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ABSTRACT

The semiempirical specific-interaction model developed by Pitzer
is applied to aqueous salt solutions that also contain a dissolved
nonelectrolyte. Pitzer’s model is used to describe phase equilibria for
aqueous solutions containing either sodium chloride and carbon diox-

-

/, ide to 600 bar or sodium sulfate and carbon dioxide to 200 bar at

several temperatures. In contrast to predictions reported by previous
authors, we find that over wide ranges of pressure and temperature,
Pitzer’s equations provide an excellent description of salt solubilities

in these ternary systems.



Introduction

The semiempirical specific-interaction model (SSIM) of Pitzer ! has been used
extensively to describe the thermodynamic properties of ionic aqueous solutions
over wide ranges of concentration, including the region near saturation. For several
electrolytes, Pitzer coefficients are available as a function of temperature and pres-
sure 2. For aqueous mixtures of electrolytes, the Pitzer formalism provides a useful
predictive tool because it provides the properties of multicomponent mixtures using
only information on the binary systems.

However, aqueous mixtures containing both ionic and non-ionic solutes have
been studied only rarely within the framework of the Pitzer approach. Pitzer 2 has
discussed the dissolution of silica in salt-water systems in terms of the SSIM and
recently, Maeda et al. 3 have calculated ionic-strength effects on the dissociation
constant of ammonia. Unfortunately .in both cases the concentration of the nonionic
species is very small and the electrolyte plays the major role. To the best of our
knowledge, only Barta and Bradley 4 have used the SSIM to describe gas solubili-
ties in high-temperature brines. These authors also use the SSIM approach to predict
the effect of dissolved gases on the solubility of sodium chloride in water.

Recently 5, we have measured the effect of a dissolved gas on the solubility of
electrolytes in aqueous solutions. We studied the systexh C0y,-Na,S04~H,0 at 50
and 75°C; changes in the solubility of the salt due to CO, were described using a
simple thermodynamic-consistency procedure which relates this change in salt solu-
bility to the Setschenow constant, that is, to the salting-out of the gas by the salt. In
addition to some simplifying assumptions, that procedure requires also information
on the ternary system to obtain the derivative of the activity coefficient for the dis-
solved CO, with respect to salt concentration.

The previously-published procedure is capable of describing the observed solu-
bility changes to higt{ CO, pressures (150 bar). At higher pressures, the procedure
fails, probably because the simplifying assumptions are no longer valid for relatively

high concentrations of CO, in the aqueous solution.

The previously-published procedure was also applied to the system
CO,-NaCl-H,0; the solubility of the salt as a function of- CO, pressure was
predicted at several temperatures in the range 50 - 250°C. Predictions at 50°C were
confirmed experimentaly. However, the estimated solubilities disagree with those
calculated by Barta and Bradley 4, who predicted that dissolved- CO; increases NaCl
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solubility below 100°C and also above 250°C, while in the range 150 - 200°C, dis-
solved CO, decreases NaCl solubility. Our data at 50°C show that. dissolved CO,
decreases NaCl solubility, and our predictions indicate that this decrease should also

‘be observed at higher temperatures. The discrepancy between our calculated results

and those calculated by Barta and Bradley with the SSIM approach prompted us to
study the applicability of the SSIM to phase equilibria for aqueous systems contain-
ing ions and gaseous non-electrolytes. Our aim in this work is to predict the effect

of dissolved CO, on the solubility of salts in aqueous solutions using Pitzer parame-
ters obtained from the effect of a dissolved salt on the solubility of CO,.

Solubility equilibria in gas-salt-water systems

We use in this work essentially the same notation as that used previously 3 0-
solvent (water), 1-gas (CO,), and 2-electrolyte (which dissociates into v, cations and
v_ anions). _

The effect of a dissolved salt on the solubility of a gas (salting in/out) can be
described in terms of the activity coefficient ;, of the solute, which is given by 6

oy, = m 288 70 )

x H;t pm=p RT

Subscript x indicates that y,, is defined using mole fractions. Here H,f is the
Henry’s constant for solute 1 in salt-free water (m, = 0), x; is the mole fraction of
solute 1 in the solution (calculated on the basis of total salt dissociation), y, is the
mole fraction of component 1 in the vapor phase, v; is the partial molar volume of
solute 1 in aqueous solution at infinite dilution, P*#{ is the vapor pressure of the
solvent, and ¢, is the vapor-phase fugacity coefficient of component 1. Comparing
the activity coefficient of solute 1 in salt-free water with that in the electrolyte solu-
tion, for the same fugacity of the gas in the vapor,vwc get

4 xt B -1 '
In =ln— - ——— dP 2)

where superscript T denotes thermodynamic properties in the absence of salt.
Activity coefficients are converted from the mole-fraction scale to the molal scale

through

W
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1—x1

‘)’1=‘)’1x(1+vam2) (3)

where m is molality, v = v, + v_ is the number of ions produced by the dissociation
. of the salt, and where MW is the molecular weight of the solvent. In the remainder
of this work all activity coefficients are based on the molal scale.

_ Equation (2) can be compared to the well known Setschenow equation

T
I = kay my G
X1

where k,;, the Setschenow coefficient, indicates the effect of salt (solute 2) on the
solubility of solute 1.

The equilibrium condition for salt solubility is
pi (T.P) = pf(T.P)+ v RT In (Qmyy)*™ (5)

where uj denotes the chemical potential of solid salt, @ = (v,"*v_")!", and uf is
the chemical potential of the electrolyte in the standard state. For the aqueous elec-
trolyte, we use the hypothetical standard state of an ideal dilute solution at unit
molality at the pressure and temperature of the solution. Using this standard state,
the activity of the electrolyte in the saturated solution, (Qm,7,)**, is a function of
pressure and temperature but it is independent of the concentration of any other
solute.

From Equation (5) it follows that the solubility of the salt in a solution contain-
ing a non-ionic solute can be obtained if we have a method of estimating y,. The
SSIM provides a simple expression for the activity coefficients of the components in

solution.

Pitzer Equations

Pitzer 7.has presented equations for the activity coefficients of the ionic and
non-ionic components of an aqueous mixture. For the electrolyte, the mean activity
coefficient is given by

. 2 3
Iny, = Iny, + ‘;ml(VJ'n +v.Ap) + ;'"112 (VeTine + votyl) (6)

N/
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2v,v_

’ z_ z,
mmy(6T1,- + 31 —Il74,, + 3|—z—'|1'1__)
z, -

+

where A and  are two-body and three-body interaction parameters respectively, and

where y; is the activity coefficient of the aqueous electrolyte in the absence of

solute 1 (m; = 0), given by

. 2v,v_ 2(v,v)?
Iny, = |Z__2+|f7 + = m287 + -—(-—+‘-’-l—m22C7 @)
where
.
BY = 28°+ %5— [1 —+all?- a’-;—) exp(—alm)J (8)

im 2
f7 = —A¢ {m-{-;lﬂ(l +le’;)] (9)

Here A, is the Debye-Hiickel slope for the osmotic coefficient, / is the ionic

strength, and ¢ =2.0 and b =12. B% B! and C? are temperature and pressure-
dependent Pitzer parameters reported in the literature 8,

To simplify notation, we define

Ap = (vid +vory) (10)
Mz = (vetne + voryl) (11)
z_ z,
Fln = (21.'“._ + ';_IVIH + |‘z—|‘tl...) (12)

+ -
The mean activity coefficient of the electrolyte in the mixture is then given by

6v,v_

" 2 3
Iny; = Inp, +;-m,A,2 + ;‘mlzruz + mymaI 22 (13)

For the non-ionic solute, the activity coefficient is given by
Iny; = In ‘er + 2myAyy + 6mymyly + 3m%v+v_l',22 (14)

where y;1 is the activity coefficient of the non-ionic solute in salt-free water

(my = 0), given by

In vt = 2mAy + 3mityy (15)
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Activity coefficients y; and 7,1 are obtained from solubility data for the non-
ionic solute in the salt-containing solution and in salt-free water, respectively,
through Equations (1-3).

Sources of Experimental Data and Evaluation of Parameters

To calculate y;, we use published parameters 8 for ionic interactions in binary
aqueous electrolyte solutions of NaCl and Na,S0,.

Pitzer et al. 8 have given an equation for the chemical potential of solid NaCl
as a function of temperature and pressure. That equation, coupled with the SSIM
- equation for the chemical potential of aqueous NaCl, yields the solubility of NaCl in

water, as shown in Table 1. The solubilities at saturation pressure are in good agree-.

ment with those reported in the literature .10 However, because the differences are
in some cases close to the limits of the experimental error, we prefer to report the
effect of pressure on the solubility through the ratio

M2(T.P.ml = 0)
mzf(T,P“",ml = 0)

Aml =

Similarly, we report the effect of concentration of dissolved CO, through the ratio

mZ(Tvpvml)
mZT(T,P,ml = 0)

Am§ =

For aqueous Na,SO,, Holmes and Mesmer 11 have reported the temperature

dependence of B” and C7 at high temperatures and for the entire range of concentra-
tions at the saturation pressure. Pabalan and Pitzer 12 have published activity
coefficients at high temperatures and 200 bar obtained from heat-capacity measure-
ments. However, the volumetric properties of aqueous sodium sulfate derived from
these values are not in agreement with those found in the literature 13'14’15; for
example at 50°C, the reported values of y, for a three-molal aqueous solution of
Na,S04 give an excess volume of 8 cm3mol™!, while direct measurements indicate
that it should be about 28 cm*mol~!. We therefore prefer to calculate the pressure
dependence of y, from the experimental information available for the partial molar

volume of Na,50, in aqueous solutions.

N/
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We use solubility data for CO, in salt-free water reported by Houghton et al.
16 Gillespie and Wilson !7, Wiebe and Gaddy '®1°, and Zawisza and Malesinka 2.
These investigators cover different ranges of pressure and temperature; agreement
among them is generally good except for the data of Zawisza and Malesinka, that
depart from the other data in a-non-systematic way. Malinin 2 pas analyzed most of
these data and our conclusions agree with his. All the volumetric data required for
calculating the activity coefficients of CO, in water and in NaCl solutions are taken
from Malinin 2! and Moore et al. 2. |

To calculate the fugacity of CO, in the vapor phase, we use available data for
vapor-phase composition at the dew point. Recently, Patel et al. 2 have reported
virial coefficients for CO,-H,0 mixtures to 200°C and pressures to 100 bar at com-
positions near saturation; these virial coefficients reproduce accurately the data by
Wiebe and Gaddy 24 and by Gillespie and Wilson 17; therefore, we use them for our
calculations.

In the range of temperature and pressure where virial coefficients for the
CO,-H,0 mixture are not available, we use the Lewis-Randall rule along with fuga-
city coefficients obtained from an equation of state for pure CO, 25

For the solubility of CO, in aqueous NaCl sblutions, we use data reported by
Malinin et al. 2627 and by Takenouchi and Kennedy 28 These data cover the
ranges of pressure and temperature analyzed in this work. A few data by Cramer 29
were discarded because of their poor precision.

The solubility of CO, in aqueous Na,SO, solutions has been studied at low

temperatures 30'31; recently, we reported data at S0 and 75°C.

Calculation of Pitzer Parameters

To obtain Henry’s constants in salt-free water, we use solubility, fugacity and

volumetric data for the system CO,~H,0. The function

6P Py
m (22 [ == ar
Xy Py RT

is plotted against (1 — x2); In H,t is obtained from extrapolation to (1 - x3) = 0.
Equations (1) and (3) are then used to calculate y,f as a function of CO, molality,




as shown in Figure 1.

Because In (y,7) is a linear function of m; and because the accuracy of the
solubility data is not sufficient to determine both parameters in Equation (15), we
follow Barta and Bradley 4 and set Ty1; to zero. Table 2 summarizes Henry’s con-

stants and A, for the range 25 - 250°C.

Next, we analyze the available solubility data for CO, in aqueous electrolyte
solutions. Equations (2) and (3) are used to calculate In (y,/y,1). Below 100°C, we
assume that the partial molar volume of the dissolved gas in the electrolyte solution
remains equal to that in water (i.e. V) = ¥;), so that the second term in Equation (2)
can be neglected. Above 100°C, we use the volumetric data reported by Malinin 2
From these data, (v, — v;1) is fixed at -5, -9 and -10 cm®mol~! for 150, 200 and
250°C, respectively.

There is an important difference between our analysis and that of Barta and
Bradley 4 To eliminate explicit m,-dependence, these authors transformed Equation
(14) for the actvity éoeﬂicient of the nonelectrolyte solute (y;) and proposed an
expansion in terms of the ratio (y,¢,P/m;). However, the coefficients appearing in
these authors’ transformed equation for In (y;) depend on m,.

Since the modifications proposed by Barta and Bradley modify the way in
which gas concentration is accounted for in the calculation of the activity coefficient
of the electrolyte solute [Equation (13)], we prefer to maintain the original virial
expansion in m; for the activity coefficient of the nonelectrolyte solute, with
pressure-dependent virial coefficients. When the pressure dependence of these
coefficients is analyzed, we find that for fixed values of electrolyte concentration,

the activity coefficient of CO, is indepéndent of m,, as indicated in Figure 2. There-
fore, parameter I'y;, in Equation (14) can be set to zero.
Finally, parameters A, and Tyj,, in Equation (14) are adjusted by a least-

squares regression of the results for In (y,/y;}) as a function of m,. Table 3 gives
parameters for the two ternary systems studied here along with the standard devia-

tion of the fit (o).
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Results for the System CO,-NaCl-H,0

Table 4 shows the values of the Gibbs energy of solution A G2, for NaCl cal-
culated from the equations given by Pitzer et al. 8 The mean activity coefficient of
NaCl in carbon dioxide-free water is also calculated from these sources; the solubili-
ties of the salt in the ternary mixture at several temperatures and pressures are cal-

culated using
AGY = p§(T.,P) - pi(T.P) = -v RT In (Qmyr)™ (16)

by an iteratve procedure. Figure 3 shows the effect of pressure on salt solubility.
Figure 3 also shows the total, combined effect of pressure and dissolved gas on salt
solubility. The curves shown if Figure 3 are calculated with Equation (13) and
parameters given in Table 3.

While rising pressure increases the solubility of the salt (except above 200°C
and high pressure), rising concentration of the nonclcbtrolytc solute decreases the
solubility of the gas. Figure 4 shows the combined effect of CO, on the solubility
cquilibﬁa. Between 75 and 100°C, the effect is smaller than that at other tempera-
tures, but it is always negative, that is, part of the NaCl in solution precipitates as

" the pressure of CO, rises. The experimental points in Figure 4 correspond to our

measurements > at 50°C; they seem to indicate an underestimation of the CO, effect
on the solubility, but they also indicate that the SSIM approach predicts the right
sign for the effect. This conclusion disagrees with Barta and Bradley’s assessment 4

that CO, increases the solubility of NaCl! at low temperatures.

Moreover, the present results predict that with rising CO, pressure the decrease
of salt solubility is even larger at temperatures above 150°C. These results are in
sharp disagreement with those of Barta and Bradley who predict that rising CO,
pressure increases salt solubility for temperatures above 250°C.

The different predictions follow from different procedures used to evaluate
parameters. The differences in prediction are not due to different sources of experi-

mental data.

gt

by
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Results for the System CO,-Na,S04~H,0

This system has been studied experimentally at 50 and 75°C 3. Table 5
presents the volumetric properties of the system and the calculated Gibbs energy of
solution of the salt. The procedure for calculation of solubilities is the same as that

for the previous system.

Figure 5 shows the effect of pressure on the solubility of Na,SO, and the
predicted combined effect of pressure and dissolved CO, on the solubility of the
salt. These predictions are obtained with parameters given in Table 3. Taking into
account the uncertainties in the SSIM parameters, the observed solubilities are well
reproduced by the equations given here over the entire range of pressure (0-200

bar).

Conclusions

Equations (2), (4) and (14) can be combined and rearranged to yield an expres-
sion for the Setschenow constant in terms of Pitzer’s SSIM formalism. Pitzer’s
equation for the activity coefficient of the non-electrolyte solute (Equation 14) has
three parameters, but we find that for the systems studied here, one of these (I'};2)
can be set to zero. As shown in Table 3, one of the remaining two parameters, A,
is much larger than the other, I'j;,. It follows that A,, is the Pitzer parameter that
can most easily be related to the Setschenow constant for the solubility of a salt in a
non-ionic aqueous solution. This parameter is positive for electrolytes that drive the

gas out of solution and for gaseous solutes that decrease salt solubility.

The predictions of a previous thermodynamic analysis of solubility coefficients’

are consistent with those reported in this work, except for the high pressure region
where the SSIM approach is superior.
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TABLES
Table 1 - Measured and calculated solubility of
NaCl in water at the saturation pressure
T (C) m3® (calc.) m3* (exp.) !
25 6.145 6.146 1.006
50 6.279 6.275 1.022
75 6.355 6.460 0.977
100 6.650 6.680 0.919
150 7.207 7.198 0.724
200 7.959 7.973 0.503
250 9.073 8.989 0.299
Table 2 - Henry’s constant and binary interaction
parameter for the system CO,-H,0 at several temperatures
T (C) H,t (bar™) Ay (kgmol™)
25 1655 £ 3 -0.0108 + 0.0028
50 2948 + 3 : -0.0335 + 0.0017
75 4239 £ 12 . -0.0460 + 0.0027
100 5335t 15 -0.0500 £ 0.0025
150 6490 + 20 -0.0501 £ 0.0070
200 5840 £ 20 -0.0635 + 0.0124
250 4420 £ 20 -0.0695 + 0.0023




- 14 -

Table 3 - Pitzer parameters for two systems
CO,-H,0—-Salt at several temperatures

T (C) Aqp (kgmol™Y) Ty (kgmol™) c data ref. >
NaCl
25 0.114 £ 0.002 -0.0028 + 0.0003 0.011 19
50 0.109 £ 0.001 -0.0019 + 0.0002 0.001 17-18
75 0.101 £ 0.003 -0.0029 + 0.0005 0.010 18-19
100 0.103 + 0.004 -0.0036 + 0.0005 0.018 18
150 0.084 + 0.007 -0.0008 + 0.0011 0.042 28-21
200 0.106 £ 0.002 -0.0008 + 0.0011 0.011 28-21
250 0.091 £ 0.006 -0.0035 + 0.0009 0.021 28-21
Na,S0,4
50 0.278 £ 0.022 -0.0034 + 0.0025 0.059 5
75 0.272 + Q.016 -0.0032 + 0.0018 0.048 5

1%
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Table 4 - Gibbs energy of solution (divided by RT) of NaCl

in water at several temperatures (C) and pressures (bar)

T p 50 100 150 200 300 400 500 600
25 3.644 | 3.671 | 3.692 | 3.713 | 3.723 | 3.761 | 3.797 | 3.832 | 3.865
50 3.718 | 3.740 | 3.757 | 3.773 | 3.783 | 3.815 | 3.845 | 3.874 | 3.903
75 3.652 | 3.675 | 3.693 | 3.702 | 3.721 | 3.749 | 3.779 | 3.811 | 3.834
100 | 3.625 | 3.642 | 3.659 | 3.676 | 3.691 | 3.723 | 3.753 | 3.783 | 3.812
150 | 3.306 | 3.326 | 3.350 | 3.373 | 3.394 | 3.437 | 3.478 | 3.519 | 3.557
200 | 2.776 | 2.801 | 2.837 | 2.871 | 2.904 | 2.969 | 3.030 | 3.090 | 3.146
250 | 1.997 | 2.010 | 2.069 | 2.126 | 2.181 | 2.284 | 2.380 | 2.469 | 2.554

Table 5 - Partial molar volume of Na,S0O, at

infinite dilution (cm*/mol) and Gibbs energy
(divided by RT) of solution of Na,S0, in salt-free water
at several temperatures (C) and pressures (bar)
T ps* 25 50 75 100 150 200

v, 501150 15.2 154 15.6 15.8 16.1 16.4
AG°/RT | 50| 09193 | 0.8852| 0.8501 | 0.8154 | 0.7810{ 0.7129 | 0.6458
V) 751139 14.35 14.8 15.25 15.7 16.6 17.5
AG°/RT | 75| 1.2159| 1.1822 1.1491 | 1.1173 | 1.0859 | 1.0256| 0.9684




FIGURES

FIGURE

Concentration dependence of the activity coefficient of dissolved CO2
in water at several temperatures.

FIGURE 2

In (Y/Y17) as a function of CO2 concentration in aqueous electrolyte
solutions at several NaCl concentrations.

FIGUR
Calculated effects of pressure (---) and concentration of dissolved

CO2 (—) on the solubility of NaCl for the system NaCl/CO2/H20 at
several temperatures.

mzf(T,P ,m1=0)

e Amb =
my (T ,P °,m;=0)

my(T ,P° m,)

— A mg = 2 !

my T(T,P o,ml =0)

FIGURE 4

Calculated solubility of NaCl in the ternary system NaCl/CO2/H20 at

several temperatures. The points show experimental data at 50°C
[ref.6].

mZ(T aP ’ml)
my KT ,P°,m,=0)

—Am2 =



FIGURE §

Predicted and measured solubility of Na2S04 for the system
Na2S04/CO2/H20 at -50 and 75%C. The solid curves show the

pressure effect. The region bounded by the dashed lines corresponds
to the predictions of the SSIM method (with the estimated

- uncertainty). The solid points show experimental data [ref.5].
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