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CONSTRUCT THERMODYNAMIC MODELS

Equations of state Gibbs energy = activity coefficient

3

𝐴 𝑇, 𝑉, 𝑁 = 𝐴𝑖𝑔 + 𝐴𝑟𝑒𝑠

𝑅𝑇 ln 𝜑𝑖 = 𝑅𝑇 ln 𝜑𝑖
∗𝛾𝑖 = ቤ

𝜕𝐴𝑟𝑒𝑠

𝜕𝑁𝑖 𝑇,𝑉,𝑁𝑗≠𝑖

− 𝑅𝑇 ln 𝑍

𝐺 𝑇, 𝑃, 𝑁 = 𝐺𝑖𝑑𝑀𝑖𝑥 + 𝐺𝐸

𝑅𝑇 ln 𝛾𝑖 = อ
𝜕𝐺𝐸

𝜕𝑁𝑖
𝑇,𝑃,𝑁𝑗≠𝑖

Ideal gas

uncharging

charging

Ion-ion 
electrostatic

-

-
-
-

+ -
--

- -
--

Electrolyte liquid

𝐴𝑟𝑒𝑠 = 𝐴𝑢𝑛𝑐ℎ arg 𝑒 + 𝐴𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒

 +𝐴𝑐ℎ arg 𝑒 + 𝐴𝑒𝑙𝑒𝑐𝑡𝑟𝑜

Ideal mixture (liquid)

Solvent-ion 
interactions

Ion-ion 
electrostatic

-

-
-
-

+ -
--

- -
--

Electrolyte liquid

𝐺𝐸 = 𝐺𝑖𝑜𝑛−𝑖𝑜𝑛 +
          𝐺𝑆𝑅 + 𝐺𝑖𝑜𝑛−𝑠𝑜𝑙𝑣𝑒𝑛𝑡

Short range 
interactions

Condensation 
(short-range interactions)
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CONSTRUCTION OF ION-PAIRING MODEL

𝐴𝑟𝑒𝑠 = 𝐴ℎ𝑐 + 𝐴𝑑𝑖𝑠𝑝 + 𝐴𝑎𝑠𝑠𝑜𝑐 +𝐴𝑀𝐴𝐿 +𝐴𝑝𝑜𝑙𝑎𝑟 + 𝐴𝑒𝑙𝑒𝑐 + 𝐴𝐵𝑜𝑟𝑛

Solvent-solvent + solvent-ion

Polar interaction
Van der Waals forces

ePPC-SAFT

Primitive models : Long-range 

electrostatic interactions between 

ions(𝐴𝑀𝑆𝐴) + Born (solvation)

Repulsion

Ion-pairing
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SLE

LLE

VLE

PROPERTIES

Hydrometallurgical Processes: 

System :

speciation

Properties / phases: 

water

cosolventsalt
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VLE

The activity coefficients are 
an indication of non-idealities

water

cosolventsalt

𝑦𝑖𝑃= 𝑥𝑖𝑃𝑖
𝜎𝛾𝑖
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𝑅𝑇 ln 𝛾𝑖 =  ቤ
𝜕𝐴𝑟𝑒𝑠

𝜕𝑁𝑖 𝑇,𝑉,𝑁𝑗≠𝑖

− ቤ
𝜕𝐴𝑟𝑒𝑠

𝜕𝑁𝑖 𝑇,𝑉,𝑁𝑗≠𝑖

𝑟𝑒𝑓

− 𝑅𝑇 ln
𝑣

𝑣𝑟𝑒𝑓

RT𝑙𝑛 𝛾𝑖 = 𝜇𝑖 - 𝜇𝑖
𝑟𝑒𝑓

i = solvent
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DATA ANALYSIS
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Salting-out

Almost no impact!
Salting-in ==> increasing 

with salt concentration

𝛾𝑖 =
𝑦𝑖 × 𝑃

𝑥𝑖 × 𝑃𝑖
𝜎



2

8 |   ©  2 0 1 6  I F P E N

CONTRIBUTION TO THE SALTING-IN/SALTING-OUT EFFECT 
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𝑥=0.03,𝑠 - 𝑙𝑛 𝛾𝑖

𝑥=0.,𝑠
 = σ ฬ

𝜕𝐴𝑟𝑒𝑠

𝜕𝑁𝑖 𝑇,𝑉,𝑁𝑗≠𝑖

𝑥=0.03

− ฬ
𝜕𝐴𝑟𝑒𝑠

𝜕𝑁𝑖 𝑇,𝑉,𝑁𝑗≠𝑖

𝑥=0,𝑠

− 𝑅𝑇 ln
𝑣𝑥=0.03

𝑣𝑥=0,𝑠

298.15K
dispersiondispersion

Born

solvation

i = solvent
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SPECIATION

water

cosolventions

∏
𝑖

𝑥𝑖𝛾𝑖
𝜈𝑖 = ∏

𝑖

𝑓𝑖

𝑓𝑖
𝑟𝑒𝑓

𝜈𝑖

= exp
− σ𝑖 𝜈𝑖𝜇𝑖

𝑟𝑒𝑓

𝑅𝑇
= 𝐾

Reaction equilibrium

RT𝑙𝑛 𝛾𝑖
∗,𝑠 = 𝜇𝑖

𝒔,𝟎- 𝜇𝑖
𝟎

𝑙𝑛 𝐾𝑠 − 𝑙𝑛 𝐾 =
− σ𝑖 𝜈𝑖 𝜇𝑖

s,0−𝜇𝑖
0

𝑅𝑇
 

=  ෑ
𝑓𝑖

s,0

𝑓𝑖
0

𝜈𝑖

= ෑ 𝛾𝑖
∗,𝑠 𝜈𝑖

Gibbs energy of tranfer: 

Activity coefficient of the solutes 
at infinite dilution in the solvent

i = ion
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IMPACT OF REFERENCE STATE ON THE EQUILIBRIUM CONSTANT

Difference between pKa values, with different model parameters, compared with the data from 
T. Shedlovsky, R.L. Kay, J. Phys. Chem. 60 (1956) 151–155 
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GIBBS ENERGY OF TRANSFER (NOT INCLUDED IN REGRESSION)
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𝑙𝑛 𝛾𝑖
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 = σ ฬ
𝜕𝐴𝑟𝑒𝑠

𝜕𝑁𝑖 𝑇,𝑉,𝑁𝑗≠𝑖

𝑥=0.,𝑠

− ฬ
𝜕𝐴𝑟𝑒𝑠

𝜕𝑁𝑖 𝑇,𝑉,𝑁𝑗≠𝑖

𝑥=0,𝑤

− 𝑅𝑇 ln
𝑣𝑥=0.,𝑠

𝑣𝑥=0,𝑤
i = ion
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SLE (LIXIVIATION; PRECIPITATION) 

RT𝑙𝑛 𝛾+/− = 𝜇𝑖 − 𝜇𝑖
𝒊𝒅,𝒔

water

cosolventsalt

𝑥𝐵𝑎𝑞
+ 𝛾𝐵𝑎𝑞

+

𝜈𝐴
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− 𝛾𝐵𝑎𝑞
−

𝜈𝐵
= 𝐾 = 𝑒𝑥𝑝
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If activity coefficient is defined in mixed solvent

𝐾𝑠 = 𝐾 ෑ 𝛾𝑖
∗,𝑠 𝜈𝑖

𝛾𝑖𝑜𝑛

RT𝑙𝑛 𝛾𝑖𝑜𝑛 = 𝜇𝑖 − 𝜇𝑖
𝒊𝒅,𝟎

i = ion
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MIAC CONTRIBUTIONS
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Ethanol +NaCl Water +NaCl 
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solvation

Ion-ion 
electrolyte

solvation

Ion-ion 
electrolyte

Ion-ion 
pairing

𝑙𝑛 𝛾±  = σ ฬ
𝜕𝐴𝑟𝑒𝑠

𝜕𝑁𝑖 𝑇,𝑉,𝑁𝑗≠𝑖

𝑠

− ฬ
𝜕𝐴𝑟𝑒𝑠

𝜕𝑁𝑖 𝑇,𝑉,𝑁𝑗≠𝑖

𝑥=0,𝑠

− 𝑅𝑇 ln
𝑣𝑠

𝑣𝑥=0,𝑠
i = ion
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LLE (EXTRACTION) 

water

cosolventsalt

SLE

Phase equilibrium

Reaction equilibrium

𝑓𝑖
𝛼 𝑵𝛼 = 𝑓𝑖

𝛽
𝑵𝛽𝜇𝑖

𝑒𝑙,𝛼 𝑵𝛼 = 𝜇𝑖
𝑒𝑙,𝛽

𝑵𝛽

𝑵 =  𝑵𝛼+ 𝑵𝛽

𝑛𝑒 = 

𝒊

𝒏𝒊
𝒆

0=
i

ii ∏
𝑖

𝑓𝑖

𝑓𝑖
𝑟𝑒𝑓

𝜈𝑖

= exp
− σ𝑖 𝜈𝑖𝜇𝑖

𝑟𝑒𝑓

𝑅𝑇
= 𝐾

LLE

All species  need to be identified 
with formation Gibbs energy 
and non-ideality model (fugacities)

𝑚𝑖𝑛 𝐺 = 

𝛼

𝜙



𝑖

𝒏𝒊
𝜶𝝁𝒊

𝒆𝒍,𝜶

𝑛𝑒 = 

𝜶

𝝓



𝒊

𝒏𝒊
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CONCLUSION

Ternary system investigated : water, cosolvent, salt

Different properties of interest must be included in model construction
Solvent activity coefficients              <->  salting in / salting out (VLE)

Ion Gibbs energy of transfer  <->  species (ion) reactivity 

Mean ionic activity coefficients <->  SLE and reactivity

Statistical equation of state allows
EoS => HP/HT

Group contribution EoS => can be extended to complex molecules

Visualize microscopic effects (impact of ion pairing)
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User community
Software community

e-Thermodynamics Joint Industrial Project (JIP)
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