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Thermodynamic and Transport Properties of CO, — Brine
Mixtures are Important for CCS Process Design

Carbon dioxide uptake by forests,
biomas: plantatons and degraded
? mine lands that are restorad Produced oil or gas
1 Depleted oil and gas reservoirs ==« Injected CO,
Dizpersed CO- 2 Use of CO, in enhanced oil and gas recovery B Stored CO
3 Deep saline formations — (a) offshore (b) onshore 2

4 Use of CO, in enhanced coal bed methane recovery
5 Deep unmineable coal seams
6 Other suggested options (basalts, oil shales, cavities)
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Thermodynamic models for electrolyte solutions

» Debye — Hlickel 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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SAFT family of models

Hard spheres Covalent bonds to form chains

(a) Chapman, Gubbins,
Jackson, Radosz,

Ind. Eng. Chem. Res.,
29, 1709 (1990).

(b) Gross, Sadowski,
Ind. Eng. Chem. Res.,
40, 1244 (2001).
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Development of SAFT models

1988 Wertheim theory is formulated into an EoS for
simple fluids

1990 The modelis applied to real components — An
engineering EoS is formulated Chapman, Gubbins, Jackson, Radosz

TPT1

Jackson, Chapman, Gubbins

SAFT

CPA 1996 A cubic EoS is used together with Wertheim , ) :
i s ontogeorgis, Voutsas, Yakoumis,
formulation for association Tassios
SAFT-VR 1997 An attractive potential of variable range is Gil-Villegas, Galindo, Whitehead,
introduced Mills, Jackson, Burgess
Soft-SAFT 1998 The Lennard-Jones reference fluid is introduced Blas, Vega
SAFT-VRE 1999 Explicit electrostatic interactions are introduced Galindo, Gil-Villegas, Jackson,
in SAFT-VR 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 , _
. Cameretti, Sadowski, Mollerup
in PC-SAFT
SAFT-VR Mie 2013 A generalized Lennard-Jones potential is used in Lafitte, Apostolakou, Avendafio,
SAFT-VR Galindo, Adjiman, Miiller, Jackson

TEXAS A&M
AT& UNIVERSITY at QATAR WWW.qata r.tamu.edu

CHEMICAL ENGINEERING



SAFT2-KMSA EoS for H,0 - CO, - salt mixtures

a™®s(T,p) a(T,p) a' (T, p)

RT RT " RT | |
. ahS (Tr p) + adlSp (T) p) + aChaln (Tr ,0) + aassoc (T) ,D) + awn (T) p)
RT RT RT RT RT

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

* Dispersion term: 15t order perturbation + Alder et al.
polynomial for square well potential.

* Chain term: Wertheim theory.

e Association term: Wertheim theory.

* lon 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)



Modified Mean Spherical Approximation

lon term: excess Helmholtz energy for RPM system
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CO, and ion parameters for SAFT2-KMSA
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Correlation of activity coefficient and density data
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Activity coefficient of single salt solutions

Aqueous NaCl solution Aqueous K,SO, solution
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T

Density of electrolyte solutions
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Activity in mixed salt solutions

Activity of H,0O in mixed NaCl (1) — Na,SO, (2)
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Binary interaction parameters

» For CO, —H,0 and CO, — ion temperature dependent
kijareused: k;; =co+ciT

o0 o)

CO,-H,0 0.0977 2.6110

CO,— Na* 0.2047 -4.7910°
CO,-K* -0.3970 -1.8110°
Cco,- Ca% -0.0011 1.2110%
Cco,- Mg* -0.0183 1.26103
CO,-CI -0.0249 9.3110°
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CO, - H,O phase equilibria

CO, solubility H,O solubility

in H,0 in CO,
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CO, solubility in aqueous NaCl solutions

vapor phase
composition
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Dashed lines: Salt-free model predictions



CO, solubility in aqueous CaCl, solutions

0.4

1
mCaC12 (mol/kg)
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CO, solubility in mixed salt solutions

CO, solubility in mixed CO, solubility in mixed
NaCl + CaCl, NaCl + KCl (or CaCl,)
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CO, solubility in mixed NaCl + KCI + CaCl, solutions
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CO, solubility in synthetic brines
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Conclusions

» 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.

» CO, solubilities in H,0 and single electrolyte solutions were
accurately correlated.
° T-dependent k; for CO, — H,0 and CO, —ion interactions.

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

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

A

PG . \ ./
A M TEXAS A&M KY' A - -)'(-
T UNIVERSITY at QATAR Wwwqata rtamuedu Toi &)‘/ J 'j.:.-..:;-,,.y‘

CHEMICAL ENGINEERING



Acknowledgments

-r}

g,,un el iy Ghil igsal

\l
:bg

X[ Qatar National Research Fund
Member of Qatar Foundation

Reference:

AT | TEXAS AM

CHEMICAL ENGINEERING

etk Www.gatar.tamu.edu %)7 ) e

This publication was made possible by NPRP grant
number 6-1157-2-471 from the Qatar National
Research Fund (a member of Qatar Foundation).
The statements made herein are solely the
responsibility of the authors.

H. Jiang, A.Z. Panagiotopoulos and I.G. Economou,
Geochimica et Cosmochimica Acta, in press (2016).




