
www.qatar.tamu.edu 

Ioannis G. Economou 
Texas A&M University at Qatar, Chemical Engineering Program,                                             

Doha, Qatar and 
National Center for Scientific Research “Demokritos”,  

Molecular Thermodynamics and Modeling of Materials Laboratory,  
Aghia Paraskevi, Greece 

 

Hao Jiang and Athanassios Z. Panagiotopoulos 

Princeton University, Department of Chemical and Biological Engineering,        

Princeton, NJ, USA 
 

2nd International Forum on Recent Developments of CCS Implementation 

16 – 17 December 2015 

Athens, Greece 
 



www.qatar.tamu.edu 

Thermodynamic and Transport Properties of CO2 – Brine 
Mixtures are Important for CCS Process Design 



www.qatar.tamu.edu 

 Debye – Hückel model: 

◦ Good for infinite dilution only. 

 Activity coefficient models, i.e., Pitzer model, NRTL-SAC:  

◦ Multiple parameters need to be adjusted, 

◦ Limited predictive power.  

 Cubic + Coulombic term: 

◦ Multiple parameters need to be adjusted. 

 Higher order equations of state: 

◦ Strong theoretical basis,  

◦ Can be extended to mixtures without further parameter 
adjustment.  
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Hard spheres Covalent bonds to form chains 

Hydrogen bonding interactions Dispersion forces 

SAFT family of models 

(a) Chapman, Gubbins, 

Jackson, Radosz,          

Ind. Eng. Chem. Res.,    

29, 1709 (1990). 

(b) Gross, Sadowski,       

Ind. Eng. Chem. Res.,           

40, 1244 (2001). 

(c) Karakatsani, Spyriouni, 

Economou,                

AIChE J., 51, 2328 (2005).  
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Model Year Major development Authors 

TPT1 1988 Wertheim theory is formulated into an EoS for 
simple fluids 

Jackson, Chapman, Gubbins 

SAFT 1990 The model is applied to real components – An 
engineering EoS is formulated  Chapman, Gubbins, Jackson, Radosz 

CPA 1996 A cubic EoS is used together with Wertheim 
formulation for association 

Kontogeorgis, Voutsas, Yakoumis, 
Tassios 

SAFT-VR 1997 An attractive potential of variable range is 
introduced 

Gil-Villegas, Galindo, Whitehead, 
Mills, Jackson, Burgess 

Soft-SAFT 1998 The Lennard-Jones reference fluid is introduced Blas, Vega 

SAFT-VRE 1999 Explicit electrostatic interactions are introduced 
in SAFT-VR  

Galindo, Gil-Villegas, Jackson, 
Burgess 

PC-SAFT 2001 A more realistic chain fluid is used as reference Gross and Sadowski 

Polar-SAFT 2001 Explicit polar interactions are introduced Jog, Sauer, Blaesing, Chapman 

ePC-SAFT 2005 Explicit electrostatic interactions are introduced 
in PC-SAFT 

Cameretti, Sadowski, Mollerup 

SAFT-VR Mie 2013 A generalized Lennard-Jones potential is used in 
SAFT-VR 

Lafitte, Apostolakou, Avendaňo, 
Galindo, Adjiman, Müller, Jackson 

  

Development of SAFT models 
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SAFT2-KMSA EoS for H2O – CO2 – salt mixtures 

𝑎𝑟𝑒𝑠 𝑇, 𝜌

𝑅𝑇
=
𝑎 𝑇, 𝜌

𝑅𝑇
 −
𝑎𝑖𝑑𝑒𝑎𝑙 𝑇, 𝜌

𝑅𝑇

=
𝑎ℎ𝑠 𝑇, 𝜌

𝑅𝑇
+
𝑎𝑑𝑖𝑠𝑝 𝑇, 𝜌

𝑅𝑇
+
𝑎𝑐ℎ𝑎𝑖𝑛 𝑇, 𝜌

𝑅𝑇
+
𝑎𝑎𝑠𝑠𝑜𝑐 𝑇, 𝜌

𝑅𝑇
+
𝑎𝑖𝑜𝑛 𝑇, 𝜌

𝑅𝑇
 

• Hard sphere term: Carnahan – Starling EoS, generalized by 
Mansoori et al. for mixtures. 

• Dispersion term: 1st order perturbation + Alder et al. 
polynomial for square well potential.   

• Chain term: Wertheim theory.  
• Association term: Wertheim theory. 
• Ion term: Modified Mean Spherical Approximation (KMSA). 

Adidharma and Radosz, Ind. Eng. Chem. Res., 37, 4453 (1998) 
Tan et al., J. Phys. Chem. B, 110, 16694 (2006) 
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Modified Mean Spherical Approximation 

Jiang and Adidharma, Mol. Sim., 41, 727 (2015) 

Ion term: excess Helmholtz energy for RPM system 
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Species v (cm3/mol) u/kB (K) λ/σ d (Å) 

CO2 7.593 167.188 1.565 - 

Na+ 0.200 2036.454 1.659 4.235 

K+ 0.205 2422.713 1.978 4.689 

Ca2+ 0.334 1489.515 2.210 4.455 

Mg2+ 0.203 1086.357 2.016 5.011 

Cl- T-dependent 2447.784 1.973 5.429 

SO4
2- T-dependent 1695.242 1.435 3.516 

Br- T-dependent 2262.856 2.135 5.788 

v = b0 +b1 × (T -298.15)+b2(T -298.15)2

CO2 and ion parameters for SAFT2-KMSA 

For anions:  
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Correlation of activity coefficient and density data  

Salt Max. molality 

(mol/kg) 

AAD% 

(γ) 

AAD% 

(ρ) 

NaCl 6.0 1.87 0.61 

KCl 5.0 1.93 0.23 

CaCl2 5.0 1.89 0.46 

MgCl2 3.0 2.31 1.49 

Na2SO4 3.0 2.03 1.20 

K2SO4 2.5 2.04 1.14 

NaBr 5.0 2.02 1.67 

KBr 5.0 2.46 1.90 
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Activity coefficient of single salt solutions 

Aqueous NaCl solution Aqueous K2SO4 solution 

Points: Expt data 
Lines: SAFT2-KMSA  correlations 
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Density of electrolyte solutions 

Aqueous CaCl2 solution 
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Activity in mixed salt solutions 

Activity of H2O in mixed NaCl (1) – Na2SO4 (2) 
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 For CO2 – H2O and CO2 – ion temperature dependent 
𝑘𝑖𝑗 are used: 

12 

𝑘𝑖𝑗 = 𝑐0 + 𝑐1𝑇 

  c0 (-) c1 (K
-1) 

CO2 – H2O 0.0977 2.6110-4 

CO2 – Na+ 0.2047 -4.7910-5 

CO2 – K+ -0.3970 -1.8110-5 

CO2 – Ca2+ -0.0011 1.2110-4 

CO2 – Mg2+ -0.0183 1.2610-3 

CO2 – Cl- -0.0249 9.3110-6 

CO2 – SO4
2- 0.2072 7.1710-4 
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CO2 – H2O phase equilibria 

CO2 solubility        
in H2O 

H2O solubility        
in CO2 
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CO2 solubility in aqueous NaCl solutions  

CO2 solubility 
vapor phase 
composition  

Dashed lines: Salt-free model predictions 

Salting out  



www.qatar.tamu.edu 

CO2 solubility in aqueous CaCl2 solutions  
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CO2 solubility in mixed salt solutions 

CO2 solubility in mixed 
NaCl + CaCl2 

CO2 solubility in mixed    
NaCl + KCl (or CaCl2) 

I = 1.712 mol/kg 318.15 K 
10 % salt (1:1) 

𝐼 = 𝑚𝑖𝑧𝑖
𝑖

 2 
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CO2 solubility in mixed NaCl + KCl + CaCl2 solutions 

318.15 K 
salt ratio 1:1:1 
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CO2 solubility in synthetic brines 

I = 1.712 mol/kg I = 4.984 mol/kg 

Zhao et al.,  
Environ. Sci. Techol. 49, 
1972 (2015) 
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 An improved mean spherical approximation formalism was 
incorporated in SAFT EoS. 

 The new SAFT2-KMSA correlates accurately the activity 
coefficient and liquid densities of electrolyte solutions at 
various temperatures. 

 CO2 solubilities in H2O and single electrolyte solutions were 
accurately correlated. 
◦ T-dependent kij for CO2 – H2O and CO2 – ion interactions.  

 The model predicts accurately the CO2 solubility in mixed 
electrolyte solutions and brines without any additional 
parameter.  

 The new model can be used reliably for CCS process design.  

Conclusions 
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