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The phase equilibria of CO, and aqueous electrolyte solutions are important to various chemical-, petroleum-, and
environmental-related technical applications. CO, solubility in aqueous CaCl,, MgCl,, Na,SO,, and KCI solutions at a
pressure of 15 MPa, the temperatures from 323 to 423 K, and the ionic strength from 1 to 6 mol kg~ were measured.
Based on the measured experimental CO, solubility, the previous developed fugacity-activity thermodynamic model for
the CO,-NaCl-H,0 system was extended to account for the effects of different salt species on CO, solubility in aqueous
solutions at temperatures up to 523 K, pressures up to 150 MPa, and salt concentrations up to saturation. Comparisons
of different models against literature data reveal a clear improvement of the proposed PSUCO2 model in predicting
CO> solubility in aqueous salt solutions. © 2015 American Institute of Chemical Engineers AIChE J, 61: 2286-2297,
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Introduction

The phase equilibria of CO, and aqueous electrolyte solu-
tions are important to many chemical-, petroleum-, and
environmental-related technical applications, such as multi-
stage flash desalination,' humidified supercritical CO, extrac-
tion,> geological CO, sequestration,’ CO, enhanced
geothermal system,* CO,-enhanced oil recovery,” and CO,-
induced metal Corrosion,6 and so forth. Study of CO, solubil-
ity in single-salt aqueous solutions provides essential
knowledge in understanding gas-liquid equilibrium concen-
tration and mass-transfer rate between the CO,-rich and
aqueous phases for these industrial applications.

While the solubility of CO, in single-salt aqueous NaCl
solutions at elevated temperatures and pressures has been
widely studied at pressures of 0.1-150 MPa and tempera-
tures from 273 to 673 K,”'” the CO, solubility in other
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Table 1. Experimental CO, Solubility in Aqueous CaCl,,
Na,S0,4, MgCl,, and KCI Solutions at 323-423 K and 15

MPa

(a) The CO,-CaCl,-H,O System

1

1

T/K My, /mol kg™ Mo, /mol kg™ OMzandom/mol kg ™"
323 0.333 1.094 0.021
323 0.667 0.965 0.020
323 1.000 0.853 0.011
323 1.333 0.746 0.002
323 1.667 0.663 0.002
323 2.000 0.618 0.009
373 0.333 0.898 0.015
373 0.667 0.777 0.008
373 1.000 0.683 0.011
373 1.333 0.614 0.007
373 1.667 0.544 0.008
373 2.000 0.491 0.006
423 0.333 0.866 0.025
423 0.667 0.723 0.006
423 1.000 0.632 0.003
423 1.333 0.550 0.006
423 1.667 0.490 0.009
423 2.000 0.442 0.004
(b) The CO,-Na,SO4-H,0 system
T/K mN:leO4/m01 kg71 mcoz/mOI kg71 5mrand0m/m01 kg71
323 0.333 1.029 0.015
323 0.667 0.866 0.022
323 1.000 0.716 0.015
323 1.333 0.584 0.016
323 1.667 0.502 0.017
323 2.000 0.442 0.015
373 0.333 0.855 0.012
373 0.667 0.729 0.010
373 1.000 0.617 0.010
373 1.333 0.534 0.013
373 1.667 0.452 0.007
373 2.000 0.395 0.012
423 0.333 0.831 0.025
423 0.667 0.710 0.026
423 1.000 0.611 0.016
423 1.333 0.524 0.019
423 1.667 0.444 0.008
423 2.000 0.389 0.009
(c) The CO,-MgCl,-H,O system
T/K mugcl, /mol kgfl Mo, /mol kgfl OMirandom/mol kgfl
323 0.333 1.071 0.007
323 0.667 0.961 0.012
323 1.000 0.834 0.020
323 1.333 0.743 0.006
323 1.667 0.671 0.022
323 2.000 0.609 0.010
373 0.333 0.875 0.009
373 0.667 0.767 0.005
373 1.000 0.664 0.001
373 1.333 0.594 0.012
373 1.667 0.533 0.016
373 2.000 0.483 0.002
423 0.333 0.815 0.012
423 0.667 0.699 0.008
423 1.000 0.618 0.023
423 1.333 0.536 0.020
423 1.667 0.468 0.012
423 2.000 0.430 0.002
(d) The CO,-KCI-H,O system
T/K myc1/mol k{{l Mo, /mol kg,f1 OMandom/mol kg71
323 0.500 1.174 0.018
323 1.000 1.112 0.007
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TABLE 1. Continued

(d) The CO,-KCI-H,O system

1 1

T/K mgcy/mol kg,fl Mo, /mol kg™ OMgandom/mol kg™
323 2.000 1.005 0.014
323 3.000 0.929 0.003
323 4.000 0.880 0.014
323 4.500 0.855 0.017
373 0.500 0.941 0.011
373 1.000 0.895 0.002
373 2.000 0.805 0.015
373 3.000 0.740 0.030
373 4.000 0.683 0.017
373 4.500 0.657 0.005
423 0.500 0.881 0.008
423 1.000 0.816 0.012
423 2.000 0.724 0.020
423 3.000 0.651 0.004
423 4.000 0.593 0.014
423 4.500 0.565 0.006

Note: The instrument error omj,g: was not listed in the table and it was esti-
mated approximately 0.7% of the measured results (detailed error estimation
please see Zhao et al.lO). The range of random errors are: (1) the CO,-
CaCl,-H,0 system, 0.3-2.9%, the average is 1.3%; (2) the CO,-Na,SO4-H,O
system, 0.7-3.6%, the average is 2.4%; (3) the CO,-MgCl,-H,O system, 0.2—
3.8%, the average is 1.7%; (4) the CO,-KCI-H,O system, 0.3-4.0%, the
average is 1.5%. mc,, is the molality of CO, in aqueous phase, mol/kg; and
OMypandom denotes random error caused by repeated measurements.

single-salt aqueous solutions [e.g., CaCl,(aq), Na,SOy4(aq),
MgCl,y(aq), and KCl(aq)], especially for the CO,-Na,SO,-
H,O and CO,-MgCl,-H,O systems, have not been fully
investigated. Considering NaCl, CaCl,, MgCl,, Na,SO,, and
KCI are the five most frequently encountered salt species in
natural water (groundwater, seawater, and natural brines)”’12
and also common salts in industrial applications, high quality
experimental data are still necessary to develop a reliable
CO; solubility model for these CO,-salt-H,O systems. There
are some reliable models deal with CO, solubility in aqueous
solutions with salt species other than NaCl. To the best of
our knowledge, one of the best thermodynamic modeling
works on CO, solubility in aqueous electrolyte solutions of
NaCl and Na,SO, is reported by AspenTech.'? Pérez-Salado
Kamps et al.'* developed a model to calculate CO, solubility
in aqueous KCI and K,COj; solutions with excellent results. In
addition, three previously published models, which are capable
of calculating CO, solubility in aqueous solutions containing a
wide range of different salt species (NaCl, CaCl,, MgCl,,
Na,S0Oy, and KCI), are considered herein for model compari-
son: (1) OLIL: OLI Studio 9.0.6 (a commercial software devel-
oped by OLI Systems);® (2) SP2010;”"'% and (3) DS2006.'%"
The objectives of this study are to (1) investigate the behav-
ior of CO; solubility in different electrolyte solutions by meas-
uring CO, solubility in aqueous CaCl,, Na,SO,4, MgCl,, and
KCI solutions at the same ionic strength (up to / =6 mol kg ')
at the P-T region of 15 MPa and 323423 K; and (2) apply and
extend our previously developed CO, solubility model'® for
the CO,-NaCl-H,O system to the single-salt aqueous solutions
of CaCl,, Na,SO,4, MgCl,, and KCI within the same thermody-
namic framework. This article is organized as follows: we
described the experimental materials, apparatus, approaches,
and results in the experimentation section. In the modeling sec-
tion, we presented a general approach to extend Pitzer’s activ-
ity equations for calculating activity coefficient of dissolved
CO, in different types of electrolyte solutions. The modeling
results are presented through a detailed comparison of different
CO, solubility models against all experimental data available
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Table 2. Coefficients of Egs. 10 and 11 for Calculating Bco, —sait and Cco,—co,—salt

Salt Species a; a as ay as

CaCl," —2.3219 X 107! 1.3069107! 8.0693 X 107! 4.9642x102 7.0156 X 1073
Na,S0,° 1.2396 x 107! 1.1765 x 107! 2.0199 x 107! 1.4198 x 1073 —1.7424 x1073
MgCl,* —5.0410 X 1072 22742 X 1072 23521 x 107! 1.1069 X 107! —2.8093 x 107*
KCl¢ —1.8409 x 107! 6.2729 X 1072 5.0722 X 107! 8.7653 X 1072 —2.6025 X 1073

“For the CO,-CaCl,-H,O sytem, the parameters a,aswere determined from the experimental data of this study and literature.
°For the CO,-Na,SO,-H,0 system, the parameters a,as were determined from the experimental data of this study and literature.

22,23-27
23,26,28-30

“For the CO,-MgCl,-H,O system, the parameters a, to as were determined from the experimental data of this work and Yasunishi and Yoshida.?®

9For the CO,-KCI-H,0O system, the parameters @, to as were determined from the experimental data of this and other studies.

to us; finally, we interpreted and discussed the different behav-
iors of CO, solubility in various electrolyte solutions. In the
end of this study, we proposed an approach to further extend
the CO, solubility model for predicting CO, solubility in natu-
ral or synthetic brines (mixed-salt aqueous system).

Experimentation

The carbon dioxide used in all experiments was Coleman
Instrument grade with a purity of 99.99%. Water was purified
by a Milli-Q system and was degassed before being loaded
into the autoclave. The purified water conductivity was below
6 X 100°S m™ " All aqueous salt solutions were prepared
using this Milli-Q water and ACS Grade reagents: calcium
chloride (CaCl,-2H,0, AlfaAesar, 99%), sodium sulfate
(Na,SOy4, Amresco, 99%), magnesium chloride (MgCl,, Alfa
Aesar, 99%), and potassium chloride (Alfa Aesar, 99%).

The experimental system consisted of a 600-mL stainless
steel autoclave (Parr Instrument Co.), a 40-mL stainless steel
sample cell, a liquid CO, pump, and a 300-mL stainless steel
pressure cell for sample analysis. Details on the CO, solubil-
ity measuring technique and the error analysis approach can
be found in Zhao et al.'® The experimental CO, solubility
results at a pressure of 15 MPa and temperatures from 323 to
423 K in aqueous CaCl,, Na,SO,4, MgCl,, and KClI solutions
at the ionic strength up to 6 mol kg,f1 are listed in Table 1.

Modeling

We use a fugacity-activity procedure'® to calculate fluid
phase equilibria for CO,-salt-H,O systems. The fugacity
coefficients (¢cp, and @y,o) of all components in the CO,-
rich phase are calculated by a modified Redlich—-Kwong
equation of state (EoS),”"> and the activity coefficients for
all components in the aqueous phase are calculated using the
Pitzer activity model. The Pitzer activity model is selected
due to its high accuracy among existed activity models for

14,26,31,32,27,33,34

aqueous electrolyte solutions.'” The Pitzer activity model is
incorporated into vapor-liquid equilibrium relationship for
water and CO, as shown by Egs. 1-47'%1

Veoy (P—P
®co,Yco,P=k{ co,exp Voo (P=Py) aco, (1)
RT
_ v, (P—P,
(PHQOszOP:PiV(Pi/eXp (%) aH,0 )

where yco, and yn,o are, respectively, the mole fraction of
CO, and H,0 in the COj-rich phase. In Egs. 1 and 2,
1, co, 1s Henry’s constant (molality scale) of carbon diox-
ide in pure water;'® The vapor pressure (P},) and the fugac-
ity coefficient of water (¢f) were calculated using the
IAPWS-95 EoS;* Veo, 18 @ model parameter determined by
fitting model calculated results to reliable experimental data
for the binary CO,-H,0 system;10 and the partial molar vol-
ume of water vy, was approximated by the molar volume of
saturated liquid water, v{,, which was also calculated using
the TAPWS-95 EoS. The activity of dissolved CO, (aco,)
and the activity of water (ay,0) in the aqueous phase can be
calculated as follows

aco, =7co,Mco, 3)

In(an,0)=— g [(W +V7 ) Mgan +mco2] 4)

where v* and v~ are stoichiometric coefficient for cation
and anion, respectively; mco, and mg,; are molality of dis-
solved CO, and single-salt species; Yo, and ¢ are the activ-
ity coefficient of dissolved CO, and osmotic coefficient of
water, which are both calculated by Pitzer equations [Appen-
dix, Egs. Al and A2]; and Q is the number of moles of sol-
vent in a kilogram (55.51 for water). By substituting Eq. 3
into Eq. 1 and Eq. 4 into Eq. 2, and assuming the salt spe-
cies is no volatile (means ym,0+ yco,=1), Egs. 1 and 2 can

Table 3. Pitzer Triple-Ion Interaction Parameter (§,.,) at 15 MPa

Tonic Strength (mol kg™ ")

Salt Species T/K 0.5 1 2 3 4 4.5 5 6

CaCl, 323 - 0.77073 0.39436 0.26277 0.19510 - 0.15454 0.12769
373 - 0.92645 0.46400 0.30811 0.22918 - 0.18232 0.15141
423 - 1.10394 0.55441 0.36504 0.26831 - 0.21085 0.17319

Na,SOy4 323 - —0.05670 —0.03783 —0.03180 —0.02852 - —0.02644 —0.02508
373 - —0.10374 —0.05646 —0.04081 —0.03287 - —0.02802 —0.02489
423 - —0.06269 —0.04135 —0.03205 —0.02657 - —0.02293 —0.02038

MgCl, 323 - 0.63298 0.32062 0.21067 0.15474 - 0.12163 0.09991
373 - 0.64031 0.32867 0.21797 0.16100 - 0.12696 0.10452
423 - 0.86806 0.40224 0.25688 0.18685 - 0.14620 0.11964

KCl1 323 0.59800 0.32006 0.16333 0.10802 0.07958 0.07004 - -
373 0.71435 0.36749 0.18537 0.12400 0.09210 0.08128 - -
423 0.95168 0.45440 0.21731 0.14267 0.10498 0.09233 - -
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Table 4. Comparison of the Model Calculations to Experimental CO, Solubility in Various CO,-salt-H,O Systems

Model Calculations, AAD %

Year References Systems P/MPa T/K mgymol kg~' N PSUCO2 oL SP2010  DS2006
18922 Setschenow™ C0,-CaCl,-H,0O 0.1 288.4 0.1-5.0 11 41111  5.589)°  4.34(9)° 7.08(10)°
CO,-KCI-H,O 14.3 3 1.92(3) 4.60(3) 21.47(3)  15.98(3)
1904* Geffcken® CO,-KCI-H,0 0.1 288-298 0.4-1.1 8 0.708)  2.29(8) 10.30(8)  6.37(8)
1912 Findley and Shen?’ CO,-KCI-H,O 0.1 298 0.2-1 4 0.56(4) 3.40(4) 8.25(4) 6.18(4)
1935 Kobe and Williams™® C0,-Na,SO,-H,0 0.1 298 1.76 2 13002)  26.82(2) N/A®©O)  N/A(0)
CO,-MgCl,-H,0 0.1 298 4.5 1 5.50(1) N/A(1)®  N/A0)® N/A(0)¢
1941 Markham and Kobe®' CO,-Na,SO,-H,O 0.1 298-313 0.2-1.5 8  0618)  7.858)  7.03(4)  25.89(8)
CO,-KCI-H,O 273.4-313 0.14 16 0.84(16) 4.59(16) 15.65(10) 10.62(16)
1945 Prutton and Savage22 CO,-CaCl,-H,O  1.5-71.2 348-394 1-3.9 116 5.58(116) 3.86(116) 9.06(104) 9.22(116)
1969* Gerecke*? CO,-KCI-H,0 1.5-6 274.16 0.5-3.4 40 3.69(40)  7.19(40) 16.73(40) 13.01(40)
1970 Onda et al.? C0,-CaCl,-H,O 0.1 298 0.2-2.3 8 049(8)  5.94(8)  4.16(8)  1.008)
CO,-Na,S04-H,O 0.1 298 0.5-1.5 3 1.77(3) 10.60(3)  26.49(3) 30.33(3)
1972 1975 Malinin and CO,-CaCl,-H,O 4.8 298-423 0.2-6.9 25  4.32(25) 5.74(25) 1.6425) 3.17(21)°
Savelyeva24
Malinin and
Kurovskaya®
1979 Yasunishi and CO,-CaCl,-H,O 0.1 298-308 0.2-5.3 16 3.46(16) 6.14(16) 5.76(14)°  3.16(15)°
Yoshida®® CO,-Na,S04-H,O 288-308 0.2-2.4 26  3.46(26) 11.95(26) 5.35(7) 28.49(25)
CO,-MgCl,-H,O 288-308 0.1-4.4 29  3.66(29) 9.72(29) 7.47(25) 2.63(29)
CO,-KCI-H,O 298-308 0.4-4.8 16 0.95(16) 8.01(16) 22.39(16) 17.05(14)°
1982 Burmakina et al.? CO,-KCI-H,0 0.1 298 0.001-0.2 8 1.15(8) 4.48(8) 5.90(8) 3.93(8)
1990 Corti et al.?® CO,-Na,SO4-H,O  1.6-20  323-348 1-3.3 24 13.91(24) 20.50(15)° N/A(0) 38.87(8)
1993 Rumpf and Maurer” CO,-Na,SO,-H,O 0.4-9.7  313-433 1-2 102 2.73(102) 6.91(102) N/A(0) 27.57(102)
2002 Kiepe et al3* CO,-KCI-H,O 0.1-10.5 313-353 0.54 88 10.16(88) 9.42(88) 13.58(87) 13.07(88)
2005 Bermejo et al.® CO,-Na,SO4-H,O 2-13.1  287-369 0.25-1 113 6.70(113) 12.77(113) 12.73(24) 22.72(113)
2007 Pérez-Salado CO,-KCI-H,0 0.4-9.4 313-433 2-4 98 1.65(98) 2.67(98) 18.35(98) 18.34(98)
Kamps et al.'*
2011 Liu et al.”’ CO,-CaCl,-H,0 2-16 318 1 8 8.43(8) 11.26(8) 9.63(8) 11.76(8)
CO,-KCI-H,0O 2-16 318 1.5 8 2.93(8) 3.32(8) 13.78(8)  15.39(8)
2013 Tong et al® CO,-CaCl,-H,O 1.5-38  308-424 1-5 36 7.36(36)  6.73(24)° 4.85(24)° 4.69(24)°
CO,-MgCL-H,O  1.2-35 308-424 1-5 39 5.14(39) 6.14(26)° 5.67(26)° 5.83(26)°
2014 This study CO,-CaCl,-H,0 15 323-423 0.33-2 18 0.88(18)  2.13(18)  3.12(18) 3.61(18)
CO,-Na,S04-H,O 323-423 0.33-2 18 0.75(18)  8.04(18) 7.50(3)  15.90(18)
CO,-MgCl,-H,0 323-423 0.33-2 18 0.83(18) 2.30(18)  3.49(18)  3.20(18)
CO,-KCI-H,0 323-423 0.5-4.5 18  0.33(18) 4.21(18) 14.91(18) 16.71(18)
Overall AAD % for CO,-CaCl,-H,0 4.3(238) 5.9(224) 5.3(210)  5.5(220)
each single-salt system CO,-Na,S04-H>,O 3.9(296) 13.2(287) 11.8(41) 27.1(277)
(Including this study) CO,-MgCl,-H,0 3.8(87) 6.1(73) 5.5(69) 3.9(73)
CO0,-KCI-H,0 23(307)  4.9(307) 14.7300) 12.4(305)
Overall AAD % 3.6 7.5 9.3 12.2
Experimental 100% 96% 67% 94%
data P-T-x
coverage

The numbers in parentheses stand for the number of experimental data evaluated by each model. “N/A” in the table denotes the P-T-x region of the experimen-
tal data beyond the capacity of the corresponding model.

Indicates the experimental data taken from large the data compilation by Scharlin.*’

The experimental P-T-x points at m, acl, > 3 mol kg~ were removed from the comparison for both the OLI and SP2010 model due to relatively large AAD %
for these models at high CaCl, concentration.

The experimental P-T-x points at m, > 4.5 mol kg~ were removed due to the DS2006 model is limited to 4.5 mol kg ' salt molality.

dCalculations made by OLI Studio 9.0. 6 are under the following conditions: (1) enable the second liquid phase, (2) use MSE model, (3) stream inflows contains
55.51 mol water and 5 mol CO,.

1

be solved simultaneously using the Newton Raphson method Bco,—sali =V etV Ana 5)
with respect to mco,. The essential aspects of the phase equi-
librium calculation are discussed in detail in Zhao et al.'” In Cc0,-Ccor—salt =" tyne TV Hona (6)

the following paragraphs, we present a general method to
evaluate Pitzer model parameters, which enable the calcula-
tion of CO, solubility for different CO,-salt-H,O systems
within the same thermodynamic framework.

The calculation of CO, solubility in aqueous salt solutions
other than NaCl is achieved by fitting Pitzer model parame-
ters to experimental CO, solubility for each CO,-salt-H,O
system. Three parameters (Bco,—saits Cco,—co,—sai» and Epea)
are needed to accurately correlate the experimental CO, sol-
ubility data for each CO,-salt-H,O system. Among these
parameters, the combined Pitzer interaction parameters
(Bco,—sait and Cco,—co,—sait) can be written for any salt spe-
cies as

where A, and A,, are the Pitzer neutral-cation and neutral-
anion binary ion interaction parameters, respectively; ..
and p,,, are the Pitzer neutral-neutral-cation and neutral-
neutral-anion triple ion interaction parameters, respectively.
Subsequently, the Pitzer equation for activity coefficient of
dissolved CO, [Appendix, Eq. Al] can be simplified as

— 1 2 + = 2
Inyco, =2mco, /an+3meo, lann +2Bco, —satMsae V' V" Mgy Enca

+6mco, Mg Cco,—co,—salt
(7)

where A,, and u,,, are the Pitzer pure neutral component
interaction parameters;10 and &, is the Pitzer tripe-ion
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Figure 1. The AAD % of the calculated CO, solubility
values in aqueous CaCl,, Na;S0O,, MgCl,, and
KCI solutions by different models compared
with the experimental data (all available
experimental data listed in Table 4.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 2. (a,b). Comparison of the experimental CO,
solubility?326:31:35-3840 i, yarious aqueous
salt solutions at 298.15 K and 0.1 MPa based
on different concentration scales: (a) percent
of salt by weight; (b) ionic strength.

Solid lines represent the calculated values from the

PSUCO2 model. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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interaction parameter. For CO,-H,O system, Eq. 7 can be
reduced to Eq. 8 by setting the parameters Bco,—salt> Cneas
and Cco,-co,—san €qual to zero

111'))(()302 = Zm(():OZ )“ﬂﬂ + 3 (m?:Oz )znunnn (8)

where ¢, and mg, are the activity coefficients of dissolved
CO, and sblubility of CO, (CO, molality) in the CO,-H,O sys-
tem. The combined Pitzer interaction parameters Bco,—sa¢ and
Cco,-co,—sat in Eq. 7 were determined using experimental CO,
solubility in both pure water and aqueous single-salt solutions.
To evaluate these two parameters, we made an assumption that
the chemical potentials of CO, in the CO,-H,0O and CO,-salt-
H,O systems are the same at a given P-T condition based on the
similar approach used by Akinfiev and Diamond.?' At
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Figure 3. (a,b). Comparison of the experimental CO,
solubility (this study) in different aqueous
salt solutions based on different concentra-
tion scales at 323 K and 15 MPa (the com-
parison at 373 and 423 K were not shown
due to the similar pattern as that in 323 K,
but the calculated solubility curves at those
temperatures become more closer to each
other than 323 K): (a) percent of salt by
weight (%); (b) ionic strength.

Experimental CO, solubility in aqueous NaCl solutions
is taken from Zhao et al.'’ Solid lines represent the cal-
culated values from the PSUCO2 model. [Color figure

can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

equilibrium, the chemical potential of CO, in the CO,-rich phase
is equal to that in the aqueouys phase;, given by ,u(C())v ,u(COZ for
the CO,-H,O system and uc(% '“co for the CO,-salt-H,O sys-
tem. In fact, the chemical potentlals of CO, between the salt-
bearing and salt-free systems are different. However, assuming
that uc &) l‘(cc)) results in a mean error of about 0.3% of calcu-
lated COQ solublhty in the aqueous phase,”' so this assumption
is not significantly impactful to the overall model results. Thus,
the equality of CO% activity, between the CO,-H,O and CO,-
salt-H,O systems (,uégo2 ,u<cc))2) can be represented as follows
In (mCOz“/coz) =In (mocoz V0c02> )
Combining Egs. 7, 8, and 9, the combined Pitzer interaction
parameters Bco,-sat and Cco,-co,-sair (in Eq. 7) can be deter-
mined by fitting of Eq. 9 to the corresponding experimental
CO; solubility data in both CO,-H,O and CO,-salt-H,O sys-
tems. As a results, the parameters Bco,-sai and Cco,-co,-salt
for each CO,-salt-H,O system can be calculated in terms of
the temperature, ionic strength, and coefficients a; to as

100 T
Bco,-san=a1+a2 —; =5 "% To00 +asg(x) (10)
Cco,-coy-salt =05 (11

where 0=228 K, g(x)=3(1—(1+x)e™), x=u1°7, and
o;=2.0 kgo5 mol %, The detailed data fitting procedure
to estimate coefﬁc1ents a; to as is provided in Supporting
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Information. The data fitting results of coefficients a; to as
are shown in Table 2.

In addition, through the comparison between model calcu-
lated results and the experimental data reported herein, we
found that the parameter ¢, has a strong dependence on tem-
perature and salt concentration, especially at high temperatures
and low salt concentrations, but it is insensitive to the system
pressure. Therefore, the Pitzer triple-ion interaction parameter
Ehea (in Eq. 7) was calculated by performing a binary search for
mco, in the PSUCO2 model until consistency between the cal-
culated and experimental values was obtained. The results of
&ca determined in this manner are listed in Table 3. By assum-
ing independence of pressure, &, at any P-T-x conditions can
be obtained through an interpolation or extrapolation of the val-
ues listed in Table 3 for the corresponding CO,-salt-H,O sys-
tem. The procedure is: (1) a cubic spline interpolation with a
step of 0.001 mol kg™ ' salt molality was used to get the rela-
tionship between ¢, and salt concentration (molality) at a con-
stant temperature; and then (2) the linear interpolation was
applied to calculate £, at any targeted P-T-x point. Finally,
using the calculated results of ﬁCd , /)’C‘1 , and Cd’ (Supporting
Information) along with the parameters Bco, st
Cco,-c0,-salt> and &, the previously developed CO, solubil-
ity model for the aqueous NaCl solution was effectively
extended to the aqueous CaCl,, Na,SO,, MgCl,, KCl solutions.

In Table 4, the modeling results of CO, solubility in the
aqueous phase from various models (PSUCO2, SP2010,
DS2006, and OLI) were compared to the experimental
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Figure 5. (a-d). Comparison of model calculations against the experimental CO, solubility?®>263%%° in aqueous

CaCl, solutions.

(a) 0.1 MPa, 288-308 K, and 0.14-5.31 mol kg_1 CaCly; (b) 4.8 MPa, 298-423 K, and 0.16-6.95 mol kg_1 CaCly; (¢) 2.1-71.2
MPa, 394 K, and 1.01-3.90 mol kg_1 CaCly; (d) 4.4-38 MPa, 424.4 K, and 1-5 mol kg_1 CaCl,. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

data'*?*™*" in terms of average absolute deviation (AAD %),

which is defined as below

100 N mcalc 4_m3XP )
AAD(%):VZ COz.Iexp CO,,i % (12)
P =1 Mmeo, i

where mcc%cz ; represents the calculated CO, solubility values

from the CO, solubility models (PSUCO2, SP2010, DS2006,
and OLI); mg5 ; denotes the experimental CO, solubility
taken from literature and obtained in this study; and N means
the total number of experimental data in each work. Table 4
demonstrates that the PSUCO2 model predicts the CO, solubil-
ity in aqueous CaCl,, Na,SO,4, MgCl,, and KCl solutions with
a high degree of accuracy over a wide P-T-x range [288—
433 K, 1-71 MPa, and ionic strength up to 20.7 mol kg~ ' for
CaCly(aq), 7.2 mol kg~ ' for Na,SOy(aq), 15 mol kg ' for
MgCly(aq), and 4.8 mol kg~ ' for KCl(aq)]. Although there is a
lack of experimental CO, solubility to validate the model per-
formance at the pressures higher than 71 MPa and temperatures
above 433 K, the proposed PSUCO2 model can still be safely
extended to 150 MPa and 523 K due to the following reasons:
(1) the model is based on a sound thermodynamic framework,
which is validated by reliable experimental up to 200 MPa and
573 K for the CO,-H,O binary system;10 and (2) the same
thermodynamic framework is also validated by reliable experi-
mental CO, solubility in the aqueous phase for the CO,-NaCl-
H,0 system up to 150 MPa and 573 K.'° In addition to Table 4,
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Figure 1 clearly indicates that the proposed PSUCO2 model
provides the best performance in calculating the CO, solubil-
ity in all CO,-salt-H,O systems investigated in this study rel-
ative to the published models (SP2010, DS2006, and OLI).
The updated model is named as PSUCO2 and is available as
an Internet-based computational tool (Supporting Information).

Discussion

At atmospheric pressure, Li and Tsui*' measured CO, sol-
ubility in aqueous NaCl solution (0.6413 mol kg~ ' NaCl)
and acidified seawater (with 10, 20, and 299, Chlorinity) at
the temperature range from 273.85 to 303.15 K. Based on the
obtained experimental results, Li and Tsui*!' concluded that
the Buch’s assumption*? —the effect of a given weight of sea
salts on solubility of CO, is the same as that of an identical
weight of NaCl—is proved to be valid. A question arises
when extending Li and Tsui’s conclusion from sea salt to any
salt species—is the effect of a given weight of any salt (or
mixed-salt) on solubility of CO, still the same as that of an
identical weight of NaCl? The answer is no. In this study, we
have experimentally demonstrated that CO, solubility in aque-
ous solutions with different salt species are significantly dif-
ferent at 15 MPa, whether the solutions have the same
percent of salt by weight or have the same ionic strength.
This observation is also substantiated by experimental CO,
solubility data®*2* at ambient conditions (Figure 2). Figures
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

2b and 3b show that the magnitude of CO, solubility in aque-

ous salt solutions follows a decreasing sequence of
KCl CaCl, MeCl, NaCl Nay SO
mee, > Mco,” > Mee, - > Meo, > Meg,  based on the same

ionic strength.

The ion-water molecule interactions dominate the CO,
solubility behavior in different aqueous salt solutions. For
example, on the basis of the number of ions produced when
strong electrolyte dissociates in solution, MgCl, and CaCl,
are the same type electrolytes (1-2 type). The measured sol-
ubility of CO, in CaCly(aq) and in MgCly(aq) are quite
close in a wide P-T-x range (Figures 2 and 3), but the meas-
ured CO, solubility in CaCl,(aq) is always slightly greater
than that in MgCly(aq). Whereas, the solubility of CO, in
aqueous NaCl solution is considerably smaller than that in
aqueous KCI solution given that these two salts share the
same electrolyte type (1-1 type; Figures 2 and 3). The stud-
ies of the ion hydration and ion-water molecule interac-
tions*** demonstrated that small ions of high charge
density bind water molecules strongly, whereas large ions of
low charge density bind water molecules weakly. Thus, the
high charge density ions have strong influence on water
structure, which determines the capacity of the aqueous
phase to trap dissolved CO,. Based on the experimental
results, if two single-salt aqueous solutions have the same
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type of electrolyte (e.g., 2-1 or 1-1 type) and share the same
anion (e.g., Cl ), a cation with greater charge density (a
smaller radii and a greater charge number) has more signifi-
cant salting-out effect on dissolved CO, than that with
smaller charge density. For example, the charge density of
Mg®" is slightly greater than that of Ca®" (same charge
number but Mg?* has a smaller radius than Ca®"),*> as a
result, the amount of CO, dissolved in aqueous MgCl, is
less than that in aqueous CaCl, solution at the same ionic
strength. The similar situation occurs for the CO, solubility
in aqueous NaCl and KCI solutions. Na™ has a significantly
greater charge density than K, thus the CO, solubility in
aqueous NaCl solution is considerably less than that in
aqueous KCI solutions.

Figure 4 and Table 4 (row 19) show that SP2010 and
DS2006 models predict the experimental data obtained
herein quite well for the CO,-CaCl,-H,O (Figure 4a) and
CO,-MgCl,-H,O (Figure 4c) systems, however, these models
(SP2010 and DS2006) predict the measured CO, solubility
in aqueous Na,SO, and KCI solutions with a large error
(Figures 4b, d). The SP2010 and DS2010 models use the
same type of simplified Pitzer equation to calculate aqueous
phase activity coefficients.” Because the similar activity
equation is used in both DS2006 and SP2010 models, the
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Figure 7. (a,b). Comparison of the model calculations
against the experimental CO, solubility?®3° in
aqueous MgCl, solutions.
(a) 0.1 MPa, 288-303 K, and 0.15-4.45 mol kg~ MgCl,;
(b) 3.5-31.2 MPa, 309.6—424.4 mol kg_1 MgCl,. [Color

figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Kamps."*[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

calculated CO, solubilities in aqueous NaCl and KCl solu-
tions, as well as in aqueous CaCl, and MgCl, solutions, are
identical from these models. OLI Studio 9.0.6 performs very
well in calculating CO, solubility in the aqueous KCI,
CaCl,, and MgCl, solutions when compared with our experi-
mental results, but OLI calculated results for the CO,-
Na,S04-H,0 system also deviate from the experimental CO,
solubility measured in this study (Figure 4b).

The calculated CO, solubility from the PSUCO2 model
shows a remarkable agreement when compared with the pre-
viously published experimental data in various CO;-salt-H,O
system (Figures 5-8). However, at same P-T-x conditions, a
large discrepancy of experimental results for the CO,-KCI-
H,O system between Pérez-Salado Kamps et al.'* and Kiepe
et al.’* was observed, and the calculated results from the
PSUCO2 model support the experimental CO, solubility
reported by Pérez-Salado Kamps et al. (Figure 8d)."*

The H,O solubility in the CO,-rich phase can also be cal-
culated by the proposed PSUCO2 model. Reliable experi-
mental data are desirable to evaluate the model performance
at elevated temperatures and pressures. At high temperatures
and pressures, the experimental H,O solubility in the CO,-
rich phase reported by Takenouchi and Kennedy*® and
Todheide and Franck®’ are significantly different. Later on,
to resolve this discrepancy, Mather and Franck®® used the
so-called “synthetic” experimental method to study the phase
equilibria of the CO,-H,O system. Initially, known amounts
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of CO, and H,O are loaded into an autoclave (with a sap-
phire window). By heating the components in the autoclave
at constant volume, homogeneous single-phase conditions
can be observed through the window. By this means, Mather
and Franck stated their measured the dew points (at 498.15—
546.15 K and 1100-2640 bar) of H,O in the CO,-rich phase
support the experimental results of Todheide and Franck.*’
In Figure 9a, the calculated H,O solubility in the CO,-rich
phase among the different models (PSUCO2, OLI, and
SP2010) were compared with the experimental data*®*749-%
at 298 and 423 K and up to 50 MPa. At 298 K, the differen-
ces among the three models are rather small (Figure 9a). All
three models are capable of predicting the phase change
(Figure 9a, enlarged view) from gaseous to liquid CO,-rich
phase15 at 298 K as compared with the experimental
data.*”° At 423 K, the PSUCO2 and SP2010 models agree
well with the experimental data,47 but the calculated results
from OLI gradually deviate from the results of the other
models (PSUCO2 and SP2010) in predicting H,O solubility
in the CO,-rich phase at 423 K when pressure increases
from 15 to 50MPa (Figure 9a).

For a CO,-salt-H,O system, the PSUCO2 model calcu-
lated results (as shown in Figure 9b) demonstrate that the
different salt species in the aqueous phase will influence the
H,O solubility in the CO,-rich phase. Based on comparison
between Figures 9b and 9c, a larger activity of H,O yields a
greater solubility of H,O in the CO,-rich phase among
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Figure 9. (a-c). Comparison of the model calculated
H,0O solubility in the CO,-rich phase for dif-
ferent CO,-salt-H,O systems.

(a) Comparison calculated H,O solubility in the CO,-rich
phase for the binary CO,-H,O system by different models
(SP2010, OLIL, and PSUCO2); (b) Model calculated H,O
solubility in the CO,-rich phase at 423 K in the CO,-salt-
H,O systems. Given the same salt molality (e.g., 2 mol
kg™ "), the differences of H,O solubility in various single-
salt aqueous solutions are quite large, whereas the SP2010
model reflects a relatively smaller variation of H,O con-
tents in the CO,-rich phase caused by different salt spe-
cies in the aqueous phase than does PSUCO2; (c) the
PSUCO2 model calculated activity of H,O in the aqueous
phase for different CO,-salt-H,O systems at 423 K. Calcu-
lations made by OLI Studio 9.0.6 in Fig. 9a are under fol-
lowing conditions: (1) enable the second liquid phase, (2)
use MSE model, (3) stream inflows contains 55.5082 mol
water and 5 mol CO,. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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different CO,-salt-H,O systems. However, for the same salt
species the increase of the H,O activity does not guarantee
increased H,O solubility in the CO,-rich phase.

As described above, the Pitzer model is used to calculate the
activity of dissolved CO; (aco,) and the activity of H,O (amn,0)
in a CO,-salt-H,O system. Once aco, and ap,o in mixed elec-
trolyte solutions are evaluated, the CO, solubility in mixed-salt
aqueous solutions may be calculated within the same thermo-
dynamic framework. However, while the Pitzer model provides
the thermodynamic framework to calculate the activity coeffi-
cient of CO, (neutral species) in mixed electrolyte solutions, a
detailed discussion of Pitzer equations agrees that when a salt
mixture presents in the aqueous phase, the number of required
parameters increases significantly in Pitzer equations.”’ These
parameters must be determined by thermodynamic experimental
data for multicomponent systems. However, for CO,-mixed-
salt-H,O system, there is a lack of experimental data of CO, sol-
ubility in mixed-salt aqueous solutions (e.g., NaCl + CaCl,,
NaCl + MgCl,, NaCl + KCl, CaCl, + MgCl,, CaCl, + Na,SO,,
etc.), therefore, the approach using the Pitzer model to predict
CO, solubility in mixed-salt aqueous solution at elevated tem-
peratures and pressures is still not available for us.

However, based on the calculated CO, solubility in aque-
ous single-salt solutions, the CO, solubility in aqueous
mixed-salt solution can be evaluated by the additivity rule of
Setchenow coefficients for each single-salt species. The
salting-out effect of single-salt species on dissolved CO, can
be represented the Setschenow coefficient (K’) which i 1s cal-
culated by the classical Setschenow equation as below™>

1

ce
K;—El g EZ (13)

where C! is the molarity of the ith salt species in a single-
salt electrolyte solution, mol L %02 is the CO, molarity
in pure water, mol L™ and Cicoz is the CO, molarity in the
single-salt aqueous solution with ith salt species. The pro-
posed PSUCO2 model is capable of calculating Setschenow
coefficients (KN, K MeCl KECh, gN2SO: and KKC) for
corresponding single-salt aqueous solutions. The Setschenow
coefficient of a mixed-salt solution (Ki\/“") can be evaluated
using the additivity rule of Setschenow coefficients in each
involved single-salt solution. The detailed method to calcu-
late KM* based on the obtained KNCI, KMeCh K&k
KNaZsO4 and KX can be found in Zhao et al.%3

s

Conclusions

A new set of CO, solubility data in aqueous CaCl,,
MgCl,, Na,SO,4, and KCI solutions were measured at tem-
peratures from 323 to 423 K, the ionic strengths from 0 to
6 mol kg~ ' and a pressure of 15 MPa. The comparisons of
experimental results based on the same concentration scale
(ionic strength or salt percent by weight) showed that (1) the
solubility of CO, in aqueous solutions in the presence of dif-
ferent salt species are quite different; (2) the solubility of
CO; in CaCly(aq) and MgCl,(aq) solutions are close to each
other; and (3) given the same type of electrolyte (with the
same anion), a cation with greater charge density in the
aqueous phase has more significant salting-out effect on dis-
solved CO, than that with smaller charge density.

The previously developed CO, solubility model for the
CO,-NaCl-H,0 system was extended to the systems of CO,-
CaC12-H20, COz-Nast4-H20, COz-Mgclz-Hzo, and COQ-
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KCI-H,O by fitting a new set of Pitzer model parameters for
each system. Pitzer model provides highly-accurate correla-
tion results of CO, solubility in single-salt aqueous solutions,
however, the use of Pitzer model for mixed-salt aqueous sys-
tem at elevated temperatures and pressures is not recom-
mended due to too many model parameters need to be
evaluated.

Comparisons against literature data reveal a clear improve-
ment of the proposed PSUCO2 model among the published
models in predicting CO, solubility in aqueous single-salt
solutions at temperatures from 288 to 433 K and pressures
up to 71 MPa. The applicable P-T-x range of the proposed
PSUCO2 model is 288-523 K, 0.1-150 MPa, and salt con-
centration up to saturation conditions.
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Notations
Uppercase

AAD % = average absolute deviation
A? = Debye—Hiickel slope for osmotic coefficient
Bco,-sait = combined Pitzer interaction parameter for the CO,-salt-
H,0 system
C0,-co,-salt = combined Pitzer triple interaction parameter for the CO,-
salt-H,O system
CeaC? = Pitzer’s model parameters
I = molality scale ionic strength, mol kg~ '(H,0)
N, = Total number of measured point
P = pressure, MPa
T = temperature, K

Lowercase

aco,, auw,o = activity of dissolved CO, in the aqueous phase and H,O in
CO,-rich phase, respectively
a; = parameters for calculating combined Pitzer interaction
parameters
= constant in Pitzer’s activity model, b=1.2 kg"* mol '/
ki co, = Henry’s constant, bar mol ' kg
m,, m. = molality of dissolved anion and cation ions in the aqueous

phase, mol kg ™!
1

mco, = molality of CO, in the aqueous phase, mol kg~
m%oz = molality of CO, in the pure water, mol kg~
mg, ; = calc&]lated molality of CO, by CO, solubility models, mol
kg~
mec’gq ;= Exgeirimental CO, solubility taken from literature, mol
g
ms = molality of salt species in aqueous solution
q; = parameters for calculating Pitzer ion-ion binary interaction

parameters for the binary salt-H,O systems
Veo, = an empirical determined parameter in the proposed CO,
solubility model, cm® mol ™
Vy = partial molar volume of water, cm?® mol ™!
Xco,, Yco, = mole fraction of CO, and H,O in the aqueous phase

Greek

ocg = a constant for Pitzer’s model, o1 =2.0 kgO'5 mol %
[igg), ﬂgi = Pitzer ion-ion binary interaction parameters for Salt-
H,O systems
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Yco, = activity coefficient of dissolved CO, in the aqueous salt
solutions
V¢o, = activity coefficient of dissolved CO, in the pure water
Jnes Ana = Pitzer interaction parameters between neutral species
and ions
Jnns lonn = Pitzer interaction parameters for neutral species
y(c%a, uggz = chemical potential of CO, in both the CO,-rich phase
g > and the aqueous phase for a binary CO,-H,0 system
,ug))z, yg‘gz = chemical potential of CO, in both the CO,-rich phase
and the aqueous phase for a ternary CO,-salt-H,O
system
v", v~ = stoichiometric number of cations and anions of a dis-
solved salt
Pitzer triple interaction parameters between neutral spe-
cies and ions
¢ = osmotic coefficient
©Pco,, Pn,0 = fugacity coefficient of CO, and H,O, computed by the
i "~ modified RK EoS
@3, = fugacity coefficient of pure H,O, computed by IAPWS-
95 EoS

éncar Hanas fone =
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Appendix : Additional Model Equations

The Pitzer equations for the activity coefficient of dissolved
CO, and the osmotic coefficient of water are shown below as
Eqs. Al and A2, respectively®*

Inyco, =2mco, Am+ 3méo2 Honn T 22neMc +2 Anamy +mamc € cq

+ 6mc02 Me Py + 6mC02 Ma lona

(AD)
2
plm
my +me+mco,
15
{—A? TEH05 +mum, [ﬁg) +ﬁ§;>exp (—o %)
(A2)

+(mg|za| tmelze|) Cea
+ lm2 Do 12 +Meo, Medne +3M2 0 Me L
5 Mo, #nn €O, Monn T1CO, M Anc co,Met

2
+mco, My Ana + 3mc02 My fna +MCO, Mo 5nca}

nnc

In these equations, mco, is the molality of CO,; m, and m, are,
respectively, the molality of anions and cations in the aqueous
phase. In Eq. 2, Cc,=0.5C? /|z.z,|>°, A% is the Debye—Hiickel
slope for the osmotic coefficient, and b=1.2 kg”2 molfl/z, o=
2.0 kg mol~ "2, I is the ionic strength based on the molal con-
centration scale. The empirical equations for calculating the Pit-
zer binary ion-ion interaction parameters (ﬁgg), /3((:;), and Cc,)
were taken from literature and summarized in the Appendix. The
Pitzer pure CO, interaction parameters (4, and g,,,) in the tem-

perature range 273.15-573.15 K can be found in Zhao et al.'

Manuscript received Jan. 2, 2015, and revision received Mar. 31, 2015.

July 2015 Vol. 61, No. 7

Published on behalf of the AIChE

DOI 10.1002/aic 2297



	l
	l
	l
	l
	l
	l
	l

