612240 55.508435 0.836833 0.837131 0.03557 

Ammonia 0.024521 2.223193 0.100839 0.100874 0.03391 

OH- 0.171675 15.564819 0.774100 0.774454 0.04565 

NH4+ 0.046049 4.175028 0.796842 0.797204 0.04546 

H2S 0.017169 1.556583 0.152728 0.152783 0.03557 

HS- 0.001360 0.123328 1.115301 1.115810 0.04559 

H3O+ 0.126986 11.513113 0.774406 0.774758 0.04546 

Table 15. Calculated activity coefficients and their deviations at the temperature of 70 

o
C for water + ammonia + hydrogen sulfide system with water autoionization. 

Component 

Mole 

fraction [-] 

Molality 

[mol/kgwater] 

Activity 

coefficient 

(Aspen Plus) 

Activity 

coefficient 

(Flowbat) 

Deviation 

[%] 

Water 0.619752 55.508435 0.852396 0.853049 0.07655 

Ammonia 0.031603 2.830576 0.126574 0.126669 0.07532 

OH- 0.171936 15.399571 0.772271 0.773031 0.09821 

NH4+ 0.036932 3.307862 0.780233 0.781007 0.09918 

H2S 0.003808 0.341074 0.087137 0.087204 0.07663 

HS- 0.000482 0.043166 1.079093 1.080154 0.09825 

H3O+ 0.135486 12.134871 0.772361 0.773128 0.09918 

According to Tables 14 and 15, deviations between Aspen Plus and the Flowbat 

program are negligible in this case as well. As seen in Table 15, mole fractions of 

ammonia and hydrogen sulfide decrease at higher temperatures. This makes sense, as 

the solubility of most gases decreases as the temperature increases. The activity 

coefficients in the aforementioned tables are all based on the symmetric standard 

convention, which is problematic for the Henry components. These activity coefficients 

cannot be used directly for equilibrium calculations when molecular ammonia and 

hydrogen sulfide are concerned, as the unsymmetric convention must be used for them.  

A simple normalization procedure was added to the built Flowbat program to account 

for the unsymmetric standard convention of the Henry components. Unsymmetric 

activity coefficients reported by Aspen Plus for ammonia and hydrogen sulfide were 

1.055098 and 0.102608, respectively. The corresponding activity coefficients calculated 

by the Flowbat program only deviated 0.039 % and 0.036 %, respectively.  
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11.4.2 Unsymmetric convention 

The same water + ammonia + hydrogen sulfide system was also tested while utilizing 

the unsymmetric standard convention. This time the activity coefficients of ionic 

species, as well as the Henry components, are all normalized according to the 

unsymmetric infinite dilution aqueous solution standard state. In Aspen Plus, the 

corresponding property method is called ENRTL-RK. The used binary interaction 

parameters and non-randomness parameters are identical to the ones used in the 

previous symmetric case, which can be seen in Table 13. Due to the unsymmetric 

standard state convention, dissociation constants are now determined automatically by 

Aspen Plus. The results of these simulations are presented in the Table 16. 

Table 16. Calculated activity coefficients and their deviations at the temperature of 
25 

o
C for water + ammonia + hydrogen sulfide system with water autoionization, while 

utilizing the unsymmetric standard state convention for ions and Henry components. 

Component 

Mole 

fraction [-] 

Molality 

[mol/kgwater] 

Activity 

coefficient 

(Aspen Plus) 

Activity 

coefficient 

(Flowbat) 

Deviation 

[%] 

Water 0.899997 55.508435 1.010167 1.010160 -0.00069 

Ammonia 0.040032 2.469006 0.092747 0.092742 -0.00488 

OH- 3.33E-06 2.06E-04 0.237637 0.237761 0.05223 

NH4+ 0.029968 1.848333 0.472246 0.472491 0.05185 

H2S 0.000035 0.002161 1.257488 1.257482 -0.00052 

HS- 0.029965 1.848123 0.472230 0.472475 0.05185 

H3O+ 1.43E-11 8.82E-10 0.237622 0.237746 0.05238 

As can be seen in Table 16, when using the unsymmetric standard state, Aspen Plus and 

the Flowbat program are still in good agreement when it comes to the calculated activity 

coefficients. The extent of the electrolyte dissociation remains relatively small in this 

case, as the dissociation constants of ammonia, hydrogen sulfide and water 

autoionization have more realistic values.  
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11.5 Analyzing deviations between Aspen Plus and Flowbat  

Overall, when comparing the activity coefficients calculated by the programmed 

Flowbat program and Aspen Plus, deviations between them remained negligible in each 

case. However, these deviations increased notably in almost every case when the 

temperature of the investigated system was increased. Significance of the long-range 

interaction term increases with temperature, which contains several universal constants 

(e.g. Boltzmann constant) risen to various powers. This naturally increases the 

difference associated with these constants exponentially. As the exact constants used by 

Aspen Plus could not be found, and minor deviations between different literature 

sources exist, it stands to reason that different values for these constants were used by 

Aspen Plus and the Flowbat program. 

In addition to increased deviation caused by an increase in temperature, the deviation is 

also dependent on the concentration of ionic species (i.e. the ionic strength of the 

solution). This effect was analyzed more in-depth with the water + 1-propanol + NaCl + 

CaCl2 system, while ignoring water autoionization. This system was simulated in the 

ionic strength range of ~ 1 - 42 mol/kg by both programs, and the average deviation of 

all components between both programs were calculated at each data point. This average 

deviation, plotted as a function of ionic strength of the solution, can be seen in Fig. 15. 

In all of the simulations, 1-propanol concentration had a constant concentration of 8.5 

mol-%, while a ratio of ~ 4:2:1 was retained between Cl
-
, Na

+
 and Ca

2+
 -ions, 

respectively. 
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Figure 15. Average deviation between calculated activity coefficients of the Flowbat 

program and Aspen Plus. Investigated system contains water + 1-propanol + NaCl + 

CaCl2, with a constant 1-propanol concentration of 8.5 mol-%. 

As seen in Fig. 15, the average deviation between Aspen Plus and the Flowbat program 

increase considerably when the ionic strength approaches zero. This behavior is due to 

the long-range interaction term of the activity coefficient model becoming more 

significant, in relation to the short-range term. This increased significance also increases 

the deviations resulting from the aforementioned uncertainties related to the used 

universal constants. In separate simulations, the ionic strength was decreased to 0.048 

mol/kg, which resulted in an average deviation of 0.047 %. Due to this small deviation, 

it would seem that the divergence between the programs in dilute solutions does not 

pose a notable problem. Additionally, after reaching a local minimum at roughly 20 

mol/kg of ionic strength, the average deviation starts to increase. This would suggest 

that the short-range interaction term also contains some minor discrepancies between 

the programs.  

Without knowing more in-depth how Aspen Plus handles calculations on a fundamental 

level, the source of these small deviations can only be speculated. Additionally, Fortran 

programming language using double precision variables is ultimately limited to using 

only 15 significant digits, which can further increase the deviation between the 

programs. 
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12 CONCLUSIONS 

The purpose of this thesis was to provide the reader a general understanding of 

electrolytic solutions and the principles for their thermodynamic modeling. As 

bioprocesses become increasingly more common in industry, accurate modeling of 

electrolytic solutions poses a problem for their development. A more practical and 

equation oriented approach was adopted for this thesis, in order to present the subjects 

from the point of view of an engineer, and to provide a guideline for choosing and 

applying these thermodynamic models. 

Some of the basic concepts of thermodynamic modeling were presented in this thesis, 

especially from the point of view of electrolytic solutions. The subjects that were 

introduced included: vapor-liquid and chemical equilibrium calculations, 

thermodynamic standard states, equations of state and activity coefficient models. Due 

to the extremely broad range of subjects, only a relatively superficial examination could 

be performed on each topic.  

Thermodynamic modeling of electrolytic solutions is more complicated in relation to 

non-electrolytic solutions, due to the presence of electrically charged ions. These ions 

introduce additional interactions between different species that can cause highly non-

ideal behavior. Additionally, their inclusion might necessitate the use of differing 

standard state conventions, such as infinite dilution convention for ions and pure liquid 

convention for non-ionic species.  

The increased non-ideality must be accounted for properly when estimating the phase 

and reaction equilibrium of the mixture. The extent of the departure of a real mixture 

from the ideal behavior is represented with either a fugacity coefficient or an activity 

coefficient. The fugacity and activity coefficients can be calculated with different 

models that were presented in chapters 6 and 7. Fugacity coefficients are calculated with 

an equation of state, e.g. eCPA. The equations of state are generally considered to be 

less suitable for electrolytic solutions due to their high dependence on the accuracy of 

the mixing rules. However, they are often utilized in situations where the solution is at 

extremely high temperature and pressure, such as near the critical point of the solution.  
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For more typical applications of electrolyte solutions, where the temperature and 

pressure are more near to the room temperature, the activity coefficient models are more 

commonly used. An innumerable amount of different models have been developed over 

the decades, but only a few of them are applicable for solutions with electrolytes. Some 

of the most widely used models are the eNRTL, LIQUAC and Pitzer models, which 

typically consist of short-range and a long-range interaction terms, which are estimated 

through the use of different theories. Differences between most modern activity 

coefficient models appear to be negligible, at least regarding their prediction 

capabilities. Accuracy of the model is more dependent on the available parameters, 

rather than the model itself.  

In the applied section, the symmetric eNRTL model was presented in more detail and 

programmed for the Flowbat simulation software using the Fortran programming 

language. The programmed Flowbat model was validated by comparing the activity 

coefficients calculated by it against the results of identical simulations performed with 

the Aspen Plus simulation software. The deviations between these results remained 

generally negligible and below 0.1 %, while some factors, such as a higher charge 

number, increased the deviation up to 0.47 %. The source of these deviations is most 

likely the long-range interaction term, which contains several universal constants risen 

to various powers. As the exact values that Aspen Plus uses for these constants could 

not be found, the true source of these minor deviations can only be hypothesized.  

In the future, more research should be concentrated towards applying and developing 

these electrolyte activity coefficient models for systems containing multiple electrolytes 

and solvents. In most of the published articles, the researchers have investigated 

aqueous systems that contain only one or two electrolytes at the same time, while 

ternary electrolyte systems are considered very rarely. In a realistic chemical 

environment, like when dealing with bioprocesses, there maybe even a dozen different 

electrolytes present in minute concentrations. How electrolytes and their constituent 

ions interact between each other has so far been only speculated, or either neglected 

completely. This shortcoming is due to the lack of a reliable method for determining 

electrolyte-electrolyte interaction parameters. 
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Some interesting subjects related to this thesis could not be addressed properly due to 

time constraints. For example, ionic liquids were not introduced in any chapter, as their 

inclusion would have necessitated extensive research due to their complex nature. It is 

almost certain that the significance of ionic liquids in industrial applications continues 

to increase in the future, and their thermodynamic modeling will introduce new 

challenges.  

In addition, the source article from which the model was acquired from, appeared to 

contain some unclearly defined variables and even outright errors, which were fixed 

during the implementation of the eNRTL model. As a whole, the experience gained 

from simulating these electrolyte systems on a rudimentary level to both Flowbat and 

Aspen Plus will definitely help in the further usage of the electrolyte solution models in 

the process design and analysis work performed at Neste Jacobs Oy. 
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APPENDICES 

Appendix 1. Derivation of mean ionic chemical potential 

Mean chemical potential for assembly of ions is derived in equations (A 1) and (A 9) 

they are based on the derivations made by Gmehling et al. (2012, p. 369-371). 

Electrolyte is assumed to dissociate according to reaction equation (A 1).  

where E  is the electrolyte molecule [-], 

Cv  is the stoichiometric coefficient of a cation [-], 

C  is a cation [-], 

Cz  is the charge number of the cation [-], 

 Av  is the stoichiometric coefficient of an anion [-], 

 A  is an anion [-] and 

Az  is the charge number of an anion [-]. 

Sum of stoichiometric coefficients in equation (A 2) is needed later on. This and other 

mean ionic properties are defined for each dissociation reaction separately. 

where v  is the sum of stoichiometric coefficients [-]. 

Mean molality of the negative and positive ions is calculated in equation (A 3). 
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C A= +v v v , (A 2) 



 

 

where m  is the mean ionic molality [mol 
1

solventkg
], 

 Cm  is the molality of the cation [mol 
1

solventkg
] and 

Am  is the molality of the anion [mol 
1

solventkg
]. 

Mean ionic activity coefficient can be calculated with an equation seen in equation 
(A 4). As stated before activity coefficients for individual ions cannot be measured and 

they are only used for defining the mean coefficient. 

where 
m   is the mean activity coefficient of electrolytes (molal) [-], 

 
m

C  is the activity coefficient of the cation (molal) [-] and 

m

A  is the activity coefficient of the anion (molal) [-]. 

Mean chemical potential for the assembly of ions can be derived from total derivative of 

its partial molar Gibbs energy in equation (A 5). It can be reduced with the definition of 

the mean amount of ions in equation (A 6).  

where   is the mean ionic chemical potential of ions [J mol
-1

], 

 n  is the mean amount of ions [mol], 

 Cn  is the amount of cations [mol] and 

 An  is the amount of anions [mol]. 
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With the two previous equations, mean ionic chemical potential is reduced to equation 

(A 7).  

where C  is the chemical potential of the cation [J mol
-1

] and 

 A  is the chemical potential of the anion [J mol
-1

]. 

By expanding previous equation (A 7) with the definition of chemical potential for 

molal scale in equation (5), the following equation (A 8) is derived: 

By combining equations (A 2) - (A 3), mean chemical potential can finally be expressed 

in a measurable form. 
0m  has been omitted from the equation (as 

0m = 1 mol/kg). 

Equation (A 9) is defined in molal units. 

where 
0,m  is the molal standard state mean ionic chemical potential of 

electrolytes [J mol
-1

]. 
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