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ABSTRACT 

The models used in prediction of the activity coefficients are important tools when designing 

major unit operations (distillation columns, liquid-liquid extractors etc). In the petrochemical 

and chemical industry well established methods such as UNIFAC and ASOG are routinely 

employed for the prediction of the activity coefficient. These methods are however reliant on 

binary group interaction parameters which need to be fitted to reliable experimental data. It is 

for this reason that these methods are very often not applicable to systems which involve 

complex molecules. In these systems typically solid-liquid equilibria are of interest where the 

solid is some pharmaceutical product or intermediate or a molecule of similar complexity (The 

term complex here refers to situations where molecules contains several functional groups 

which are either polar, hydrogen bonding or lead to mesomeric structures in equilibrium. In 

many applications due to economic considerations no more than 30 solvents are usually 

employed. 

It is for this reason that the objective of this work is to develop a method for predicting the 

activity coefficient of complex multifunctional compounds in common solvents. The segment 

activity coefficient approaches proposed by Hansen and the NRTL-SAC model show that it 

should be possible to “interpolate” between solvents if suitable reference solvents are 

available (e.g. non-polar, polar and hydrogen bonding). Therefore it is useful to classify the 

different solvents into suitable categories inside which analogous behaviour should be 

observed. To accomplish this, a significant amount of data needs to be collected for the 

common solvents. A novel method to achieve this is proposed in the report. The four main 

methods for activity coefficient prediction are reviewed and a possible method for estimating 

the missing binary interaction parameters in the group contribution methods: UNIFAC and 

mod. UNIFAC is examined.  

The final chapter in this progress report outlines the further steps of this research and the 

work involved in each.  
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NOMENCLATURE 

 

ai   - Activity of component i. 

c   - Cohesive pressure (MPa). 

F   - Degrees of freedom. 

f   - Fugacity (kPa) 

ˆ
if    - Fugacity in solution of component i (kPa). 

G   - Gibbs free energy (J.mol
-1

). 

H   - Enthalpy (J.mol
-1

). 

n   - Number of moles (mol). 

P   - Pressure (kPa). 

R   - Ideal gas constant ( = 8.314472 J.mol
-1

.K
-1

). 

S   - Entropy (J.mol
-1

.K
-1

). 

T   - Absolute temperature (K). 

U   - Internal energy (J.mol
-1

). 

V   -  Specific volume (cm
3
.mol

-1
). 

xi   - Mole fraction of component i. 

Greek symbols 

β    - Selectivity. 

δ    - The Hildebrand solubility parameter (MPa
0.5

) 

iφ    - Volume fraction of component i. 

iγ    - Activity coefficient of component i. 

iµ    - Chemical potential of component i. 

π    - Internal pressure (MPa). 
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Subscripts 

b   - Normal boiling point. 

d   - Dispersive. 

fus   - Fusion. 

h   - Hydrogen bonding. 

m   - Mixing. 

p   - Polar. 

v   - Vaporization. 

Superscript 

∞    - Infinite dilution. 

0   - Standard state.  

C   - Combinatorial. 

E   - Excess property. 

FV   - Free-Volume.  

L   -  Liquid. 

r   - Reference state. 

R   - Residual. 

S   - Solid. 

___________________________ 

All other symbols used have been explained in the text and unless otherwise stated SI units 

are used. 
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1. INTRODUCTION 

In non-ideal solutions the real mixture behaviour has a significant effect on the activity of the 

solute. Knowledge of the solute activity is required for the solution of a large variety of 

technical and environmental problems. Solute activity strongly influences the solubility of a 

liquid or solid solute, its partial vapour pressure above the solution, the chemical equilibrium 

composition, and reaction rates in the liquid phase. Activities in two immiscible solvents allow 

the calculation of distribution coefficients required for extraction processes and the distribution 

of chemicals between environmental compartments. Solute activities usually depend on 

solute concentration but may also be nearly constant over a significant concentration range. 

Every year there is an ever increasing number of new compounds that are produced by 

chemical companies and unfortunately the experimental data for these compounds are 

generally not available. Experimental measurements are generally costly and time consuming 

and practically impossible to undertake for all pure compounds and mixtures. Even with the 

potentially huge selection of possible solvents most chemical companies only use a select list 

(a large pharmaceutical company that we know only uses a list of 16 preferred solvents). The 

aim of this work is therefore to develop a group contribution method to predict the activities of 

complex multifunctional organic compounds in various common solvents. This tool will 

especially support chemical engineers in both small and large companies dealing with the 

design, simulation and optimization of chemical processes. The method should be suitable for 

complex multifunctional compounds (biological compounds, pharmaceuticals), which are not 

covered well by existing models. 

Current estimation techniques include simple group contribution approaches for e.g. water 

solubility or thermodynamic models like UNIFAC (based on group interactions) or COSMO-

RS (based on quantum-mechanical calculations). In group contribution methods the number 

of parameters increases quadratic with the number of groups and the available experimental 

information usually does not allow a strong group differentiation. COSMO-RS methods on the 

other hand contain only very few parameters tuned to experimental results. In the case of 

complex multifunctional compounds like pharmaceuticals and their intermediates, pesticides 

or food components, a great need exists for a quantitative estimation technique with a broad 

parameterization.  

Literature offers a large amount of experimental data like solubility information for complex 

solutes in common solvents (water, ethanol, acetone, benzene, etc.), that can be used for the 

implementation of an estimation method. Modelling the (infinite dilution) activity coefficient of 

a wide range of compounds in a single solvent mainly requires only single group contribution 

parameters (i.e. it is treated as a pure component property) and allows for sufficient group 

differentiation. Methods of this type, although very useful and required for solving a wide 

range of technical and environmental problems have only been developed to a minor extend 

up to now (e.g. for water solubility).  
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Specific Objectives of this work are: 

• To select sufficient and suitable experimental information on solute activities for 

complex molecules from various commercial sources available to the partner 

institutions (Dortmund Data Bank, Beilstein, chemical provider catalogues, etc.). 

• To compile or estimate the required auxiliary information like melting points, heat of 

fusion, etc. for the components of interest from the available sources. 

• To generate or compile further pure component information that could prove useful to 

improve the reliability of the method, preferably from quantum mechanical 

calculations (polarisabilities, shielding charges in ideal conductors, etc.) 

• To develop a group contribution method for solute activities in several common 

solvents based on the experimental information available. 

• To verify, whether the activity in further solvents can be estimated by interpolation of 

results for similar solvents (e.g. activities in ethylbenzene from activities in hexane 

and benzene). 

• To compare results of the new method with available methods from literature 

(UNIFAC, COSMO-RS, etc.).  

• To develop an estimation method for the probable estimation error depending on the 

chemical type of component. 

The methodology should be based on that developed during previous work, in which a variety 

of computer tools have been developed for the fast and efficient development of group 

contribution estimation methods. 

This work had resulted in the development of group contribution estimation methods for 

• Normal boiling temperatures (Nannoolal et al. [1]) 

• Vapour pressure as function of temperature (Nannoolal et al. [2]) 

• Critical property data (Nannoolal et al. [3]) 

• Viscosities of liquids (Nannoolal et al. [4]) 

• Vapour pressure as function of temperature (improved, Moller et al. [5]) 

Compared to available methods from literature, all these developments resulted in both a 

significantly broader range of applicability and greater reliability as well as smaller estimation 

errors.  
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In the case of solute activities, more effort is required for data reduction. Solute activities 

depend on the solvent, temperature and solute concentration. As the amount of data for 

solubilities and activity coefficients at infinite dilution is largest close to room temperature 

estimation will be limited to 25°C. For the reduction of the concentration effect a suitable 

mixture model will be employed. In the case of solid solutes the heat of fusion and melting 

temperature is required for the calculation of the hypothetical liquid activity. In the case of 

components with a melting point far away from room temperature, a reasonable estimate of 

the difference of solid and hypothetical liquid heat capacity will also be required.  
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2. SOLVENT APPLICATIONS / EFFECTS / SELECTION 

A solution can be defined as a mixture of at least 2 substances which has uniform chemical 

and physical properties throughout (Mellan [6]). There are 2 parts to every solution, the 

solvent and the solute. The component(s) in excess is(are) usually called the solvent(s) while 

the component in deficiency is usually referred to as the solute. When a solvent can no longer 

dissolve a solute it is said to be saturated with the solute. Solvents are often used to convert 

substances to a form which is suitable for a particular use. Many substances exhibit the 

greatest usefulness when they are in solution.  

When the solute (solid, liquid or gas) dissolves it can either break up into separate molecules 

when it enters solution (as happens when sugar is dissolved in water) or the molecules can 

dissociate into ions (as happens when sodium chloride is dissolved in water). In both cases 

the process is a physical one since the solid can be reclaimed from the solution (boiling the 

NaCl solution and crystallizing the sugar out the sugar solution). The tendency of the solute to 

dissolve in the solvent depends on how the solute and the solvent interact, solvents therefore 

need to be classified in order to understand how a solvent may interact with a prospective 

solute. This interaction is represented by the activity coefficient (see section 4.1). The lower 

the activity coefficient the better the solute will dissolve (as seen in section 5.1, this is 

sometimes not the only factor).  

Some examples of the broad range of solvent applications are listed in the next paragraphs. 

The list is not meant to be an exhaustive one but rather to give an idea of the broad scope of 

solvent application (the list contains desirable properties for the solvent, the ability to dissolve 

the active ingredient is taken as a given - and is given much attention in later chapters). 

2.1. Viscosity 

The viscosity of a substance can be defined as a measure of the fluids resistance to flow. For 

most applications it is useful to have a fluid which has a low viscosity because of the 

operational costs associated with using a viscous fluid (high pumping heads needed). 

Solvents are very often used to lower the viscosity of certain substances so that they are in a 

usable form. Some examples of this are: 

• Polymer adhesives which contain polymers which need to be dissolved in a solvent 

so that they can be applied to the surfaces, 

• Pharmaceuticals which need to be dispensed in liquid form (capsule or syrup), 

• Pesticides which need to be applied to crops in a (usually) liquid form and 
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• When a reactant in very viscous solvents can be used as a reaction medium (the 

purpose of this is very often twofold, firstly to alter the viscosity and secondly to alter 

the reaction equilibrium) 

For this reason it is almost always desirable to have a solvent with a low viscosity.  

2.2. Volatility 

The volatility of a substance can be defined as the rate at which it evaporates. The volatility of 

a substance is usually gauged from the vapour pressure. A substance with a high vapour 

pressure would have a high volatility and visa versa. For solvents the volatility can either be a 

desirable or an undesirable property. A solvent with a high relative volatility is useful when the 

solvent needs to be removed so that the substance can dry. Examples of this are paints, 

coatings (varnishes etc.) and adhesives. Also, when solvent extraction is used for a low-

volatility solute it is useful to have a solvent with a sufficiently higher volatility so that 

downstream separation is simplified. 

Highly volatile solvents are undesirable when the substance is harmful to the environment. It 

is for this reason that more and more attention has been given to green solvents which are 

more eco-friendly. It is obviously undesirable to have a highly volatile solvent when the 

solvent is flammable. In order to determine how safe the solvent is the flash point is used as a 

constraint. The flash point is the lowest temperature at which there will be sufficient vapours 

above the mixture to ignite.  

2.3. Toxicity and environmental impact 

Toxicity is a measure of how harmful (toxic) a substance is. Two common measures of 

toxicity are LC50 (lethal concentration which causes a 50% mortality rate) and LD50 (lethal 

dose which causes a 50% mortality rate). In most applications it is desirable to have a solvent 

with a low toxicity. For applications in the pharmaceutical industries the toxicity of the solvents 

used is obviously of paramount importance; for both the preparation and dispensing of the 

pharmaceuticals the toxicity of the solvent needs to be known. In more industrial applications 

the toxicity is not such a limiting factor.  

In recent times the toxicity of solvents (as well as other chemicals) has been given special 

attention and the branch of green chemistry has been formed to find alternatives to the 

hazardous substances in use. Green solvents are solvents which have very little 

environmental impact. Ionic liquids are often touted as green solvents due to their negligible 

vapour pressures; this is however not always true since they can still be toxic. Another 

consideration is the corrosivity of a solvent, since this determines what the solvent can and 

can’t be used with.  
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2.4. Selectivity and capacity 

The selectivity of a solvent is defined as the ratio of the “affinity” of the solvent for some solute 

and some undesired compound. The selectivity ( β ) can be defined in terms of the infinite 

dilution activity coefficients (the reciprocal of the infinite dilution activity coefficient is used as a 

measure of the affinity - see section 4.1) as: 

 ,

,

i S

ij

j S

γ
β

γ

∞

∞
=  (2-1) 

where subscript j refers to the solute, i to some undesired compound and S to the solvent. In 

applications when solvents are used for extraction (e.g. liquid-liquid extraction) the selectivity 

is a very important property that the solvent needs to have. Another application where a 

selective solvent is especially desirable is detergents where the cleaning product must 

dissolve the dirt and grime but not damage what it is cleaning.  

In applications involving liquid-liquid extraction, another useful quantity is the solvent capacity. 

The capacity of the solvent (m) relative to the other carrier phase is: 

 
,

,

i A

i S

m
γ

γ

∞

∞
=  (2-2) 

where the superscript i refers to the solute, A to the carrier phase and S to the solvent. 

2.5. Liquidus range 

The liquidus range is the temperature range for which a fluid is a liquid. The 2 bounds of the 

liquidus range are the melting (lower bound) and the boiling point (upper bound). The liquidus 

range is usually considered in crystallization applications. The liquidus range is important 

because the solvent needs to be liquid when the solute is dissolved at higher temperatures 

and also when the solute is crystallized out at lower temperatures (for cooling crystallization).  

2.6. Computer Aided Molecular Design (CAMD) 

CAMD is the process whereby a compound is selected based on a certain property. The 

properties are not measured but are obtained only from the molecular structure. CAMD is 

basically the reverse of property estimation, the main property estimation technique used with 

CAMD is the group contribution methods. A wide range of group contribution methods (of 

varying accuracy) are available for the properties mentioned above.  

CAMD has received much attention in literature for crystallization [7] and liquid extraction [8, 

9] solvent selection. There has also been some attention given in the literature to green 

solvent selection [10], whereby special attention is given to the environmental impact of the 
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solvent.  When using CAMD it is usually desirable to specify a set of groups that can be used 

in order to reduce the problem variables. For example one may specify that only saturated 

aliphatic compounds with oxygen groups may be used. When using certain groups there 

should obviously be some restrictions placed on the group selection (e.g. when using 

aromatic groups enough groups should be present to form the rings). When running the 

algorithm, specific values are not usually set, rather ranges are specified (for example a 

viscosity < 1 cP). 

Therefore in theory it would be possible to obtain a structure of a hypothetical solvent which 

has all of the desirable properties. The problem is that even if a hypothetical structure could 

be found it would more than likely not be a simple, readily available compound and would 

therefore need to be synthesised which is time consuming, expensive and impractical. It is 

therefore very often that, for large scale use, the economic considerations limit the solvent 

select to a list of probably less than 50 different solvents. 
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3. CLASSIFICATION OF SOLVENTS 

Solvents are usually liquids, however supercritical fluids have received some attention since 

they have no surface tension and low viscosities but will not be considered in this work. Water 

is the most common solvent. Solvents can be broadly classified into 3 groups:  

• molecular liquids (e.g. water, hexane etc)  

• atomic liquids (e.g. liquid mercury)  

• ionic liquids (e.g. 1-butyl-3-methylimidazolium tetrafluoroborate) 

Solvents can either fall into one or a mixture of the three classes. Of the three classes, atomic 

liquids are the least common solvents, especially in “everyday use”. Ionic liquids have 

received some attention in recent times due to their environmental friendliness (virtually no 

vapour pressure) and ability to almost be designed specifically for any purpose (Reichardt 

[11]). Molecular liquids are by far the most common solvents in use; they find application in 

many areas from adhesives to pharmaceuticals (see section 2 for some applications). 

Solvents can be classified in terms of their physical behaviour. For example they can be split 

into solvents which are high, medium and low boilers or solvents with high, medium or low 

viscosity. These classifications make a lot of sense when considering operational costs and 

design specification but make little sense when trying to classify solute-solvent interactions. It 

is clear that in order to account for these a chemical classification is necessary.  

The basic principle when determining solubility is “like dissolves like”, where molecules with 

similar intermolecular forces will generally dissolve. The intermolecular forces which make up 

molecules are hydrogen bonding; polar forces (dipole-dipole) and dispersive forces (van der 

Waal’s forces). All compounds have dispersive interactions between the molecules but not all 

contain hydrogen bonding and polar forces. The problem is therefore to determine which 

intermolecular forces predominate in the molecule. The various approaches for determining 

these forces are given in the following paragraphs. 

3.1. Trouton’s rule 

Trouton’s rule states that the entropy of vaporization ( bS∆ ) at the normal boiling point ( bT ) 

has a constant value of 88 J.mol
-1

.K
-1

 for all compounds. 

 1 188 . .b
b

b

H
S J mol K

T

− −∆
∆ = ≈  (3-1) 

This rule holds for a fair number of compounds but deviates especially for hydrogen bonding 

compounds (see Table 1). As shown in Table 1 there is a positive deviation from Trouton’s 
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rule for all compounds which hydrogen bond. The reason for this is that the hydrogen bonding 

increases the heat of vaporization and therefore causes the entropy of vaporization to rise. 

This deviation means that depending on the entropy of vaporization the compounds can 

either be classified as hydrogen bonding or non-hydrogen bonding.  

Unfortunately this deviation is not always so clear cut, for example acetic acid, which is 

hydrogen bonding, has an entropy of vaporization of 60.5 J.mol
-1

.K
-1

. The reason for this is 

that the small carboxylic acids form dimmers, the dimmers behave like non-polar molecules 

and therefore decrease the heat of vaporization (the vapour phase also forms dimmers) and 

therefore a lower entropy of vaporization. Also large molecules tend to deviate from Trouton’s 

rule for example the entropy of vaporization of eicosane is 93.2 J.mol
-1

.K
-1

. Therefore 

Trouton’s rule is a useful means of classification but cannot be blindly applied. 

Table 1 Examples of the entropy of vaporization at the normal boiling point data from Myrdal et al. [12] 

Name ∆∆∆∆Sb (J.mol-1.K-1) 
Water 109.0 

Ethanol 110.1 
n-Octane 86.3 
Acetone 88.4 

Pentanoic acid 96.2 
Diethyl ether 86.5 

Benzene 87 

3.2. Cohesive pressure 

The cohesive pressure (also called the cohesive energy density) of a substance is defined by 

the following relationship: 

 v vU H RT
c

V V

∆ ∆ −
= ≈  (3-2) 

The cohesive pressure is used as a measure of the total intermolecular forces in a molecule. 

The reason for this is that in order to vaporize a fluid all the intermolecular forces need to be 

broken, and hence the heat of vaporization will contain this information. Large values of 

cohesive pressure indicate compounds which are polar/H-bonding, while lower values 

indicate compounds which are non-polar. The problems associated with dumping all these 

intermolecular forces into a single parameter are discussed in section 4.2.3.1. 

3.3. Internal pressure 

The internal pressure of a substance is defined by the following relationship: 

 
T

U

V
π

∂ 
=  

∂ 
 (3-3) 

The internal pressure is used as a measure of the non-hydrogen-bonding forces present (i.e. 

polar and dispersive forces). This is possibly due to the fact that polar and dispersive forces 
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are “always on” while hydrogen bonding forces are more “on/off” (i.e. polar and dispersive 

forces may get stronger or weaker depending on molecule proximity while hydrogen bonds 

are either on or off). Therefore when the molar volume changes the hydrogen bonding forces 

will not be disrupted, while the others will. The internal and cohesive pressures are often used 

together as a measure of the types of forces present in a molecule: 

 
c

n
π

=  (3-4) 

where values of n much greater than unity indicate hydrogen bonding molecules and those 

which are close to unity are non-polar molecules. Consider the examples shown in Table 2, 

water clearly has a large amount of hydrogen bonding while toluene does not. 

Table 2 Internal and cohesive pressure for some sample compounds, data from Reichardt [11] 

Name ππππ (MPa) c (MPa) n 

Perfluoroheptane 215 151 0.70 

Toluene 355 337 0.95 

Ethanol 293 687 2.34 

Water 151 2294 15.19 

3.4. Acid-base classification 

A common method to classify solvents is by their acid-base behaviour. According to the 

Brønsted/Lowry acid-base theory acids are proton donors and bases are proton acceptors. 

This is more or less what happens with hydrogen bonding, except that the proton is not 

transferred but shared: 

R-X-H + :Y-R'  R-X-H---Y-R'→  

where XH is some acidic group and Y is some basic group. The strength of an acid is 

measured by the
apK , where for some acid HA: 

 
[ ][ ]

log
[ ]

a

A H
pK

HA

− +

= −  (3-5) 

Therefore using the
apK substances can be classified as protic or non-protic.  

According to the Lewis acid-base theory, an acid is an electron pair acceptor while a base is 

an electron donor. A Lewis base is a Brønsted/Lowry base but a Lewis acid is not necessarily 

a Brønsted/Lowry acid. For further classification the acids and bases are classified as hard or 

soft, where a hard acid or base is usually derived from small atoms with high 

electronegativities and low polarizabilities. These are typically polar or hydrogen bonding 

compounds, for example water. A soft acid or base is usually derived from larger atoms with 

low electronegativities and are usually polarizable. These are typically non-polar or slightly 

polar compounds for example alkanes. 
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3.5. Solvent classification 

The advantage of a good solvent classification is that solvents in the same categories should 

behave in a similar way; qualitative predictions of solvent behaviour can therefore be gleaned 

from analogous solvents.  Organic solvents can be very generally classified into 3 categories: 

• Apolar, aprotic 

• Polar, aprotic 

• Protic 

This classification is however probably too broad to observe any meaningful trends. Examples 

of two, more complex classifications are shown in Table 3. 

Table 3 Examples of two more complex solvent classifications 

  Chastrette et al. [13] 
classification    

Gramatica et al. [14]    
classification 

POLAR 
aprotic dipolar (AD)   aprotic polar (AP)   

aprotic highly dipolar (AHD)      

aprotic highly dipolar and polarizable (AHDP)     

       

APOLAR 
aromatic apolar (ARA)    aromatic apolar or lightly polar (AALP)  

aromatic relatively polar (ARP)      

electron pair donors (EPD)   electron pair donors (EPD)  

       

PROTIC 
hydrogen bonding (HB)   hydrogen bonding donors (HBD)  

hydrogen bonding strongly associated (HBSA)     

       

MISC 
miscellaneous (MISC)   aliphatic aprotic apolar (AAA)  

              

The solvent classification should be able to explain most of the extraordinary phase splitting 

that occurs. For instance the famous four phase mixture of Hildebrand [15], as shown in Fig. 1 

in which all four fluids are sufficiently different to form 4 distinct phases. 

 

Fig. 1 The four phase splitting example of Hildebrand [15] 
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4. THEORETICAL APPROACHES TO SOLUTE ACTIVITY 

4.1. Thermodynamic framework 

For a single phase fluid in a closed system where no reaction occurs, the Gibbs energy can 

be related to temperature and pressure by: 

 ( ) ( ) ( )d nG nV dP nS dT= −  (4-1) 

where 

 
( )

,T n

nG
nV

P

 ∂
= 

∂ 
 (4-2) 

 
( )

,P n

nG
nS

T

 ∂
= − 

∂ 
 (4-3) 

A more general case is where there is a single phase open system where mass can be 

transferred across the system boundary, the Gibbs energy for this case is then not only a 

function of temperature and pressure but also of the number of moles of each species (for m 

species): 

 
1( , , ,..., )mnG f P T n n=  (4-4) 

Taking the total differential of Eqn. (4-4) and inserting Eqn’s (4-2) & (4-3) the following is 

obtained: 

 ( ) ( ) ( )
( )

1
, , j

m

i
i i P T n

nG
d nG nV dP nS dT dn

n=

 ∂
= − +  

∂ 
∑  (4-5) 

where the chemical potential of species i is defined as (the overbar represents a partial molar 

property):  

 
( )

, , j

i i

i P T n

nG
G

n
µ

 ∂
≡ = 

∂ 
 (4-6) 

Now consider a closed system of two phases (α and β ) in equilibrium, where each phase is 

an open system: 

 ( ) ( ) ( )
1

m

i i
i

d nG nV dP nS dT dn
α α α α αµ

=

= − +∑  (4-7) 
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 ( ) ( ) ( )
1

m

i i
i

d nG nV dP nS dT dn
β β β β βµ

=

= − +∑  (4-8) 

In Eqn’s (4-7) and (4-8) thermal and mechanical equilibrium are assumed and therefore 

temperature and pressure are uniform throughout the whole system. The Gibbs energy 

differential for the whole system is simply the sum of the Gibbs energy in each phase (where 

( ) ( ) ( )nV nV nV
α β

= + and ( ) ( ) ( )nS nS nS
α β

= + ): 

 ( ) ( ) ( )
1 1

m m

i i i i
i i

d nG nV dP nS dT dn dnα α β βµ µ
= =

= − + +∑ ∑  (4-9) 

Since the whole system is closed, Eqn. (4-1) holds, also since the system is closed mass lost 

by one phase must be equal to mass gained by another and therefore at equilibrium: 

 ( )
1

0
m

i i i
i

dnα β αµ µ
=

− =∑  (4-10) 

Therefore the chemical potentials in each phase must be equal at equilibrium; this relation 

can be easily extended to systems with π phases to yield: 

 (1) (2) ( )...T T T π= = =  (4-11) 

 (1) (2) ( )...P P P π= = =  (4-12) 

 (1) (2) ( )... 1..i i i i mπµ µ µ= = = =  (4-13) 

For each phase there will be m+2 (T, P and µ ’s) intensive variables, however only m+1 of 

these variables are independent. Therefore for the total system there will be 

( )1mπ + independent variables. The number of equilibrium relations given by Eqn’s (4-11)-

(4-13) is ( )( )1 2mπ − + . Therefore the number of intensive variables that can be set (known as 

the degrees of freedom of the system) can be given by: 

 ( ) ( )( )1 1 2 2F m m mπ π π= + − − + = + −  (4-14) 

The chemical potential of a pure species is related to the temperature and pressure through 

an equation analogous to Eqn. (4-1): 

 
i i id v dP s dTµ = −  (4-15) 

This equation can be integrated by using some reference state (superscript r): 

 ( ) ( ), ,
r r

T P
r r

i i i i
T P

T P T P s dT v dPµ µ= − +∫ ∫  (4-16) 
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The reference state, often called the standard state, can be arbitrarily specified, but is usually 

specified so as to simplify the required calculations (see section 5.1 for an example).  

The chemical potential is somewhat of an abstract concept and doesn’t have a direct 

equivalent in the real world. It is therefore desirable to express the chemical potential in terms 

of some function which does have a real world equivalent. Assuming a pure ideal gas 

( Pv RT= ), and integrating Eqn. (4-15) under isothermal conditions (using superscript 0 to 

denote the standard state): 

 0

0
lni i

P
RT

P
µ µ− =  (4-17) 

The advantage of Eqn. (4-17) is that it simply relates temperature and pressure to the more 

abstract chemical potential. The disadvantage is that it is only suitable for pure ideal gases. 

This problem was overcome by Lewis by defining a function called fugacity (f, when used in 

solution it is given the symbol ˆ
if ), where fugacity replaces the pressure for real solids, liquids 

and gases: 

 0

0

ˆ
ln i

i i

i

f
RT

f
µ µ− =  (4-18) 

The ratio 0ˆ /i if f  was called the activity (
ia ) by Lewis (the fugacity in solution is not used for 

the standard state since it is more convenient to chose the standard state as the pure liquid, 

the superscript 0 is therefore often left off). Eqn. (4-18) represents an isothermal change in 

chemical potential when going from 0

if  to ˆ
if . Therefore the standard states for all components 

in all phases must be at the same temperatures; the pressure and composition of the 

standard states, however, do not necessarily have to be the same. The phase equilibrium 

criterion given in Eqn. (4-13) can therefore be rewritten in terms of fugacity as: 

 (1) (2) ( )ˆ ˆ ˆ... 1..i i if f f i mπ= = = =  (4-19) 

The activity coefficient is defined as the ratio of the fugacity in solution to the ideal fugacity in 

solution, it can also be defined in terms of the activity relative to some measure of 

composition: 

 
0

ˆ ˆ

ˆ
i i i

i id
i i ii

f a f

x x ff
γ ≡ = =  (4-20) 

The activity coefficient is a measure of the deviation from ideality. For ideal solutions the 

activity coefficient is unity. The two important limits when working with activity coefficients are:  

 
1

lim 1
i

i
x

γ
→

≡  (4-21) 
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0

lim
i

i i
x

γ γ ∞

→
≡  (4-22) 

where
iγ ∞ is called the infinite dilution activity coefficient. The activity coefficient can be defined 

in terms of Gibbs energy by using the following procedure. Taking the difference Eqn (4-18) 

for the real and the ideal chemical potential (partial molar Gibbs energy is used for the sake of 

notation – see Eqn. (4-6)). 

 ( ) ( ) ( ) ( )
ˆ ˆln lni real i ideal i real i idealG G RT f f − = −   (4-23) 

This can be rewritten in terms of excess partial molar Gibbs energy (where an excess 

property is simply the difference between the real and the ideal solution denoted by 

superscript E). 

 
( )

ˆ
ln

ˆ
E i
i

i ideal

f
G RT

f

 
=  

  
 (4-24) 

To simplify the notation the subscript real was dropped. Substituting Eqn. (4-20) (recalling 

that 0ˆ /i i ia f f= ) into Eqn. (4-24) results in the relationship between excess Gibbs energy and 

activity: 

 ln
E

i
i

G

RT
γ=  (4-25) 

Therefore if an analytical expression for the concentration dependence of the excess Gibbs 

energy is known then it is a fairly simple process to find an analytical expression for the 

activity coefficient. Some of the more popular expressions for excess Gibbs energy are shown 

in the sections that follow.  

The temperature and pressure dependence of the activity coefficient can be shown using the 

following procedure. Taking the total differential of the excess partial Gibbs energy yields the 

following: 

 

, ,

ln j jE E E
ji i i

i
i iP x T x

dn
G G GdP dT

d dn
RT P RT T RT n

γ
  

∂  
     ∂ ∂   = + +            ∂ ∂ ∂       

 
 

∑
∑  (4-26) 

Eqn. (4-5) can be rewritten in terms of excess properties as: 

 
2

ln
E E E

i i
i

nG nV nH
d dP dT dn

RT RT RT
γ

 
= − + 

 
∑  (4-27) 
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Combining Eqn. (4-26) and the partial derivative of Eqn. (4-27) leads to the following 

temperature and pressure dependencies of the activity coefficient: 

 
,

ln E

i i

T x

V

P RT

γ∂ 
= ∂ 

 (4-28) 

 
2

,

ln E

i i

P x

H

T RT

γ∂ 
= − ∂ 

 (4-29) 

At temperatures far removed from the critical point the pressure dependence is usually 

ignored, however the temperature dependence is very often non-trivial and needs to be given 

some attention when developing activity coefficient models. 

4.2. Empirical and semi-empirical models for GE 

The following section outlines the main models that are available in the literature for the 

representation of excess Gibbs free energy. Polynomial type expansions of G
E
 such as 

Redlich-Kister, Margules and van Laar are not covered in the following sections since they 

are fairly well known (and widely covered in the literature [16-18]) and the local composition 

models have been shown to be more suitable [19]. The models covered in the following 

sections are by no means an exhaustive list; rather they are the ones which find the widest 

use in the prediction/modelling of complex molecule solubility. 

4.2.1. Local composition concept (Wilson, NRTL, UNIQAC) 

Wilson is widely credited with developing the local composition concept, however 

Guggenheim was probably the first, nevertheless Wilson was the first to provide a practical 

application of the concept. The concept of local composition assumes that the composition in 

the region of some molecule is different from the composition in the bulk liquid. Wilson 

expressed the local compositions ( 11ξ  is the volume fraction of molecules 1 around a 

molecule of 1, similarly
21ξ  is the volume fraction of molecule 2 around molecule 1) for a 

binary system as: 

 1
11

2 21 11
1 2

1

exp

x

v
x x

v RT

ξ
λ λ

=
  − 

+ −   
  

 (4-30) 

 
11 21 1ξ ξ+ =  (4-31) 

 2
22

1 12 22
2 1

2

exp

x

v
x x

v RT

ξ
λ λ

=
  − 

+ −   
  

 (4-32) 
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12 22 1ξ ξ+ =  (4-33) 

where 
12λ is the interaction between component 1 and 2. Then by using an equation 

analogous to the Flory-Huggins expression for athermal solutions he defined the excess 

Gibbs energy of mixing as: 

 11 22
1 2

1 2

ln ln
EG

x x
RT x x

ξ ξ   
= +   

   
 (4-34) 

By substitution of Eqn’s (4-30) & (4-32) into Eqn. (4-34) the following results: 

 ( ) ( )1 1 2 21 2 1 12 2ln ln
EG

x x x A x x A x
RT

= − + − +  (4-35) 

where 

 1 12 22 1 12
12

2 2

exp exp
v v

A
v RT v RT

λ λ λ− ∆   
= − = −   

   
 (4-36) 

 2 21 11 2 21
21

1 1

exp exp
v v

A
v RT v RT

λ λ λ− ∆   
= − = −   

   
 (4-37) 

(Note: this derivation is the one given by Wilson [20]; there are however different ways to 

arrive at the same result - see Tsuboka and Katayama [21]) The derivation above is only 

shown for a binary system; however it can be easily extended to multi-component systems. 

This is the great advantage of the local composition equations; they can predict multi-

component behaviour from binary data. The Wilson equation is still widely used today, its 

biggest flaw is that it cannot account for 2 liquid phases (since when the phase stability 

criterion is investigated it always results in a positive number and therefore only a single 

stable phase [18]). The general form of the activity coefficient for the Wilson equation of some 

component i in a mixture of m components is: 

 
1 1

1

ln ln 1
m m

k ik
i j ji m

j k
j jk

j

x A
x A

x A

γ
= =

=

 
= − + − 

 
∑ ∑

∑
 (4-38) 

Since the initial work of Wilson, many local composition models have been developed 

(including modifications to the Wilson equation which allow phase splitting [21, 22]). The two 

most popular and widely used are the NRTL (Non-Random Two Liquid) and UNIQUAC 

(UNIversal QUAsi Chemical) equations. The NRTL [23] equation introduced a 3
rd

 parameter 

call the non-randomness parameter ( ijα , where ij jiα α= ), local mole fractions (as with local 

volume fractions 
11 21 1x x+ = and

12 22 1x x+ = ) are used and the excess Gibbs energy is 

defined differently: 
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 2 21
21

1 2 21

x G
x

x x G
=

+
 (4-39) 

 1 12
12

2 1 12

x G
x

x x G
=

+
 (4-40) 

 ( )expij ij ijG α τ= −  (4-41) 

 
ij jj

ij

g g

RT
τ

−
=  (4-42) 

 21 11 12 22
1 21 2 12

E g g g gG
x x x x

RT RT RT

− −
= +  (4-43) 

As with the Wilson equation, the NRTL equation is widely used, it is superior to the Wilson 

equation in that it can account for 2 (or more) liquid phases. A disadvantage of the NRTL 

equation is that for LLE (liquid-liquid equilibria) 
12α must be set and cannot be solved for. The 

general form of the activity coefficient for the NRTL equation of some component i in a 

mixture of m components is: 

 
1 1

1

1 1 1

ln

m m

ji ji j r rj rjm
j j ij r

i ijm m m
j

li i lj l lj l

l l l

G x x G
x G

G x G x G x

τ τ

γ τ
= =

=

= = =

 
 
 = + −
 
 
 

∑ ∑
∑

∑ ∑ ∑
 (4-44) 

The UNIQUAC equation is somewhat of a compromise between Wilson and NRTL in that it 

has only 2 model parameters but can account for phase splitting. The derivation of the 

UNIQUAC equation is given by Maurer [24], the basic idea is that the excess Gibbs free 

energy is split into 2 parts. One part for the energetic interactions between molecules (called 

the residual) and one for the effect of size/shape interaction (called the combinatorial): 

 
Residual Combinatorial

E E EG G G

RT RT RT

   
= +   
   

 (4-45) 

Following the derivation given by Maurer [24] the following expressions result for the residual 

and combinatorial expressions (for the binary case): 

 ( ) ( )1 1 1 2 21 2 2 1 12 2

Residual

ln ln
EG

x q x q
RT

θ θ ψ θ ψ θ
 

= − + − + 
 

 (4-46) 

 1 2 1 2
1 2 1 1 2 2

1 2 1 2Combinatorial

ln ln ln ln
2

EG z
x x q x q x

RT x x

θ θ          Φ Φ
= + + +         

Φ Φ           
 (4-47) 
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 exp exp
ij jj ij

ij

u u u

RT RT
ψ

− ∆   
= − = −   

   
 (4-48) 

where r and q are the size and surface area parameters (defined in terms of van der Waals 

volume and surface area) respectively, ijψ is the binary interaction parameter, Φ is the volume 

fraction and θ is the surface fraction (r and q and defined by Eqn’s (4-60) and (4-61)): 

 i i
i

j j
j

x r

x r
Φ =

∑
 (4-49) 

 i i
i

j j
j

x q

x q
θ =

∑
 (4-50) 

Taking the partial derivative of Eqn. (4-45) yields the following relationship for activity 

coefficient: 

 ln ln lnR C

i i iγ γ γ= +  (4-51) 

 ln 1 ln
j ijR

i i j ji
j j k kj

k

q
θ ψ

γ θ ψ
θ ψ

 
  = − −  
   

∑ ∑
∑

 (4-52) 

 ln 1 ln 5 1 lnC i i i i
i i

i i i i

q
x x

γ
θ θ

 Φ Φ Φ Φ
= − + − − − 

 
 (4-53) 

where the superscripts C and R refer to the combinatorial and residual parts respectively. 

4.2.2. Functional group activity coefficients 

Probably the most widely known and used of the activity coefficient prediction methods is the 

group contribution methods. The prediction of activity coefficients by the concept of functional 

group contribution (also known as the solution of groups concept) is generally attributed to the 

work of Wilson and Deal [25]. As the name suggests solution of groups entails breaking a 

molecule up in to functional groups and considering mixtures as solutions of these groups and 

not compounds. For example consider a mixture of ethanol and hexane, the mixture would be 

made up of only alkane (CH2) and alcohol (OH) groups (see Table 4). 

Table 4 Group frequency illustration for the mixture hexane - ethanol 

Groups  Ethanol Hexane Mixture 

CH2 2 6 8 

OH 1 0 1 

Deal and Derr [26, 27] were the first to develop a model for the solution of groups; it was 

called the ASOG (Analytical Solution Of Groups) method. Later Fredenslund et al. [28] 
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developed the UNIFAC (UNIversal Functional group Activity Coefficient) model; both models 

are the same in principle but differ in the details. The UNIFAC model has subsequently had 

many modifications and these are developed for specific applications [29, 30].  

The great advantage of the solution of groups approach is that the number of possible 

functional groups is much less than the amount of compounds, this means that the number of 

binary interaction parameters needed is much less. For example if the CH2-OH interactions 

(model parameters in the ASOG and UNIFAC equations) are known then any alkane - 

aliphatic alcohol mixture can be predicted, drastically reducing the number of experimental 

measurements needed.  

As mentioned above, ASOG was the first method to use the principle of the solution of 

groups. In a similar way to the UNIQAUC equation the activity coefficient is assumed to be 

made up of a part for molecular forces interactions ( ln G

iγ ) and a part for size/shape 

interactions ( ln FH

iγ ). 

 ln ln lnG FH

i i iγ γ γ= +  (4-54) 

The size/shape term is calculated from an equation which is analogous to the Flory-Huggins 

equation for athermal solutions (see section 4.2.4): 

 ln ln 1
FH FH

FH i i
i FH FH

j j j j
j j

v v

v x v x
γ = + −

∑ ∑
 (4-55) 

where FH

iv is the (total) number of size groups in molecule i, and xi is the mole fraction. The 

group interactions are related to the molecular interactions by the following equation: 

 ( )( )ln ln lnG i

i ki k k
k

vγ = Γ − Γ∑  (4-56) 

where kiv is the frequency of group k in molecule i, kΓ is the activity coefficient of group k in 

the mixture and ( )i

kΓ is the activity coefficient of group k in the pure component i. For 

compounds with only one group (e.g. hexane), ( )i

kΓ will be zero, however for compounds with 

multiple groups (e.g. ethanol) it will have a nonzero value. The group activity coefficients are 

calculated from the Wilson equation (Eqn. (4-38)): 

 ln ln 1 m km
k m mk

m m n nm
n

X a
X a

x a

 
 Γ = − + − 
 
 

∑ ∑
∑

 (4-57) 
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j mj

j

m

j nj
j n

x v

X
x v

=

∑

∑ ∑
 (4-58) 

where
mX is the group fraction and

kma is given by equations similar to Eqn (4-36), but for the 

interaction between groups and not compounds. ( )i

kΓ is calculated from the same equation but 

instead of
mX , ( )i

mX is used, where: 

 
( )

( )

( )

i
i m

m i

n
n

v
X

v
=
∑

 (4-59) 

UNIFAC follows the same scheme as UNIQUAC (Eqn.(4-51)) and depending on which 

UNIFAC is being used (original, modified Dortmund etc.) the combinatorial expression 

changes (see section 4.2.4). For original UNIFAC the combinatorial expression of UNIQUAC 

(Eqn. (4-53) is used, where the surface and volume parameters are calculated from the 

following relations: 

 ( ) ( )   and   i i

i k k i k k
k k

r v R q v Q= =∑ ∑  (4-60) 

 
9

   and   
15.17 2.5 10

wk wk
k k

V A
R Q= =

×
 (4-61) 

where
kR and

kQ are the group volume and surface parameters respectively, 

and
mkV and

mkA are the group van der Waals volume and surface area as given by Bondi [31]. 

The expression for the residual is analogous to Eqn. (4-56), given as: 

 ( )( ) ( )ln ln lnR i i

i k k k
k

vγ = Γ − Γ∑  (4-62) 

However unlike with ASOG the group activity coefficients are calculated from the UNIQAUC 

residual term: 

 ln 1 ln m km
k k m mk

m m n nm
n

Q
θ

θ
θ

 
Ψ  Γ = − Ψ −  Ψ   

∑ ∑
∑

 (4-63) 

 m m
m

n n
n

Q X

Q X
θ =

∑
 (4-64) 

where
mkΨ is given by an equation analogous to Eqn. (4-48) but is for the interaction between 

groups and not molecules, and as with ASOG, ( )i

kΓ is calculated from the same expression 

with 
mX being replaced by ( )i

mX . It should be noted that with both methods the residual is 
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calculated from the solution of groups while the combinatorial must be calculated from the 

molecule properties. 

As mentioned above, these group contribution methods have found wide use in industry. The 

applications for which they work the best are for molecules of similar sizes. The reason for 

this is that most of the data to which the binary interaction data was fitted to is VLE data. 

Nevertheless they can be applied to the prediction of solutions containing large molecules. 

This is typically the case when a solid is dissolved in a solvent (see section 5.1 for the 

calculation details). As a means of comparison the methods in this and the following sections 

will be used to generate predictions of the solubility of aspirin (2-acetoxybenzoic acid) in a 

variety of solvents at 298.15 K. The molecular structure of aspirin and the various thermo 

physical properties required are shown in Fig. 2.  

O

HO

O

O

2-Acetoxybenzoic acid  

PROPERTIES 

Molar mass : 180.16 g/mol 

Enthalpy of fusion: 19.28 kJ/mol 

Melting temperature: 408 K 

Molar volume: 133.5 cm
3
/mol 

Fig. 2 The molecular formula and thermo physical properties required for aspirin (all data taken from 

Beilstein [32]) 

The results for the aspirin test set data are shown in Table 5. The results for the ASOG 

method are not included as there are many missing groups and application to SLE is very 

uncommon. In many instances the predicted results are very good, only for cyclohexane and 

chloroform are there extremely large deviations. As mentioned much above, the great power 

in the group contribution type methods is that the results are purely predictive and do not 

require any raw data (fusion data is obviously still required) but still provide very good 

predictions. 

Table 5 Comparison of the experimental and predicted solubility of aspirin when using group contribution 

methods (experimental data from Frank [19]) 

Solvent wt% experimental wt% UNIFAC wt% mod-UNIFAC 

1,1,1-Trichloroethane 0.5 8.7 - 

1,2-Dichloroethane 3 12.9 7.7 

1,4-Dioxane 19 19.0 35.9 

2-Ethylhexanol 10 2.9 2.3 

Acetic acid 12 34.6 22.9 

Acetone 29 34.5 34.7 

Chloroform 6 22.2 40.3 

Cyclohexane 0.005 0.3 0.2 

Diacetone alcohol 10 15.1 16.1 

Diethyl ether 5 7.4 5.2 

Ethanol 20 10.5 11.8 
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Solvent wt% experimental wt% UNIFAC wt% mod-UNIFAC 

Isopropanol 10 7.8 8.1 

Methanol 33 46.7 36.8 

Methyl ethyl ketone 12 24.1 25.9 

n-Octanol 3 2.9 2.3 

Propylene glycol 9 3.6 4.0 

Tetrachloroethylene 3 2.0 8.6 

Quite frequently when trying to predict the activity coefficients of systems with large molecules 

the problem is not so much that the parameters are erroneous but rather that they simply do 

not exist. The reason why many more “exotic” interactions are not present is that there is 

simply no VLE data with the appropriate groups. [Possible “fixes” for this problem are 

discussed in section 7]. Fig. 3 shows the state of the UNIFAC matrix as of September 2008, 

the common binary interaction (left side of triangle) are fairly well known while the others are 

fairly sparse. 

 

Fig. 3 The state of the UNIFAC matrix as of September 2008, data from DDBST [33] 

4.2.3. Segment activity coefficients 

4.2.3.1. Hansen solubility parameters 

Thermodynamically, two substances will be mutually soluble when the change in Gibbs 

energy upon mixing is negative. The change in Gibbs energy upon mixing (
mG∆ ) is defined in 

terms of the enthalpy (
mH∆ ) and entropy (

mS∆ ) change upon mixing as follows: 

 m m mG H T S∆ = ∆ − ∆  (4-65)  
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Since in the mixture there will usually be a greater degree of randomness in the molecule 

distribution
mS∆  will usually be positive. Therefore if we consider Eqn.(4-65), substances will 

be mutually soluble if 
m mH T S∆ < ∆ . Hildebrand [15] proposed the Scatchard-Hildebrand 

equation for the change in enthalpy upon mixing (Eqn. (4-66)). This equation was developed 

by using regular solution theory, where a regular solution has an ideal change of volume and 

entropy upon mixing but unlike an ideal solution it has a non-zero enthalpy of mixing. 

 ( ) ( )
2

1 1 2 2 1 2 1 2mH x V x V φ φ δ δ∆ = + −  (4-66) 

 i i
i

j j
j

x V

x V
φ =

∑
 (4-67) 

where V is the molar volume, x is the mole fraction, φ  is the volume fraction and δ  is the 

Hildebrand solubility parameter which is defined as the square root of the cohesive pressure 

(see section 3.2): 

 

0.5

vH RT
c

V
δ

∆ − 
= =  

 
 (4-68) 

It is therefore clear from Eqn. (4-66) that when the Hildebrand solubility parameters are 

similar (i.e. minimizing
mH∆ ) then the substances will be mutually soluble. The Hildebrand 

solubility parameter is only suitable for apolar or slightly polar compounds (i.e. approaching 

regular solution behaviour).  

One of the reasons why the Hildebrand solubility parameter doesn’t work for polar and 

hydrogen bonding compounds is that all the molecular interactions are simply “dumped” into 

one parameter and no differentiation is made between them. This problem was noted by 

many authors and many multi-parameter solubility parameters were developed [34]. The 

approach which has found the widest use is the one developed by Hansen [35] where he split 

the cohesive pressure (and therefore the solubility parameter) into a dispersive (
dδ ), polar 

( pδ ) and hydrogen bonding ( hδ ) part, given mathematically as: 

 2 2 2 2

t d p hδ δ δ δ= + +  (4-69) 

where tδ should equal the Hildebrand solubility parameter but may differ slightly in some 

cases. The three parameters can be calculated in various means; these are outlined by 

Barton [34] and Hansen [35]. The two methods which have found the widest use are those of 

Hansen and Hoy. If the three components ( , ,d p hδ δ δ ) are considered as three mutually 

orthogonal axis then each compound is a point in space. It is therefore the distance between 

these points that will determine whether compounds will be mutually soluble or not. The 
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distance equation is similar to the normal equation for the distance between vectors but the 

dispersive axis is doubled to give: 

 ( ) ( ) ( )
0.5

22 2

12 ,1 ,2 ,1 ,2 ,1 ,24 d d p p h hR δ δ δ δ δ δ = − + − + −  
 (4-70) 

Every solute (1) is experimentally assigned a sphere of solubility with radius R1 and therefore 

if 
12 1R R< the compounds will be mutually soluble. Consider the example of sucrose shown in 

Table 6 and Fig. 4, the sphere of solubility only encompasses water and therefore we would 

expect water to be a good solvent and the others to be poor (which can be verified in the 

literature [36]).  

Table 6 Hansen solubility parameters for sucrose and some solvents, data from Barton [34] 

Solute (MPa0.5) 

Name δδδδd δδδδp δδδδh Rj 

Sucrose 21.7 26.3 29.6 20.4 

     

Solvent (MPa0.5) 

Name δδδδd δδδδp δδδδh Rij 

Water 15.6 16.0 42.3 17.5 

Benzene 18.4 0.0 2.0 38.3 

Acetone 15.5 10.4 7.0 28.3 

Ethanol 15.8 8.8 19.4 21.1 

Cyclohexanol 17.4 4.1 13.5 27.8 

The Hansen model is not only useful for a qualitative estimation of solubility but it can also be 

used to provide a quantitative one.  The change in the enthalpy upon mixing in terms of the 

Hansen solubility parameters is analogous to Eqn. (4-66) and is given by: 

 ( ) ( ) ( ) ( )
22 2

1 1 2 2 1 2 ,1 ,2 1 ,1 ,2 1 ,1 ,2m d d p p h hH x V x V b bφ φ δ δ δ δ δ δ ∆ = + − + − + −  
 (4-71) 

Since it is not desirable to only be able to calculate properties of regular solutions we can 

assume that the entropy change upon mixing is given by the Flory-Huggins term: 

 ( )1 1 2 2ln lnmS R x xφ φ∆ = − +  (4-72) 

The excess change in Gibbs energy upon mixing is therefore given by: 

 
idE

m m mH S GG

RT RT R RT

∆ ∆ ∆
= − −  (4-73) 

Substituting in all the terms on the right hand side of Eqn. (4-73) and taking the partial 

derivative with respect to number of moles of component 1 the following results: 

 ( ) ( ) ( )
22 221 1 1

1 2 ,1 ,2 1 ,1 ,2 1 ,1 ,2

1 1

ln ln 1d d p p h h

V
b b

RT x x

φ φ
γ φ δ δ δ δ δ δ = − + − + − + + −  

 (4-74) 



Theoretical Approaches to Solute Activity 

 

 
26 

This is frequently written in a simplified form as follows: 

 ( ) ( ) ( )
2 2 2

1 1 1
1 ,1 1 ,1 1 ,1

1 1

ln ln 1d d p p h h

V
b b

RT x x

φ φ
γ δ δ δ δ δ δ = − + − + − + + −  

 (4-75) 

where
xδ is the “effective” solubility parameter for either the dispersive, polar or hydrogen 

bonding part, for the binary case
,1 1 ,2 2x x xδ δ φ δ φ= + .  

 

Fig. 4 Hansen solubility sphere for sucrose (▲ – position of solvents relative to the solubility sphere, all 

solubility parameters taken from Barton [34] and all have units of MPa0.5. Red symbolizes a poor solvent and 

blue a good one) 

When modelling the test solubility data (for aspirin) there are two different methods of 

approach. Firstly if it is assumed that no solubility data is known, then the solubility 

parameters can be predicted from group contribution methods (e.g. van Krevelen’s [34]). On 

the other hand if it is assumed that solubility data is known in three or four solvents then the 

parameters can be fitted to the data. For the latter approach the solvents available need to be 

sufficiently different so that they contain enough information about the three segments. 

Table 7 shows both the fitted and the pure predicted results for the solubility of aspirin in 

mixed solvents. The predicted results are fairly poor, and in many cases are more than a 

factor of two off. The reason for this is probably that the group contribution method used was 

not designed for complex molecules such as aspirin. For the fitted approach the four solvents 

that were used were: cyclohexane, methyl ethyl ketone, acetone and methanol. The fitted 

results are in most cases very good, and in most cases reproducing the experimental data 
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very well. In some cases there are two values for a single compound, this is because when 

large deviations were found the parameters of Hoy were tried. Remarkably with no further 

fitting the results were dramatically improved in all three cases. This is not because Hoy’s 

parameters are generally better but rather that for some polar compounds the Hansen 

parameters have a polar parameter which seems too small to be correct (1,4-dioxane is a 

case in point).  

Table 7 Comparison of the experimental and predicted data for aspirin solubility using Hansen solubility 

parameters from Barton [34] (* - the four reference solvents, a – Hansen’s parameters, b – Hoy’s parameters, 

experimental data from Frank [19]) 

Solvent δδδδd δδδδp δδδδh wt% experimental †wt% fitted ‡wt% predicted 

1,1,1-Trichloroethane 17.0 4.3 2.1 0.5 1.1 4.4 

1,2-Dichloroethane 19.0 7.4 4.1 3 2.9 13.0 

1,4-Dioxane
a
 19.0 1.8 7.4 19 1.3 19.3 

1,4-Dioxane
b
 16.3 10.1 7.9 19 18.2 10.5 

2-Ethylhexanol 16.0 3.3 11.9 10 4.1 8.9 

Acetic acid
a
 14.5 8.0 13.5 12 31.6 14.7 

Acetic acid
b
 13.9 12.2 18.9 12 23.6 2.7 

Acetone 15.5 10.4 7.0 29 27.0* 11.2 

Chloroform
a
 17.8 3.1 5.7 6 1.9 12.5 

Chloroform
b
 11.0 13.7 6.3 6 7.1 0.1 

Cyclohexane 16.8 0.0 0.2 0.005 0.2* 2.6 

Diacetone alcohol 15.8 8.2 10.8 10 13.5 8.3 

Diethyl ether 14.5 2.9 5.1 5 3.5 4.7 

Ethanol 15.8 8.8 19.4 20 21.7 13.7 

Isopropanol 15.8 6.1 16.4 10 15.3 15.4 

Methanol 15.1 12.3 22.3 33 32.9* 7.9 

Methyl ethyl ketone 16.0 9.0 5.1 12 13.6* 8.9 

n-Octanol 17.0 3.3 11.9 3 3.4 11.9 

Propylene glycol 16.8 9.4 23.3 9 2.7 2.9 

Tetrachloroethylene 19.0 6.5 2.9 3 0.9 5.8 

4.2.3.2. NRTL-SAC 

Just as UNIFAC and ASOG use the concept of the solution of groups, NRTL-SAC [37, 38] 

(NTRL – Segmented Activity Coefficient) uses the principle of the “solution of surfaces”. 

Instead of considering molecules as been broken down into functional groups the molecules 

are broken down into surface segments. The four surfaces that are used are hydrophobic (X), 

hydrophilic (Z), polar positive (Y+) and polar negative(Y-). So for example hexane would only 

have a hydrophobic surface, whereas something like acetic acid would have a bit of all 4 

surfaces. 

                                                      

†
 The 4 parameters that were fitted are: δd,1, δp,1, δh,1 and b1 from Eqn. (4-75). In the article by Frank  the Hansen fit is 

quite a bit worse than this one, the reason is twofold, firstly b1 was not used as a fitting parameter by Franks and 

secondly he used an estimated value of the heat of fusion. The fitted parameters (δd,1, δp,1, δh,1, b1) = 

(14.80,12.47,11.51,0.311). 

‡
 The predicted values were obtained from the group contribution method of van Krevelen given by Barton. The 

predicted parameters (δd,1, δp,1, δh,1) = (19.55,4.90,11.28), b1 was set to 0.25. 
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As with UNIFAC and ASOG it is assumed that the activity coefficient consists of a 

combinatorial and residual part. The combinatorial expression used is analogous to the Flory-

Huggins expression used in ASOG. 

 ln ln 1C JI
I I

JI J

r
x r

φφ
γ = + − ∑  (4-76) 

 ,I i I
i

r r=∑  (4-77) 

 I I
I

J J
J

r x

r x
φ =

∑
 (4-78) 

where ,i Ir is the number (analogous to group frequency but a real number rather than a whole 

number) of segments i in molecule I. The lower case indices (i,j,k,m and m’) run from 1 to 4 

where 1 to 4 are assigned segments (usually 1 = X; 2 = Y-; 3 = Y+ and 4 = Z) and the 

uppercase indices (I and J) are for the number of components (for examples of the types of 

values found for the segment numbers, see Table 9). The expression for the residual 

contribution to the activity coefficient is analogous to those of UNIFAC and ASOG: 

 ,ln ln lnR I

I m I m m
m

rγ  = Γ − Γ ∑  (4-79) 

where
mΓ is the activity coefficient of segment m in the mixture and I

mΓ is the activity coefficient 

of segment m in the pure component I. As the name suggests, NRTL is used to compute the 

segment activity coefficients: 
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The segment activity coefficient in the pure component ( I

mΓ ) is calculated from the same 

equation except ,j Ix is used in place of jx , where: 
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,

j I

j I

i I
i

r
x

r
=
∑

 (4-82) 

The NTRL-SAC segment interaction parameters where obtained by considering large 

amounts of VLE and LLE data. The table of the interaction parameters are shown in Table 8. 
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The values for ijα were set by considering the typical values that are found in systems 

containing the appropriate surfaces.  

Table 8 Segment interaction parameters for NRTL-SAC taken from Chen et al. [38] 

 ττττij     ααααij    

i \ j X Y- Y+ Z  X Y- Y+ Z 
X 0 1.643 1.643 6.547  0 0.2 0.2 0.2 

Y- 1.834 0 0 -2  0.2 0 0 0.3 

Y+ 1.834 0 0 2  0.2 0 0 0.3 

Z 10.949 1.787 1.787 0  0.2 0.3 0.3 0 

Table 9 shows the results for the aspirin solubility data prediction. Quite surprisingly the 

results are of a comparable accuracy to the Hansen fit; it is unclear whether this is just the 

case for this example or if the results are generally comparable. The same four reference 

solvents were used for the Hansen equation for the sake of continuity. As with the Hansen 

approach the data for acetic acid is quite a large outlier which indicates that the data point is 

probably wrong.  

The rationale behind using equations such as this and Hansen’s to fit to some reference 

solvents to predict the general behaviour is that during the manufacture of drugs these 

measurements are undertaken anyway. Nevertheless this does mean that in the absence of 

experimental data no pure predictions can be undertaken (in the case of NRTL-SAC since 

there are predictive methods available for Hansen parameters as shown above). 

Table 9 Comparison of the experimental and predicted data for aspirin solubility using NRTL-SAC [38] (* - the 

four reference solvents, experimental data from Frank [19]) 

Solvent rX rY- rY+ rZ wt% experimental §wt% fit **wt% fit 

1,1,1-Trichloroethane 0.548 - 0.287 - 0.5 1.6 1.1 

1,2-Dichloroethane 0.394 - 0.691 - 3 6.8 5.2 

1,4-Dioxane 0.154 0.086 0.401 - 19 20.9 21.6 

2-Ethylhexanol - - - - 10 - - 

Acetic acid 0.045 0.164 0.157 0.217 12 34.8 37.2 

Acetone 0.131 0.109 0.513 - 29 28.5* 28.8 

Chloroform 0.278 - 0.039 - 6 4.4 4.7 

Cyclohexane 0.892  - -   - 0.005 0.2* 0.09 

Diacetone alcohol - - - - 10 - - 

Diethyl ether 0.448 0.041 0.165 - 5 5.2 4.1 

Ethanol 0.256 0.081 - 0.507 20 18.0 18.6 

Isopropanol 0.351 0.070 0.003 0.353 10 11.2 11.1 

Methanol 0.088 0.149 0.027 0.562 33 35.1* 37.1 

Methyl ethyl ketone 0.247 0.036 0.480 - 12 15.3* 14.3 

n-Octanol 0.766 0.032 0.624 0.335 3 8.5 7.4 

Propylene glycol - - - - 9 - - 

Tetrachloroethylene - - - - 3 - - 

                                                      

§
 The 4 surface parameters were fitted using the same 4 solvents as with the Hansen fit. The results obtained are a 

bit worse than those reported by Chen but this is because they fitted a solubility parameter (Eqn. (5-12)) since they 

did not have experimental data heat of fusion data. The surface segments (X,Y-,Y+,Z) = (0,0.132,0.800,0.347). 

**
 The fit using all the solvents except for acetic acid (because the data seems erroneous), surface segments (X,Y-

,Y+,Z) = (0,0.167,0.869,0.428). 
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4.2.3.3. COSMO-RS and COSMO-SAC 

The huge potential with quantum chemical methods such as COSMO-RS [39] (COnductor like 

Screening MOdels for Real Solvents) and COSMO-SAC [40, 41] (COSMO – Segmented 

Activity Coefficient) is that they could supply ab initio predictions of activity coefficients (and 

other properties) eliminating any need to undertake measurements. Both methods are based 

on the so called sigma profiles that are obtained from quantum chemical calculations. These 

profiles are generated by breaking the surface of a molecule into segments and calculating 

the distribution of the charge density across the molecular surface. The segment charge 

density is denoted byσ , and the frequency of each segment charge density (or simply just 

segment) is given by ( )p σ . An example of some sigma profiles is shown in Fig. 5, quite a bit 

of qualitative data can be gleaned by examining the sigma profiles. For example hexane is 

clearly non-polar as all its segments lie in the low charge density range, while acetone is 

clearly a polar molecule since it has a much wider profile.  
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Fig. 5 Sigma profiles for 3 solvents and an example solute (aspirin) (profiles from the VT database [42]) 

Where COSMO-RS and COSMO-SAC differ is that COSMO-SAC sums up the activity 

coefficient of the surface segment in the mixture (NRTL-SAC is based on the same principle) 

while COSMO-RS calculates the chemical potential of each segment and then calculates 

activity coefficient. Lin and Sandler [41] report certain anomalies in the method of COSMO-

RS which are not present in the method of COSMO-SAC. Both methods use the Staverman-

Guggenheim (denoted by superscript SG) combinatorial term (see section 4.2.4) in the 

calculation of the activity coefficient. The COSMO-SAC expression is: 

 [ ]/ /ln ( ) ln ( ) ln ( ) ln
m

SG

i S i i m S m i m i Sn p
σ

γ σ σ σ γ= Γ − Γ +∑  (4-83) 
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where ln ( )S mσΓ is the segment activity coefficient of segment
mσ in the mixture and ln ( )i mσΓ is 

the activity coefficient of segment
mσ in pure component i (the exact details of the calculations 

are not in the scope of this work ). The expression for the COSMO-RS activity coefficient is: 

 
/ /

' ( ) ' ( )
ln ( )exp ln ln

m

SGS m i m S
i S i i m i S

i

A
n p

kT Aσ

µ σ µ σ
γ σ λ γ

 − 
= − +  

   
∑  (4-84) 

where ' ( )S mµ σ is the chemical potential of segment
mσ in the mixture, ' ( )i mµ σ is the chemical 

potential of segment
mσ in pure component I, As is the mole fraction weighted surface area of 

all the species in the mixture, similarly Ai is for pure component i and λ is a solvent specific  

adjustable parameter. 

As mentioned above the huge advantage of using COSMO calculations for calculating phase 

equilibria is that results are obtained from first principles. Table 10 shows the results for the 

prediction of the aspirin solubility test set. The results for both methods are fairly poor, this is 

to be expected as out of all the methods analysed in this section these have the “seen” the 

least amount of experimental data. In almost every instance the COSMO-RS (Oldenburg) is 

superior to that of COSMO-SAC.  

As mentioned above the huge advantage of the COSMO methods is that the can provide 

results (almost) solely from first principles, with very little need for experimental data. 

However the results for the test set suggest that these methods should be used with caution 

and not simply blindly applied. The test results show that, unsurprisingly, the “reference 

solvent” methods are superior, however UNIFAC is still competitive in many instances and in 

the absence of experimental data should be the method of choice (out of the methods 

analysed in this section). 

Table 10 Comparison of the experimental and predicted data for aspirin solubility using COSMO-SAC and 

COSMO-RS (experimental data from Frank [19], COSMO profiles from the DDB [33]) 

Solvent wt% experimental wt% COSMO-SAC wt% COSMO-RS 

1,1,1-Trichloroethane 0.5 1.2 2.0 

1,2-Dichloroethane 3 15.3 11.2 

1,4-Dioxane 19 68.0 27.9 

2-Ethylhexanol 10 25.1 10.6 

Acetic acid 12 30.2 25.6 

Acetone 29 71.7 48.0 

Chloroform 6 37.7 17.5 

Cyclohexane 0.005 0.7 0.2 

Diacetone alcohol 10 64.6 37.6 

Diethyl ether 5 57.4 12.9 

Ethanol 20 67.3 42.7 

Isopropanol 10 64.4 35.5 

Methanol 33 75.2 52.4 

Methyl ethyl ketone 12 66.6 39.8 

n-Octanol 3 25.1 10.6 

Propylene glycol 9 45.4 29.0 

Tetrachloroethylene 3 0.1 0.3 
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4.2.4. Combinatorial contributions 

As mentioned above the combinatorial contribution refers to the fact the change in the 

thermodynamic property is from size/shape interactions. Thermodynamically this is when the 

mixture is athermal (i.e. 0E

mH H= ∆ = ), therefore for an athermal mixture (from Eqn. (4-65)): 

 m m

C

G S

RT R

∆ ∆ 
= − 

 
 (4-85) 

where the subscript c refers to the combinatorial contribution. One of the simplest expressions 

for the entropy change upon mixing is given the expression proposed by Flory and Huggins 

(see Eqn. (4-72)). Rearrangement of Eqn. (4-73) yields Eqn. (4-86) which can be combined 

with the Flory-Huggins entropy expression to give Eqn. (4-87), where the van der Waals 

volume fraction (Eqn. (4-49)) is used in place of the molar volume fraction. 

 ln
E

m
i i

i

GG
x x

RT RT

∆
= −∑  (4-86) 

 ln
E

i
i

i i

G
x

RT x

Φ
=∑  (4-87) 

Taking the partial derivative of Eqn. (4-87) yields the following expression for the Flory-

Huggins combinatorial contribution to the activity coefficient: 

 ln 1 lnC i i
i

i ix x
γ

Φ Φ
= − +  (4-88) 

For athermal mixtures of chain molecules Guggenheim [43] proposed the following 

expression for the entropy change upon mixing: 

 
1

ln ln
2

m i
i i i i

i i

S
x x zq

R

θ −∆
= Φ +  

Φ 
∑ ∑  (4-89) 

where z is the coordination number of the lattice (number of atoms which touch) 

also
iθ and

iΦ are defined by Eqn’s (4-50) and (4-49) respectively. Combining Eqn’s (4-85), 

(4-86), (4-89) and (4-25) yields the Guggenheim-Staverman combinatorial expression: 

 ln 1 ln 1 ln
2

C i i i i i
i

i i i i

zq

x x
γ

θ θ

   Φ Φ Φ Φ
= − + − − +   
   

 (4-90) 

In many applications (such as UNIFAC and UNIQUAC) the value of z is set to 10. The 

Guggenheim-Staverman equation reduces to the Flory-Huggins equation when
i ir q= for all i. 

These two expressions were used among others by Kikic et al. [44] to predict the infinite 

dilution activity coefficients for systems where the residual will fall away (alkane-alkane 
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systems – see section 6.1 for the analysis proposed by this work). Their analysis showed that 

the Flory-Huggins expression actually performs better that the Guggenheim-Staverman (SG) 

equation in all the examples tried. They proposed the following empirical modification for the 

SG equation: 

 
1

ln ln 1 ln 1
2

C i i i i
i i

i i i i

zq
x x

γ
θ θ

′ ′  Φ Φ Φ Φ
= + − − + − 

 
 (4-91) 

where
i
′Φ is the empirically modified volume fraction, for which two different expressions were 

proposed: 
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where r and V are the van der Waals and molar volumes respectively. Both the expressions 

provided much improved predictions of the infinite dilution activity coefficients. Then Gmehling 

et al. [40] proposed another empirical modification of
i
′Φ which provided better representation 

of mixtures of large and small molecules. The modification is given by Eqn. (4-94) and is used 

in the combinatorial expression of the modified UNIFAC (Dortmund) equation (from this point 

onwards this will be referred to as the mod-UNIFAC combinatorial). 
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4

i i
i

j j
j

x V

x V
′Φ =

∑
 (4-94) 

When these expressions are applied to systems which have massive differences in 

component size such as polymer solutions they tend to perform quite poorly. It was theorised 

that this deviation was due to the “free volume” in the solution, which is the volume which is 

not occupied by molecules and is only really noticeable in polymer solutions. One of the first 

of these free-volume equations, called the ELBRO-FV expression, was proposed [45] : 

 ln 1 ln
FV Fv

C FV i i
i

i ix x
γ − Φ Φ

= − +  (4-95) 

where the superscript C-FV refers to the combinatorial free-volume part and the free volume 

fraction is defined as: 
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 (4-96) 

 
,

FV

i i w iV V V= −  (4-97) 

The mathematical definition of free volume is not distinct and varies from author to author 

[45]. The ELBRO-FV expression was modified by Kontogeorgis et al. [45] (named the GK-FV 

expression) by introducing the free volume into the Guggenheim-Staverman equation instead 

of the Flory-Huggins: 

 
1

ln ln 1 ln 1
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FV FV
C FV i i i i
i i

i i i i
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x x

γ
θ θ

−  Φ Φ Φ Φ
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 (4-98) 

These expressions provide much improved results with polymer systems indicating that there 

is some realism behind the idea of free volume. These are by no means the only expressions 

available, many others for example UNIFAC-FV can be found in literature [45-48]. 
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5. EXPERIMENTAL DETERMINATION OF SOLUTE ACTIVITY  

The chemical potential or fugacity of solute can usually not be measured directly. The 

experimental techniques for extracting solute fugacity are, among others: VLE (Vapour-Liquid 

Equilibrium) measurements, LLE (Liquid-Liquid Equilibrium) measurements and SLE (Solid-

Liquid Equilibrium) measurements. Since this work deals with the prediction of complex 

multifunctional compounds the sources of data are somewhat limited. VLE data for such 

systems is more or less nonexistent, similarly with LLE there will be very few if any data for 

the systems of interest in this work. Therefore the two main sources of data will be: 

1. SLE data 

2. Partition coefficient data 

The following sections will outline the applications and limitations of these two sources of 

data. 

5.1. Solid-liquid equilibria 

The phase equilibrium criterion given in Eqn. (4-19) for equilibrium between a solid and a 

liquid phase becomes (superscripts S and L represent solid and liquid phase): 

 ˆ ˆS L

i if f=  (5-1) 

 L L S S

i i i i i ix f z fγ γ=  (5-2) 

where xi and zi are the mole fractions in the liquid and solid phases respectively. If it is 

assumed that there is negligible solubility of the liquid in the solid (i.e. pure 

solid, 1iz → , 1S

iγ → ) then: 

 
S

i
i L L

i i

f
x

fγ
=  (5-3) 

As mentioned above (see section 4.1) the only requirement of the standard state is that it be 

at the same temperature as the solution, therefore the sub-cooled liquid is chosen as the 

standard state. Therefore the solubility (xi) is not only dependant on the way the solute and 

the solvent interact ( iγ ) but also on the properties of the pure solute (since s

if and l

if are both 

properties of the pure solute). The ratio /s l

i if f can be related to the change in the Gibbs 

energy when going from the solid (point a) to the sub cooled liquid (point d). 

 ln
L

i

Sa d
i

f
G RT

f→
∆ =  (5-4) 
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This process can be represented by the thermodynamic cycle given by Prausnitz [16] and 

shown in Fig. 6.  

 

 

 

 

 

Fig. 6 Thermodynamic cycle for calculating the fugacity of a pure sub-cooled liquid, taken from Prausnitz 

[16]. 

The Gibbs free energy is related to the enthalpy and the entropy through Eqn. (5-5). Since the 

enthalpy and the entropy are both state functions, and are therefore not dependant on the 

path taken, the alternate path a b c d→ → → can be used.  

 
a da d a d

G H T S
→→ →

∆ = ∆ − ∆  (5-5) 

The path a b c d→ → → can be calculated by using the appropriate relations for changing the 

temperature of a solid ( a b→ ), melting the solid ( b c→ ) and changing the temperature of 

the liquid ( c d→ ). This is represented by the following 4 equations: 

 
a d a b b c c d

H H H H
→ → → →

∆ = ∆ + ∆ + ∆  (5-6) 
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∆ = ∆ + ∆ + ∆  (5-8) 
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∆ ∆
∆ = + ∫  (5-9) 

where l s

P P Pc c c∆ ≡ −  and Tt is the triple point temperature. Since data for the triple point is not 

abundant we can reasonably assume that the triple point temperature is well approximated by 

the melting temperature (
mT ). Assuming that

Pc∆ is constant over the temperature range and 

combining Eqn’s (5-4), (5-5), (5-7) and (5-9): 

 ln 1 1 ln ln
L

fusi m P m P m
i iS

mi

Hf T c T c T
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RT T R T R Tf
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 (5-10) 

a 

b c 

d 

Solid Liquid 

Triple point 
Temperature Tt 

Operating 
Temperature T 



Experimental Determination of Solute Activity 

 

 
37 

For temperatures not too remote from the melting point the heat capacity term may be 

neglected. This results in the following simplified relation: 

 ln ln 1fus m
i i

m

H T
x

RT T
γ

∆  
= − − − 

 
 (5-11) 

Fig. 7 shows how the ideal solubility ( 1iγ = ) changes with the melting temperature and the 

heat of fusion of the solute in a solvent at 273.15 K. This shows that the solubility is quite a 

strong function of the pure component properties of the solute. 

 

Fig. 7 The ideal solubility as a function of the melting temperature and the heat of fusion at 273.15 K. 

Since heat capacity data is often unavailable for solutes Eqn. (5-11) is often used even when 

the temperature is fairly far from the triple point. When heat of fusion and melting temperature 

data are not available then the solubility product can be used instead (where the solubility 

parameter is an adjustable parameter used in the regression): 

 ln ln lni sp ix K γ= −  (5-12) 

For temperatures far removed from the melting point Eqn. (5-11) may not be sufficient as the 

contribution of the heat capacity change may be significant. This may require some 

approximations because it is unlikely that there are models (certainly not data) for some of the 

complex multifunctional compounds being dealt with in this work. 
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5.2. Partition coefficients 

Partition coefficients are widely used in the pharmaceutical and biological sciences. They are 

used as a measure of how compounds partition (or distribute) between 2 phases. The most 

common partition coefficient is the octanol-water partition coefficient. This is a measure of the 

partitioning between water-saturated octanol and octanol-saturated water: 

 
ow

i
ow wo

i

C
K

C
=  (5-13) 

where C is the concentration and the superscripts refer to the water saturated octanol (ow) 

and the octanol saturated water (wo) phases. Using the molar volumes of octanol 

( 1

oct 6.313 .V mol l −= ) and water ( 155.343 .waterV mol l −= ) and the equilibrium relationships 

(essentially pure water phase; 27.5 mol% water in the octanol phase) the following 

relationship results (the superscript wo is replaced by w since the water is essentially pure): 

 0.1508
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i
ow w

i

x
K

x
=  (5-14) 

If it is assumed that the solute concentration is small then, using the criterion for phase 

equilibrium (isofugacity criterion Eqn. (4-19)) the following results: 

 
,

,
0.1508

w

i
ow ow

i

K
γ

γ

∞

∞
=  (5-15) 

This relation is only useful if the infinite dilution activity coefficient is known in water saturated 

octanol as well as pure water. However Tse and Sandler [49] have shown that the octanol 

water partition coefficient can be related, fairly simply, to the pure phase infinite dilution 

activity coefficients: 

 
,

,
log 0.1 0.91.log 0.1508
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i
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i
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∞

 
= +  

 
 (5-16) 

Where this correlation should only be applied to hydrophobic species (1.0 log 5.0owK< < ). 

The great advantage of a correlation such as this is that if owK and ,w

iγ ∞ are known then the 

value for the octanol infinite dilution activity can be extracted. 
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6. REDUCTION OF INFINITE DILUTION DATA TO A COMMON 

SOLVENT 

Since this work is concerned with the prediction of the activity coefficient of complex 

compounds in common solvents it is imperative that there are sufficient data for the solvents 

that are chosen. Of all the solvents water is going to have the largest amount of solubility data 

available since it is the most readily available of all solvents. However when trying to compile 

a set of data it soon became clear that large amounts of data in other single solvents was not 

that easy to come by. It is for this reason that one of our objectives was to be able to grow our 

dataset in a simple reliable way; the following sections outline our proposed method for 

alkanes, n-alcohols and ketones. 

6.1. Alkanes 

The success of methods like UNIFAC has shown that the principle of solutions of groups does 

have practical application. It can therefore be assumed that a solute molecule at infinite 

dilution will only “see” the solvent groups around it. Since alkanes are all made up of sp
3
 

carbons (CH3 UNIFAC group) it would make sense that the ratio of a solutes infinite dilution 

activity coefficient in two different alkane solvents should only in some way depend on the 

size and shape of the solvent molecules. (This reasoning applies to infinite dilution data since 

the solute molecule will only “see” solvent groups and not other solute groups). If it is 

assumed that the activity coefficient is only made up a combinatorial (size/shape interactions) 

and a residual (energetic interactions) contribution then, since the residual contributions are 

equivalent, the following expression would result: 
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where the superscript C denotes the combinatorial expression and the subscripts sol1 and 

sol2 differentiate between any two alkane solvents. This expression can therefore be 

rearranged to give the infinite dilution activity coefficient in any alkane solvent relative to a 

known solvent: 
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Different combinatorial expressions have been discussed in section 4.2.4. As was expected 

the Guggenheim-Staverman expression showed quite a large deviation when going from 

small to large solvents (see section 4.2.4). The modified UNIFAC expression performed a bit 

better but tended to under-predict the activity coefficient when going from a large reference to 

a small one (and visa versa). The free volume expression provides a very good prediction of 
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the experimental data and can go from very big to very small solvents with a fair level of 

accuracy. This success is somewhat surprising since free volume is almost never considered 

in non-polymer applications. The success of this term in this method could indicate that free 

volume does have an impact of the combinatorial contribution. Some examples of the usage 

of Eqn. (6-2) are shown in Fig. 8 to Fig. 10 and Table 11. In all the examples the biggest 

solvent was chosen as the reference solvent (for no reason other than consistency) and 

where multiple data points were available GLC (Gas-Liquid Chromatography) measurements 

were considered as superior.  
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Fig. 8 γγγγ2
∞ vs. r1 for ethanol(2) in alkane solvents(1) using squalane as the reference solvent at 298.15 K (x – 

data from the DDB, _ . _ . _  SG combinatorial, …… mod-UNIFAC combinatorial, ____ GK-FV combinatorial). 
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Fig. 9 γγγγ2
∞ vs. r1 for benzene(2) in alkane solvents(1) using squalane as the reference solvent at 298.15 K (x – 

data from the DDB, _ . _ . _  SG combinatorial, …… mod-UNIFAC combinatorial, ____ GK-FV combinatorial). 
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Fig. 10 γγγγ2
∞ vs. r1 for butanone(2) in alkane solvents(1) using squalane as the reference solvent at 298.15 K (x – 

data from the DDB, _ . _ . _  SG combinatorial, …… mod-UNIFAC combinatorial, ____ GK-FV combinatorial). 

Table 11 Comparison of the prediction for a selected group of compounds when using Eqn. (6-2) with the 

various combinatorial expressions 

      Prediction 

Solute/Solvent T (K) γγγγ2 2 2 2 
exp

    SG mod-UNIFAC GK-FV 

      

Naphthalene      

Heptane 403.15 2.4 2.064 1.233 2.268 

19,24-Dioctadecyldotetracontane (ref.) 403.15 0.4 0.400 0.400 0.400 

      

1-Heptene      

Hexadecane* 373.15 0.825 1.161 0.768 1.143 

19,24-Dioctadecyldotetracontane (ref.) 373.15 0.354 0.354 0.354 0.354 

      

Chlorobenzene      

Octadecane 303.15 1.15 1.243 1.089 1.155 

Squalane (ref.) 303.15 0.84 0.840 0.840 0.840 

      

1,3-Cyclohexadiene      

Hexadecane* 303.15 0.737 0.932 0.607 0.978 

19,24-Dioctadecyldotetracontane (ref.) 303.15 0.251 0.251 0.251 0.251 

* - data are from the same source  

Initially when testing the method, quite accidentally, only solutes which were smaller than all 

of the solvents used were tested (this is due to the high availability of such data). However 

when the size of the solute became larger than the size of the solvent, the predictions started 

to show very large negative deviations. This is quite well illustrated in the example of 

ethylcyclohexane shown in Fig. 11. All three combinatorial expressions show much worse 

predictions as soon as the size of the solute (r2) becomes larger than the size of the solvent 

(r1). The larger the size of the solute the worse this error becomes. 
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Fig. 11 γγγγ2
∞ vs. r1 for ethylcyclohexane (2) in alkane solvents(1) using squalane as the reference solvent at 

298.15 K (x – data from the DDB [33], _ . _ . _  SG combinatorial, …… mod-UNIFAC combinatorial, ____ GK-FV 

combinatorial). 

This problem was solved by empirically modifying the GK-FV expression as follows: 
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 ( ) ( )
22

* 33'FV

i i iV V V= −  (6-4) 

This expression provides a far better prediction for the large solutes in small solvents while 

still providing almost identical results for small solutes in larger solvents. Another solution is to 

use the following approximation of the combinatorial ratio: 
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γ γ∞ ∞  

=  
 

 (6-5) 

While this expression is very simple it approximates the use of the modified GK-FV 

expression quite well in many instances, see Fig. 12 and Fig. 13 for good and bad 

approximations respectively. The great advantage with this approach is that only the molar 

volumes of the solvents are needed; no structural information about the solute is required. 
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Fig. 12 γγγγ2
∞ vs. r1 for methanol (2) in alkane solvents(1) using squalane as the reference solvent at 298.15 K (x 

– data from the DDB [33], ____ Eqn. (6-3), _.._.._ Eqn. (6-5)). 
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Fig. 13 γγγγ2
∞ vs. r1 for cyclohexane (2) in alkane solvents(1) using squalane as the reference solvent at 298.15 K 

(x – data from the DDB [33], ____ Eqn. (6-3), _.._.._ Eqn. (6-5)). 

As mentioned above the purpose of this method was to expand the available data for the list 

of common solvents that have been chosen for this work. This is however only one possible 

application of such a method. If the data for some solute in any alkane is known then the data 

for all the other alkanes can be estimated. This is especially useful for example with GLC 

(Gas Liquid Chromatography) where the non-polar stationary phase is very often squalane or 

some other large alkane (e.g. 19,24-dioctadecyldotetracontane or tridecane). Another 

application is data validation; if one or two accurate data points are known then is would be 

possible to reject any outliers depending on how far away they are from the predicted points. 

An example of this is shown in Fig. 13 where the data for tetradecane seems to be erroneous. 

This method also provides a good method to test or develop combinatorial expressions. As 

mentioned in section 4.2.4 often combinatorial expressions are only developed by considering 
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solutions of alkanes where the residual falls away. However if this approach is applied it 

provides a much broader scope and applicability while still remaining realistic. 

For the molar volumes and the r and q values of the alkane solvents, the following empirical 

correlations can be used: 

 
1

6.88 10.23

15.17

cn
r

+ ×
=  (6-6) 

 
1

1.54 1.35

2.5

cn
q

+ ×
=  (6-7) 

 
124.026 23.102V r= × +  (6-8) 

where nc is the number of carbons, V is the molar volume and the subscript 1 refers to 

solvent. 

6.2. n-Alcohols 

For the n-alcohols a similar procedure as the one for alkanes can be applied. However since 

there are now two different groups (-OH and -CH2-) there needs to be two reference solvents. 

Therefore if it is assumed that the infinite dilution activity coefficient is made up of an OH part 

(infinite dilution of the solute in a solution of OH groups) and a CH2 part, we can write (where 

the combinatorial expression is obtained from Eqn. (6-3)): 

 ( ) ( ), ,22, ,i CH i OHa a
CH OH

i i iγ γ γ∞∞ ∞=  (6-9) 

where the exponents ,i OHa and 
2,i CHa are the surface fractions of OH and CH2 groups in the 

solvent, given as: 
, /i OH OH ia q q= and 

2, ( ) /i CH i OH ia q q q= − (the value for 
OHq  is taken from 

UNIFAC) and the values 2,CH

iγ ∞ and ,OH

iγ ∞  are the model parameters found from the two 

reference solvents. This expression works best for interpolation but with good data can 

provide good extrapolation. Fig. 14 to Fig. 16 and Fig. 17 to Fig. 18 show results for a typical 

interpolation and a good extrapolation respectively. 
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Fig. 14 γγγγ2
∞ vs. r1 for tetramethylstannane (2) in n-alcohol solvents(1) at 298 K ( x – data from DDB [33], ____ 

Eqn. (6-9)). 
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Fig. 15 γγγγ2
∞ vs. r1 for pentane (2) in n-alcohol solvents(1) at 298 K ( x – data from the DDB [33], ____ Eqn. (6-9)). 
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Fig. 16 γγγγ2
∞ vs. r1 for dichloromethane (2) in n-alcohol solvents(1) at 298 K ( x – data from the DDB [33], ____ 

Eqn. (6-9)). 
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Fig. 17 γγγγ2
∞ vs. r1 for dimethyl ether (2) in n-alcohol solvents(1) at 330 K ( x – data from the DDB [33], ____ Eqn. 

(6-9)). 
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Fig. 18 γγγγ2
∞ vs. r1 for toluene (2) in n-alcohol solvents(1) at 330 K ( x – data from the DDB [33], ____ Eqn. (6-9)). 

This approach is very reliable (especially for interpolation) but suffers in that it requires two n-

alcohol solvents. This could potentially be overcome by only splitting the residual part of the 

activity coefficient into OH and CH2 contributions as follows: 

 ( ) ( ), ,22, , , , ,i CH i OHa a
CH R OH R C

i i i iγ γ γ γ∞∞ ∞ ∞=  (6-10) 

If Eqn. (6-10) holds then it would be possible to predict the behaviour in all n-alcohol solvents 

from one n-alcohol and one alkane reference solvent (for the alkane we can directly calculate 

2, ,CH R

iγ ∞ since , 0i OHa = ). Fig. 19 shows a good example of where this works well. This n-

alcohol -alkane reference method is not as reliable as the n-alcohol - n-alcohol reference 

method. It was shown to be suitable for all solutes where the 2, ,CH R

iγ ∞ parameter is less than 

about two (typically alkanes, aromatics and halo-alkanes) but failed in most (if not all) other 
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cases. It was also noted that for cases when the n-alcohol -alkane method works, the best 

results are obtained when the smallest n-alcohol is used as the reference solvent. 
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Fig. 19 γγγγ2
∞ vs. r1 for tetrachloromethane (2) in n-alcohol solvents(1) at 293.15 K ( x – data from the DDB [33], 

____ Eqn.(6-10) with squalane and methanol as the 2 reference solvents). 

6.3. Ketones 

As with the n-alcohols it was assumed that the infinite dilution of any solute in a (non-cyclic, 

non-aromatic) ketone solution may be represented by the following equation: 

 ( ) ( ), ,22, ,i CH i COa a
CH CO

i i iγ γ γ∞∞ ∞=  (6-11) 

where the superscript CO refers to the ketone contribution, ,i COa and 
2,i CHa are the surface 

fractions of CO and CH2 groups in the solvent, given as: , /i CO CO ia q q= and 

2, ( ) /i CH i CO ia q q q= − (
COq  is taken as the value from Bondi [31]). As with the n-alcohols two 

reference solvents are required since there are two different contributions. Unfortunately, 

unlike with the n-alcohols, there are not large amounts of data available with which to make 

model tests, Fig. 20 shows the example of hexane for which there was a fair amount of data 

available. As with the n-alcohols the interpolation is fairly good.  

In all the examples that have been show so far the infinite dilution activity coefficient 

decreases with the increasing size of the solute. This is, however, not necessarily the case. 

Fig. 21 and Fig. 22 show the curves for water and ethanol in ketone solvents; in these 

examples the size of the infinite dilution activity coefficient increases with increasing solvent 

size. The reason for this is that as the hydrophobic chain of the solvent increases the solvent 

becomes more hydrophobic and therefore one would expect the infinite dilution activity of 

hydrophilic solutes in the mixture to increase. This effect is accounted for in the model by 
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making the hydrophobic contribution to
iγ ∞ larger (i.e. the regressed value of 2,CH

iγ ∞ will be larger 

than the value of ,CO

iγ ∞ ).   

When looking at Fig. 22 it seems like the prediction for 2-butanone is quite off. However 

looking at Fig. 23, the predicted point seems to follow the trend of the other data while the 

experimental point seems off. Therefore in this case we can assume that the measured value 

was subject to experimental error.  
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Fig. 20 γγγγ2
∞ vs. r1 for hexane (2) in ketone solvents(1) at 298.15 K ( x – data from the DDB [33], ____ Eqn. (6-11)). 
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Fig. 21 γγγγ2
∞ vs. r1 for water (2) in ketone solvents(1) at 333.15 K ( x – data from the DDB [33], ____ Eqn. (6-11)). 
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Fig. 22 γγγγ2
∞ vs. r1 for ethanol (2) in ketone solvents(1) at 313.15 K (x – data from the DDB [33], ____ Eqn. (6-11)). 
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Fig. 23 γγγγ2
∞ vs. 1/T for ethanol (2) – 2-butanone (1) (x – data from the DDB [33], ∆ – experimental data at 313.15 

K, □ – value predicted from Eqn. (6-11) at 313.15 K)  

6.4. NRTL-SAC solvent interpolation  

The success of the “surface contribution” methods described in the previous sections 

suggests that the principle is fairly sound when the appropriate surface fraction is chosen and 

when a suitable chemical family is defined. It is however not always the case that there are 

multiple solvents from the same homologous series; in some cases there may only be one or 

two data from any series. Therefore it would be useful to be able to be able to interpolate 

between solvents from different chemical families. This is essentially what the NRTL-SAC 

approach allows one to do, however the equations involved are tedious to implement and the 

regression of the models parameters can be a bit problematic if not carried out carefully. 

One of the biggest advantages of the NRTL-SAC approach is that the model parameters 

make sense in that they reflect what we would expect. In the previous sections infinite dilution 
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activity coefficient was split into two parts a CH2 part and functional group part. If this is 

extended to more general terms: 

 , , , ,ln ln ln ln lnX Y Y Z

i X i Y i Y i Z ir r a aγ γ γ γ γ∞ ∞ ∞ − ∞ + ∞

− += + + +  (6-12) 

or 

 ( ) ( ) ( ) ( ), , , ,X Y Y Zr r r r
X Y Y Z

i i i i iγ γ γ γ γ
− +∞ ∞ ∞ − ∞ + ∞=  (6-13) 

where
Xr ,

Yr − ,
Yr + and

Zr are the NRTL-SAC hydrophobic, polar negative, polar positive and 

hydrophilic surface segments respectively; the terms in brackets are the model parameters. 

Therefore, as with NRTL-SAC, if data is known about four sufficiently different solvents then 

the model parameters can be fitted and solvent which has NRTL-SAC parameters can be 

predicted. Table 12 shows the results when using Eqn. (6-13) for four solutes in various 

solvents. Considering that the NRTL-SAC parameters are used “as is” and are not modified in 

any way the results are quite good. In many cases, at least qualitatively, the correct behaviour 

of the infinite dilution activity coefficient is observed. 

For the hydrophobic solutes the behaviour in water and 1,2-ethandiol cannot be reproduced 

with any kind of reasonable accuracy. When comparing the fits in Table 13 with the NRTL-

SAC fits the results are comparable in most cases. The NRTL-SAC prediction is slightly better 

in some cases, which is unsurprising since the parameters are fitted to the equation; however 

in many cases the NRTL-SAC prediction is significantly worse. 

Considering that the results are fairly good even for the raw NRTL-SAC parameters it could 

mean that a new table of surface segment values specific to this method could be drawn up. 

The great power of a method such as this is that if a method can be developed for the infinite 

dilution activity coefficient in four suitably different solvents then these predictions can be 

extended to all other solvents with relative ease. 

Table 12 Comparison of the experimental and fitted predictions for infinite dilution activity coefficient using 

Eqn. (6-13) for 4 different solutes at 298.15 K (* - the 4 reference solvents) using the NRTL-SAC parameters 

from [37]. All data from the DDB [33]. 

 Tetramethylstannane  Ethanol  Benzene  Ethyl iodide 

Solvent γγγγ
exp 

γγγγ
fit  γγγγ

exp 
γγγγ

fit  γγγγ
exp 

γγγγ
fit  γγγγ

exp 
γγγγ

fit 

1,1,1-Trichloroethane  1.66 3.0  - -  - -  - - 

1,2-Dichloroethane                              4.87 12.0  - -  - -  1.44 3.0 

1,2-Ethanediol                                  464 76.7  1.86 1.1  44.2 91.5  - - 

1,4-Dioxane                                     - -  - -  1.08 1.5  1.34 1.8 

1-Butanol                                       6.13 8.2  0.93 6.1  3.786 13.8  3.16 4.0 

1-Octanol                                       4.5 10.6  1.256 28.2  2.07 20.4  - - 

1-Pentanol                                      - -  8.24 6.6  48 14.3  - - 

1-Propanol                                      8.36 9.8  0.92 5.2  3.3 16.7  3.88 4.3 

2-Butanone                                      - -  2.6 3.6  1.12 1.7  1.42 2.1 

2-Propanol                                      8 14.7  0.87 5.0  - -  3.85 5.3 

Acetic acid                                     - -  - -  4.4 3.9  - - 

Acetone                                         7.98 8.0*  2.44 2.4*  1.7 1.7*  2.1 2.1* 
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 Tetramethylstannane  Ethanol  Benzene  Ethyl iodide 

Solvent γγγγ
exp 

γγγγ
fit  γγγγ

exp 
γγγγ

fit  γγγγ
exp 

γγγγ
fit  γγγγ

exp 
γγγγ

fit 

Acetonitrile                                    27.4 25.2  3.79 2.4  2.77 2.1  4.25 2.9 

Benzene                                         2.28 3.0  11.09 11.3  - -  1.07 2.1 

Chlorobenzene                                   2.28 6.6  - -  - -  1.01 2.9 

Chloroform                                      2.07 1.9  - -  35.3 1.3  0.96 1.6 

Cyclohexane                                     1.25 1.2  23.8 20.4  0.96 1.4  - - 

Dichloromethane                                 4 5.6  - -  - -  2.06 2.5 

Diethyl ether                                   - -  - -  - -  2.26 1.6 

Dimethyl sulfoxide                              62 14.6  0.53 0.1  3.05 2.1  3.11 1.4 

Ethanol                                         15.14 15.1*  - -  26.63 26.6*  5 5.0* 

Ethyl acetate                                   3.88 5.7  1.39 4.9*  1.04 1.7  9.16 2.2 

Heptane                                         - -  49 49.0  1.55 1.5*  - - 

Hexane                                          1.2 1.2*  60.1 29.3  0.75 1.5  1.9 1.9* 

Methanol                                        31 16.5  1.13 1.7  7.55 22.5  7.98 4.3 

Methyl phenyl ether                             - -  - -  4.4 2.1  - - 

N,N-Dimethylacetamide       - -  0.57 0.6*  2.11 2.1*  - - 

N,N-Dimethylformamide 15.3 15.3*  - -  - -  1.92 1.9* 

Nitromethane                                    - -  19.1 5.7  2.931 3.1  4.81 4.3 

N-Methyl-2-pyrrolidone                          11 18.7  0.67 0.8  1.6 2.4  - - 

Pyridine                                        - -  0.8 2.8  1.2 4.7  - - 

Sulfolane                                       - -  3 3.0*  2.4 40.4  - - 

Tetrachloromethane                              1.54 2.0  27.84 13.8  - -  - - 

Tetrahydrofuran                                 2.04 3.5  2.23 3.1  - -  0.93 1.7 

Toluene                                         2.5 3.2  15.43 11.2  0.98 1.6  1.1 2.1 

Triethylamine                                   - -  1.96 3.7  - -  - - 

Water                                           400000 61.9  3.744 2.2  2289 152.2  2165 9.8 

Table 13 Comparison of the experimental and fitted predictions for infinite dilution activity coefficient using 

NRTL-SAC for 4 different solutes at 298.15 K (* - the 4 reference solvents) using the NRTL-SAC parameters 

from [37]. All data from the DDB [33]. 

 Tetramethylstannane  Ethanol  Benzene  Ethyl Iodide 

Solvent γγγγ
exp 

γγγγ
fit  γγγγ

exp 
γγγγ

fit  γγγγ
exp 

γγγγ
fit  γγγγ

exp 
γγγγ

fit 

1,1,1-Trichloroethane  1.66 0.8  - -  - -  - - 

1,2-Dichloroethane                              4.87 3.3  - -  - -  1.44 1.2 

1,2-Ethanediol                                  464 8868.9  1.86 763.6  44.2 2.E+06  - - 

1,4-Dioxane                                     - -  - -  1.08 0.1  1.34 1.2 

1-Butanol                                       6.13 5.1  0.93 0.5  3.786 7.2  3.16 3.5 

1-Octanol                                       4.5 3.5  1.256 0.7  2.07 9.7  - - 

1-Pentanol                                      - -  8.24 0.6  48 7.2  - - 

1-Propanol                                      8.36 6.5  0.92 0.6  3.3 9.5  3.88 3.8 

2-Butanone                                      - -  2.6 1.4  1.12 0.1  1.42 1.2 

2-Propanol                                      8 10.0  0.87 0.9  - -  3.85 4.5 

Acetic acid                                     - -  - -  4.4 7.5  - - 

Acetone                                         7.98 8.0*  2.44 2.3*  1.7 0.3*  2.1 1.7* 

Acetonitrile                                    27.4 49.1  3.79 19.5  2.77 14.6  4.25 3.7 

Benzene                                         2.28 0.8  11.09 5.3  - -  1.07 1.0 

Chlorobenzene                                   2.28 1.4  - -  - -  1.01 1.0 

Chloroform                                      2.07 0.4  - -  35.3 0.0  0.96 0.7 

Cyclohexane                                     1.25 0.8  23.8 31.2  0.96 0.7  - - 

Dichloromethane                                 4 1.6  - -  - -  2.06 1.0 

Diethyl ether                                   - -  - -  - -  2.26 0.7 

Dimethyl sulfoxide                              62 66.9  0.53 2.5  3.05 25.6  3.11 4.1 

Ethanol                                         15.14 15.1*  - -  26.63 26.6*  5 5.0* 

Ethyl acetate                                   3.88 2.1  1.39 1.6  1.04 0.1  9.16 1.0 

Heptane                                         - -  49 49.0*  1.55 1.7*  - - 

Hexane                                          1.2 0.9*  60.1 39.0  0.75 1.1  1.9 1.7* 

Methanol                                        31 181.3  1.13 11.8  7.55 711.2  7.98 12.4 
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 Tetramethylstannane  Ethanol  Benzene  Ethyl Iodide 

Solvent γγγγ
exp 

γγγγ
fit  γγγγ

exp 
γγγγ

fit  γγγγ
exp 

γγγγ
fit  γγγγ

exp 
γγγγ

fit 

Methyl phenyl ether                             - -  - -  4.4 0.3  - - 

N,N-Dimethylacetamide       - -  0.57 0.8*  2.11 2.4*  - - 

N,N-Dimethylformamide 15.3 15.3*  - -  - -  1.92 2.1* 

Nitromethane                                    - -  19.1 35.4  2.931 9.3  4.81 2.7 

N-Methyl-2-pyrrolidone                          11 11.7  0.67 0.8  1.6 2.0  - - 

Pyridine                                        - -  0.8 1.6  1.2 1.2  - - 

Sulfolane                                       - -  3 3.0  2.4 93.6  - - 

Tetrachloromethane                              1.54 0.7  27.84 3.5  - -  - - 

Tetrahydrofuran                                 2.04 1.2  2.23 0.6  - -  0.93 0.8 

Toluene                                         2.5 0.9  15.43 5.2  0.98 0.1  1.1 1.0 

Triethylamine                                   - -  1.96 0.2  - -  - - 

Water                                           400000 1.E+09  3.744 2.E+08  2289 8.E+15  2165 26456 

Since the solvent interpolation showed such great promise with the “un-tweaked” NRTL-SAC 

parameters, the ideal was to see how the interpolation would behave when a new fitted set of 

NRTL-SAC-analogous parameters were used. The four reference solvents that were chosen 

were water, hexane, acetone and N-methyl-2-pyrrolidone. They were chosen since they 

represent the full spectrum of surface segments. The only empirical modification is that water 

was assigned a surface segment value of two as opposed to 1 because, as shown in Table 

12 the values of water are frequently wrong. Therefore for the other three solvents the NRTL-

SAC segment values were used, whether they are right or wrong is not a huge problem since 

the fitted parameters are just relative to these and will adjust accordingly. The solutes used 

were: ethanol, n-octane, benzene and tetramethylstannane (choice based only on the 

availability of data for the four reference solvents).  

The new NRTL-SAC-analogous parameters were fitted by minimising the square of the errors 

for all four solutes. The results obtained are shown in Table 14 and 15 and are very 

promising. These results are by no means final, they should just be used as an illustration of 

the potential that there seems to be in such a method. The regressed parameters for the 

interpolation are shown in Table 16 and as with the NRTL-SAC parameters they seem to 

have some physical realism in that the surfaces have values which seem intuitively correct.   

Table 15 shows the results for the two solutes whose data was not included in the parameter 

regression. In most cases the results are fairly good and where there is a large deviation (e.g. 

cyclohexane-methanol and n-heptane-2-butanone) it is the data which seems to be erroneous 

and not the prediction. This method seems to hold a lot of promise as it is very simple to do 

“hand calculations” and the results are far more accurate than the NRTL-SAC equivalent 

interpolations. This is in no way meant as a replacement for NRTL-SAC as there are severe 

limitations to this method (such as concentration dependence) but it does fill a useful niche 

and suits the purposes of this work quite nicely.     
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Table 14 The results of the solvent interpolation for the fitted values of the NRTL-SAC analogous parameters 

(* - the 4 reference solvents for which the original NRTL-SAC parameters are used) 

 Ethanol  Tetramethylstannane  Benzene 

Solvent γγγγ
∞ exp

    γγγγ
∞ fit

        γγγγ
∞ exp

    γγγγ
∞ fit

        γγγγ
∞ exp

    γγγγ
∞ fit

    

Acetonitrile                                    4.1 4.0  27.4 27.5  3.1 2.1 

Acetone*                                         2.4 2.4  8.0 8.0  1.7 1.7 

1,2-Ethanediol                                  1.9 1.4  464.0 435.5  44.2 100.6 

Ethyl acetate                                   1.4 1.4  3.9 3.8  1.0 1.4 

Benzene                                         11.1 11.1  2.3 2.3  - - 

1-Butanol                                       0.9 1.2  6.1 5.3  3.8 3.7 

2-Butanone                                      2.6 2.6  - -  1.1 1.1 

Cyclohexane                                     23.8 23.8  1.3 1.2  1.0 0.8 

Hexane*                                          61.3 61.3  1.2 1.2  0.8 0.7 

Heptane                                         62.1 62.1  - -  1.5 0.7 

2-Propanol                                      0.9 1.2  8.0 6.5  - - 

Methanol                                        1.1 3.4  31.0 23.6  7.6 10.8 

Nitromethane                                    19.1 19.1  - -  4.9 5.0 

1-Propanol                                      0.9 1.4  8.4 6.5  3.3 4.2 

Pyridine                                        0.8 1.9  - -  1.2 1.8 

Dimethyl sulfoxide                              0.8 0.6  62.0 62.0  3.6 2.9 

Tetrachloromethane                        27.8 27.8  1.5 1.5  - - 

Tetrahydrofuran                                 2.2 2.2  2.0 2.0  - - 

Toluene                                         15.4 15.4  2.5 2.1  1.0 1.0 

Water*                                           4.1 4.1  4.0E+05 4.0E+05  2.4E+04 2.4E+04 

N,N-Dimethylacetamide                           0.6 0.7  - -  2.1 1.8 

N-Methyl-2-pyrrolidone*                          0.7 0.7  11.0 11.0  1.6 1.6 

1-Octanol                                       1.3 1.4  4.5 3.1  2.1 2.4 

Table 15 The results of the solvent interpolation for the fitted values of the NRTL-SAC analogous parameters 

(* - the 4 reference solvents for which the original NRTL-SAC parameters are used) 

 n-Octane  2-Butanone  Methanol 

Solvent γγγγ
∞ exp

    γγγγ
∞ fit

     γγγγ
∞ exp

    γγγγ
∞ fit

     γγγγ
∞ exp

    γγγγ
∞ fit

    

Acetonitrile                                    61.3 61.3  1.2 1.9  3.1 2.8 

Acetone*                                         11.0 11.0  1.1 1.1  1.8 1.8 

1,2-Ethanediol                                  2250.0 2252.8  8.4 6.1  - - 

Ethyl acetate                                   4.8 4.9  - -  - - 

Benzene                                         2.3 2.3  - -  25.2 12.3 

1-Butanol                                       7.5 8.0  2.1 1.7  - - 

2-Butanone                                      5.3 5.3  - -  - - 

Cyclohexane                                     2.1 1.1  - -  7.3 32.9 

Hexane*                                          1.1 1.1  29.4 29.4  93.5 93.5 

Heptane                                         1.1 1.1  4.8 29.7  92.6 94.8 

2-Propanol                                      9.6 10.4  - -  0.8 1.3 

Methanol                                        48.0 50.3  34.2 5.7  - - 

Nitromethane                                    125.6 125.6  - -  - - 

1-Propanol                                      9.5 10.2  2.3 2.0  - - 

Pyridine                                        9.2 9.1  1.0 0.7  - - 

Dimethyl sulfoxide                              200.0 200.0  2.9 0.4  0.5 0.3 

Tetrachloromethane                              1.3 1.4  - -  - - 

Tetrahydrofuran                                 2.3 2.3  - -  2.5 2.2 

Toluene                                         1.8 2.1  1.4 7.2  20.4 18.1 

Water*                                           1.0E+07 1.0E+07  65.7 65.7  5.9 5.9 

N,N-Dimethylacetamide                           18.5 18.5  1.1 0.6  0.5 0.5 

N-Methyl-2-pyrrolidone*                          33.6 33.6  1.3 1.3  0.5 0.5 

1-Octanol                                       3.4 4.1  2.3 1.7  1.3 1.5 
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Table 16 The model parameters for the interpolations in Table 14 and Table 15 

Solvent X Y- Y+ Z 

Acetonitrile                                    0.385 0.443 0.685 - 

Acetone                             0.131 0.109 0.513 - 

1,2-Ethanediol                                  - 0.143 - 0.905 

Ethyl acetate                                   0.056 0.107 0.313 - 

Benzene                                         0.529 - 0.198 - 

1-Butanol                                       - - - 0.258 

2-Butanone                                      0.423 0.405 0.103 - 

Cyclohexane                                     0.770 - - - 

Hexane                                          1.000 - - - 

Heptane                                         1.003 - - - 

2-Propanol                                      - - - 0.290 

Methanol                                        0.214 - - 0.484 

Nitromethane                                    0.445 - 0.862 0.165 

1-Propanol                                      0.032 - - 0.288 

Pyridine                                        - - 0.534 0.007 

Dimethyl sulfoxide                              - 0.654 0.831 - 

Tetrachloromethane                              0.790 - 0.066 - 

Tetrahydrofuran                                 0.190 0.071 0.153 - 

Toluene                                         0.616 - 0.172 - 

Water                                           - - - 2.000 

N,N-Dimethylacetamide                           - 0.390 0.436 - 

N-Methyl-2-pyrrolidone                          0.252 0.790 0.281 - 

1-Octanol                                       0.049 - - 0.175 
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7. NRTL-SAC UNIFAC MATRIX INTERPOLATION 

As mentioned above (see section 4.2.2) one of the main reasons that UNIFAC cannot be 

applied to solutions containing complex molecules is that there are missing parameters in the 

UNIFAC matrix. In order to fill these gaps with plausible numbers there would need to be 

large amounts of measurements on some fairly exotic systems. This is both time consuming 

and very expensive. It is for this reason that a method is needed that enables the prediction of 

the missing parameters either from the existing parameters or from some prediction 

technique. The need for interaction parameters sometimes results in parameters being 

predicted from COSMO predictions. Even though this prediction could be way off the need for 

the interaction parameters is so great that almost any number will do.  

Another approach is the one taken by Gani [50] which is to fit “connectivity indices” to the 

binary interaction parameters. In essence the binary interaction parameters are treated as 

pure component properties and the model parameters are fitted to them. The idea of 

connectivity indices has been used quite extensively by Gani [50], with moderate success, to 

predict pure component properties. The problem, however, with using the similar procedure 

with the UNIFAC parameters is that it is assumed that the parameters have some physical 

significance. This assumption may not always be a good one and therefore any predicted 

interaction parameters could be drastically affected by this.  

While the interaction parameters may not be physically realistic, the infinite dilution activity 

coefficients in many cases are. The idea was therefore to combine the physical realism of the 

infinite dilution data with the “molecular surface interpolation” type idea of NRTL-SAC. The 

surface segments for the groups were assigned by considering hypothetical situations of an 

infinite dilution of one group in another (so for example the infinite dilution activity coefficient 

of CH2 group in a mixture of OH groups). The obvious advantage of this is that if the binary 

interactions for three or four (depending on whether a hydrogen bonding group is assigned or 

not) groups are known then all the other interactions could be interpolated.  

Table 17 shows some of the UNIFAC group-in-group matrix to which the surface segments 

were fitted to. The r and q values were taken as the same as the first secondary group that 

appears in the main group (i.e. the one with the lowest number).  

Table 17 Matrix of the infinite dilution activity coefficients of one main group in another at 298.15 K (Grp num 

– main group number, Grp – main group name) 

  Grp num 1 5 9 11 14 

Grp num Grp CH3      CH2=CH   ACH      ACCH3    OH (P)   

1 CH3       1.39 1.22 1.76 1158.81 

5 CH2=CH   1.15  0.76 1.14 116.71 

9 ACH      1.48 0.65  0.82 56.83 

11 ACCH3    1.58 1.51 0.87  73.45 

14 OH (P)   28.58 63.23 2.76     
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As a first attempt the surface segments were found by using the same parameters as the 

original NRTL-SAC. The objective function (F) used in the regression was: 
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where m is the total number of UNIFAC group in group infinite dilution activity coefficients. 

There were no constraints on the surface segments except that CH3 was assumed to only 

have an X segment and water was assumed to only have a Z segment (in accordance with 

the NRTL-SAC model development). Table 18 shows the regressed surface segment values 

for some of the UNIFAC groups. Even though there were no constraints placed on the groups 

they seem to be quite physically realistic. The hydrocarbon groups have predominantly a 

hydrophobic (X) surface while for example the OH group has mainly a hydrophilic (Z) surface 

which is what one would expect. The physical realism of the groups is found for most cases. 

Table 18 The regressed surface segments for some of the UNIFAC groups 

    Surface segments 

Grp num Grp X Y- Y+ Z 

1 CH3      0.336 - - - 

5 CH2=CH   0.326 0.025 0.166 - 

9 ACH      0.166 0.015 0.141 - 

11 ACCH3    0.300 0.019 0.058 - 

14 OH (P)   0.001 0.063 0.000 1.071 

The objective function for the first 27 main groups in the UNIFAC matrix was found to be 0.39. 

This moderate error and the good physical realism observed by the groups seem to indicate 

that this method is based on sound principles. The problem is however reproducing the 

infinite dilution activities when one of the values is large relative to the others. For example 

consider Table 17, the OH(P)-CH3 activity coefficient is much higher than any of the others in 

that column. This problem is almost solely associated with the interactions involving OH 

groups (water included). The NRTL-SAC model parameters were also regressed as an 

attempted workaround but this didn’t reduce the error by any appreciable extent. Many 

different methods are currently being tried so this is very much a work in progress. 
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8. FURTHER WORK 

- Evaluation of the NRTL-UNIFAC approach 

This approach looks promising but further evaluation is needed to assess whether it provides 

interpolations which have suitable accuracy. The time frame for this analysis is uncertain but 

may be along the lines of a month or two. 

- Solvent interpolation 

It has been shown in section 6.4 that this process could be possible; further work needs to go 

into evaluating what the best way to do it is. This would probably entail drawing up a list of 

solvent specific parameters for a list of common solvents, similar to the way that NRTL-SAC 

does it. Considering that the method in section 6.4 seems more or less usable the time 

needed to complete should be 4 – 6 weeks. 

- Infinite dilution data as pure component property 

It has been shown in literature with methods such as AQUAFAC [51] that the infinite dilution 

activity coefficient in a single solvent can be predicted via group contributions. Much of the 

work in this project has been associated with predicting pure component properties and 

therefore most, if not all, of the tools are in place to carry out infinite dilution activity as a 

pseudo pure component property. This could take a very long time if unforeseen problems are 

encountered, the unpredictability of such an approach could mean a time span of about 3 – 4 

months. 

- Data compilation 

Data compilation is probably the single most time consuming aspect of this work. It is 

important that there is data of sufficient accuracy in order for the appropriate conclusions to 

be drawn from the data. At the same time it is important to have data for a fairly diverse range 

of compounds in order that the method is more generally applicable. It is difficult to estimate 

the amount of time, but with things going smoothly could be done in about 2 months as some 

has been done already. 

- Other approaches 

While the general aims of this work are fixed the methods that should be used in getting there 

are by no means certain, therefore any further work may result in a slightly different approach 

being taken to the general approach outlined above.  
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