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Thermodynamics of the System MgCl,-NaCl-H,O
to 573 K: New Measurements of Heat of Mixing
and Heat of Dilution’

P. Wang,>* C. S. Oakes,** and K. S. Pitzer?

Heats of mixing of NaCl(aq) with MgCl,(aq) at 373.15, 423.15, 473.15, 523.15,
and 573.15 K for ionic strengths of 0.5 to 3.8 mol-kg ™!, and heats of dilution
of MgCl,(aq) at 523.15 and 573.15 K for ionic strengths of 0.3 10 4.6 mol - kg ~',
have been measured at 20.5 MPa. These experimental data are combined with
published heat of mixing data at 298 and 373 K to provide a comprehensive
Pitzer ion-interaction treatment for the thermodynamic properties of the
NaCl-MgCl,-H,O system to 573 K. The treatment includes a general equation
valid to 523 K, incorporating the published equations for NaCliaq) and
MgCly(aq), and equations for MgCly(aq) and the mixed system valid at 573 K.

KEY WORDS: aqueous electrolyte; calorimetry, heat of dilution: heat of
mixing; high temperatures; magnesium chloride; Pitzer equation: sodium
chloride; thermodynamic properties.

1. INTRODUCTION

Unsymmetrical mixtures of electrolytes have very interesting properties,
including those described by theoretical terms arising from the interaction of
ions with different charges of the same sign. Thermal properties, including
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heats of mixing at 298 K, were reviewed and discussed by one of us [ 1], and
others have since measured additional systems. Further complexities arise at
higher temperatures where both hydrolysis and ion-interaction effects
become more pronounced.

In this paper the results for the heat of mixing of MgCl,(aq) with
NaCl(aq) at temperatures from 373 to 573 K and for the heat of dilution
of MgCly(aq) at 523 and 573 K are presented for ionic strengths to
46 mol-kg~! at a pressure of 20.5 MPa. These values are combined with
published data on the heat of mixing at 298.15 and 373.15 K [2-5], and
with the thermodynamic properties of the binary systems NaCl-H,O and
MgCl,—-H, O, to provide a comprehensive Pitzer ion-interaction treatment
[6] for the thermodynamic properties of the NaCl-MgCl,-H, O system to
573 K. Our treatment comprises one general equation valid to 523 K,
incorporating the published equations for NaCl(aq) [7] and MgCl,(aq)
[8, 9], and the treatment for 573 K comprising new equations for
MgCl,(aq) and for the mixed system.

2. EXPERIMENTAL

The high-temperature, high-pressure flow calorimeter used in our
experiments and the procedures for the measurements have been given in
detail elsewhere [ 10, 11]. Heats of mixing for solutions of NaCl(aq) with
MgCl,(aq) were measured at 373.15, 423.15, 473.15, 523.15, and 573.15 K,
and heats of dilution of MgCl,(aq) were measured at 523.15 and 573.15 K.
All of the measurements in this study were made at a pressure of 20.5 MPa.
The heat of mixing measurements were conducted at constant ionic
strengths, and the ionic strength fractions, y = 3m ey, /(3Mmgcy, + Pinaci)s
of the final mixtures are close to 0.5. The experiments covered ionic
strength ranges of 0.5 to 3.8 mol-kg~! for the heat of mixing measure-
ments and 0.3 to 4.6 mol - kg ™! for the heat of dilution measurements.

3. EQUATIONS

For the mixing of solutions of a 1-1 salt MX (salt 1) with a 2-1 salt
NX, (salt 2), each at ionic strength 7, the Pitzer ion-interaction model [6]
gives the heat of mixing 4H ;, per unit mass of solvent as

AH i 2 2 2
2 2 1
—2_7(5_)’)ICII:JX“§¢§4N_§(3*Y)I'P]KANX (1)
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with y being the ionic strength fraction of salt 2, and B, and @, are given
by

Bea= B0 + 28001 — (1 4+, /T)exp(—a; /T)1/(2,*])
F2BD0 1 — (1 +ay /T) expl —oy /T)W,2) (2)
D, ="50,+F0,(I) (3)

where @, D and B2 are the parameters from the binary cation-anion
interactions, C, and W, are the third-order interaction parameters, 50, is
the short-range interaction parameter between two ions of the same sign,
and ®0; is the theoretical electrostatic function for the unsymmetrical mix-
ing and depends only on the charges of the ions, the total ionic strength,
and the solvent properties [ 1, 12]. B, Ct, &%, and ¥' are the tempera-

ture derivatives of the above quantities:
BY=0B/oT; Ct=0C/0T; PL=00/0T;, YL =0y/0T (4)

For the NaCl-MgCl,-H, O system, the B, and C_, terms include those for
NaCl(aq) (Bnacr and Cnaey) and for MgCly(aq) (Bamga and Cpyger). These
terms can be calculated using the model for NaCl(aq) by Archer [7] and
the model for MgCl,(aq) by Holmes and Mesmer [8] and Holmes et al.
[9]. In the Archer model, a,, was chosen to have a constant value of 2.0,
and there is no B'® term; hence, no x, value is assigned for NaCl(aq). In
the Holmes and Mesmer model, a linear function of temperature was used
for o, and a, was chosen to have a constant value of 12.0.

The molar enthalpy of dilution 4Hg; of the electrolyte solution is
defined as

AH 4y = Lg(mp) — Lg(ny;) (5)

where L, is the apparent molar enthalpy at initial and final molalities m;
and my, respectively. For a 2-1 electrolyte NX,, L, is given by

34
Lo="3"In(1+b /T) —~4RT*(mBjx +2m*Cl) (6)

with Ay the Debye-Hiickel parameter for enthalpy, which is based on the
Archer and Wang dielectric constant equation [ 13] and the Hill equation
of state for water [14], and b a constant taken to be 1.2.
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4. EVALUATION AND ANALYSIS OF EXPERIMENTAL DATA

4.1. Treatment for the Temperature Range 298.15 to 523.15 K

Heat of mixing data for NaCl(aq) with MgCl,(aq) have been reported
by Wood et al. [3], Srna and Wood [2], and Zdanovskii and Deryabina
[5] at 298.15 K and by Wood and Mayrath [4] at 373.15 K. All of their
measurements were made at 0.1 MPa. The effect of pressure on the heat
of mixing of NaCl(aq) with MgCl,(aq) solutions is unknown, but the
volumetric data for a similar system, CaCl,~NaCl-H,O, indicate that
¥ Eanacs 04 O, the pressure derivatives of ¥ canac and Bcana, are very
small and can be taken as constants below 373 K [15]. The same effect
is expected for the MgCl,-NaCl-H, O system. Therefore, the 0.1-MPa heat
of mixing data [2, 3, 5] were included in our analysis without adjustment
for the pressure difference. Corrections for the pressure effects at higher
temperatures are pending until further volumetric data are available.

Hydrolysis of the Mg?* ion in high-temperature agueous solutions
has been reported. Using the published results [16, 17], the amount of
MgOH™ formed in the reaction,

Mg** +H,0=MgOH* + H* (7)

was estimated to be only 1% at 573 K at the lowest concentrations in our
study. The degree of hydrolysis decreases with increasing ionic strength and
total magnesium concentration and with decreasing temperature. The
hydrolysis of Mg?* was neglected in the present study at all temperatures.

The temperature dependence of the mixing parameters, *0y,y, and
W Xamger» Were evaluated from the experimental heat of mixing data. Several
forms of the equation for *0%, and ¥k were tested. The following equa-
tion was used in our final calculations:

fo=p1+p.T+psT? (8)

where 7T is the temperature in K, and the p, are parameters determined
from a least-squares fit of Eq. (1) to the heat of mixing data. Integration of
Eq. (8) yields the temperature function for osmotic/activity coefficient
parameters “Onanvg and ¥namgar-

Jo=po+ i THEp T2+ ps T (9)

where values of p, were derived from values of *0\,m, and Ynamea at
298.15, which were obtained from fitting the osmotic coefficients reported
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Parameters for Eqs. (8) and (9) for the NaCl-MgCl,~-H,O System from 298.15

IpN‘d‘ Mg. C! (kg2 - mol 72)
l//;;lu.Mg.(‘l (kgz'm()l‘z' Kil)

Table 1.
to 523.15K
S0 Mg (kg mol ")
Parameter S0k mg (kg-mol ™' K1)
Po 7.66109 x 102
P —1.11639x 10~*
P2 3.55254x 102
2 —2.64307x 107"

—6.67238x 102
4.12766 x 107
—1.48260%x 107°
373211 x 10712

by Rard and Miller [ 18] at 298.15 K. Table 1 gives parameters for Egs. (8)
and (9) for the NaCl-MgCl,-H,O system from 298.15 to 523.15K.
Figure 1 compares our predicted heats of mixing at 298.15 K with the pub-
lished experimental data [2, 3, 5]. The calculated and experimental heat of
mixing data from our measurements at 373.15 to 523.15 K and from Wood
and Mayrath [4] at 373.15 K are compared in Fig. 2. Detailed tables of
our measurements are given in an extended paper [11]. The agreement
between the predicted and the experimental heat of mixing data is good.

2500
A Wood et al. and Srna & Wood
O Zdanovskii and Deryabina
2000 + — Calculated
s 1500 +
=
:
o 1000 +
<
500 +
0 A { } { } }
00 10 20 30 40 50 60 7.0
I,mol-kg'1
Fig. 1. Comparison of the predicted heat of mixing at 298.15 K with

experimental data of Srna and Wood [2], Wood et al. [3], and

Zdanovskii and Deryabina [5].
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Fig. 2. Comparison of the calculated heats of mixing at 373.15, 423.15, 473.15, and 523.15 K
and y=0.5 with experimental values of this study and those of Wood and Mayrath [4] at
37315 K.

The standard deviation for the overall fit with the heat of mixing is
5401 .-kg H,O~!, which is about the same as the experimental uncertain-
ties, The standard deviation of the fit for Rard and Miller’s osmotic coef-
ficient data is 0.0036. These results show that the present model satisfac-
torily represents thermodynamic properties of the NaCl-MgCl,-H,0
system in the temperature range up to 523 K.

4.2. Treatment for the Single Temperature 573.15 K

The thermodynamics of the NaCl-MgCl,—-H,O system at 573K is
more challenging due to the complexities arising from hydrolysis and ion
association. Electrical conductance measurements [ 19] clearly indicate ion
association at and above 573 K in dilute solutions of MgCl, and CaCl,.
Thus, a new comprehensive model for MgCl,(aq) covering the full tem-
perature range up to 573 K or higher, while highly desirable, must await
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additional thermodynamic measurements. Treatment has been made in this
study based on two simplified formulations. Only a summary of the result
is given here.

Formulation I assumes the regular pattern first used by Pitzer and
Mayorga [20], who introduced a term with an interaction parameter, 8,
and a large a,, for an electrolyte system where ions are associated to a
moderate extent. They found that in the ion-interaction treatment without
explicit association equilibria, this §® parameter is related to the ion
association constant, K, by ¥ = —K/2. In the comprehensive treatment
for thermodynamic properties of CaCl,, Holmes et al. [21] used the 5@
parameter as defined and expressed based on the above relationship and on
the ionization constant of CaCl*(aq) from Frantz and Marshall, and
obtained a much better fit of the high-temperature, low-molality enthalpy
of dilution results than if the standard ion-interaction model were used.
The same expression for f® has been adopted for other alkaline-earth
metal chlorides including MgCl,(aq) in a similar treatment [8] with satis-
factory fits of thermodynamic properties at high temperatures. These are
the anticipated results with the behavior attributed to ion association in
high-temperature, low-molality aqueous solutions. Thus, the parameter @
has been included in our treatment at 573 K.

The heat of dilution data at 573.15 K were first fit to Egs. (5) and (6)
to obtain the ion-interaction parameters, S\D'c;, Ak e, Biiec» and
Chug, o1- However, use of these interaction parameters did not give a good
fit of the heat of mixing data to Eq. (1) at 573 K. The number of data
points and the range of morality covered at this temperature are not suf-
ficient to determine unambiguously a full set of pure electrolyte parameters.
Instead, a simultaneous fit of both the heat of dilution data to Egs. (5) and
(6) and the heat of mixing data to Eq. (1) gave good fits for both dilution
and mixing data at 573 K. In this treatment, parameters for NaCl(aq),
BUE, BRE, and Cg, were calculated from Archer’s equation, and the
value of «, was taken to be 12.0. A number of values for a,, were tested,
and the usual value of 2.0 seems to give the best fit for both heat of dilution
and heat of mixing data, and has been adopted in our treatment. lon-inter-

. (O)L L 2L L L L
action parameters, ﬁM)g, c1s ﬂg\d)g ci» ﬁ(Mg, > Cwvg, c1> “ONa, mg> A0d Y, Mg, Cl

at 573.15K are given in Table II. In the Holmes et al. model [8§, 9, 21],
BPL was calculated to be —0.22 at 523 K while the 8@ * obtained in our
study is —0.43 at 573 K. This result is explained as follows. While the ion
association constant, K, increases with temperature, ‘® becomes more
negative, resulting in a negative 95?/0T value. The larger — @ value at
573 K than that at 523 K is consistent with the fact that the increase in the
ion-association constant with temperature is accelerated as the temperature
becomes higher [ 19]. It is noteworthy that, as our value of 8 * was deter-
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Table II.  Parameters for the NaCl-MgCl,-H,O System at 573.15 K

Formulation I (Mg”*,Na',Cl ) Formulation IT (MgCl',Na',Cl )
g 1 (kg-mol "-K 1) 7.59218x 10 * s o (kg-mol 'K ) —1.93826x 10 °*
e (kg-mol 'K ') 245190 % 10 * e, o (kg-mol 'K ) —4.17288x 10 *
BN, (kg mol K ) 0425749
Chyg 1 (kg?-mol *.K 1) —3.45882x 10 * Cliger o (kg”-mol >.K ) 0.0
0%, ue (kg mol K ) 2.58857x 10 * S0 (kgomol 1K ') 3.84243x10 ¢
¥ K g 1 (kg?-mol 2 K ') 4.16692 x 10 * ¥ ecn na, o0 (kg7 omol 2 K ') 498770 10 ¢
a, (kg'?-mol '?) 2.0 o, (kg'?-mol '?) 35
o, (kg'”-mol ') 12.0

mined solely from enthalpies of dilution and of mixing data, which do not
extend to sufficiently low molalities, the extent of ion association may have
been underestimated in the very dilute region where ion association could
be rather extensive. A similar study on enthalpies of dilution of HCl(aq)
[22] indicated that the " treatment resulted in a smaller ion-associa-
tion constant. In the dilute region, values for enthalpy of dilution from the
BPE treatment differ significantly from those obtained using a speciation
treatment [22]. Thus, our Formulation I treatment with f®* representa-
tion cannot clearly confirm the 4H g, in the very dilute region.

In the case of strong ion association, it would be interesting to make
an alternate calculation with an explicit presentation of the associated
species and the equilibrium constant K for the formation of the associated
species. Calculations of this type have been made for several aqueous
systems including H,SO, [23] and InCl, [24]. However, such calculations
involve complex equations and more parameters. With our limited data at
573 K, the determination of these parameters is not possible. For the sim-
plified case of complete ion association to MgCl* (K = oc) and no further
association to MgCl,° (Formulation I1), calculations were made under all
conditions in our experiments. Details of the Formulation II treatment
have been given in a separate paper [ 11]. Parameters obtained based on
Formulation IT are given in Table II, together with those obtained based
on Formulation 1.

Comparisons of the experimental and calculated heats of dilution and
heats of mixing at 573.15 K are shown in Figs. 3 and 4, respectively, where
I is the ionic strength assuming complete dissociation of MgCl, to Mg?™*
and 2CI~. The dashed curves are calculated based on Formulation II. The
agreement is about equally good for the heat of dilution. A slightly better
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Fig. 3. The experimental {(symbols) and calcu-
lated (curves) heat of dilution of MgCl,(aq) at
573.15 K. Solid and dashed curves are based on
Formulations 1 and 11, respectively.
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result is obtained for heat of mixing with Formulation I, but note that
Formulation T has more adjustable parameters. Contributions from the
electrostatic unsymmetrical mixing parameter, pure electrolyte parameters,
and the mixing parameters of *0, v, and Y{, vg o to the overall fit of
AH , in Formulation I treatment were discussed in Ref. 11. As expected,
less negative A4H 4, values with smaller Debye—Hiickel slopes are observed

0.0 1.0 2.0 3.0 4.0
I,mol-kg™

Fig. 4. The experimental (symbols) and calcu-
lated (curves) heat of mixing of MgCly(aq) with
NaCl(aq) at 573.15K and y=0.5. Solid and
dashed curves are based on Formulations I and 11,
respectively.



748 Wang, Oakes, and Pitzer

for Formulation II at low moralities compared to those from Formula-
tion I. The Formulation II treatment gives a lower limit for |[4H 4, | values
in the dilute region. The lower values of AH ;, in the dilute region for the
Formulation II treatment than those for Formulation I appear to arise
from the Debye-Hiickel term in the Formulation II equation, which yields
negative values in the whole concentration range of our study, but is absent
in Eq. (1) for Formulation I. Since our heat of mixing data do not extend
below an ionic strength of 0.9 mol-kg~' at 573 K, a clear confirmation of
the AH,,;, values in the dilute region must await further measurements.

ACKNOWLEDGMENTS

We thank Drs. H. F. Holmes and J. M. Simonson for making available
the Holmes and Mesmer equation while in press. This work was supported
by the Director, Office of Energy Research, Office of Basic Energy Sciences,
Division of Engineering and Geosciences, of the U.S. Department of
Energy under Contract No. DE-AC03-76SF00098.

REFERENCES

1. K. S. Pitzer, J. Phys. Chem. 87:2360 (1983).

2. R. F. Srna and R. H. Wood, J. Phys. Chem. 79:1535 (1975).

3. R. H. Wood, J. D. Patton, and M. Ghamkhar, J. Phys. Chem. 73:346 (1969).

4. R. H. Wood and J. E. Mayrath, J. Chem. Thermodyn. 14:1135 (1982).

5. A. B. Zdanovskii and L. D. Deryabina, Russ. J. Phys. Chem. 39:357 (1965).

6. K. S. Pitzer, in Activity Coefficients in Electrolyte Solutions, 2nd Ed., K. S. Pitzer, ed.

—

CRC Press, Boca Raton, FL, 1991), pp. 75-153.

7. D. G. Archer, J. Phys. Chem. Ref. Dara 21:793 (1992).

8. H. F. Holmes and R. E. Mesmer, J. Chem. Thermodyn. 28:1325 (1996).

9. H. F. Holmes, J. M. Simonson, and R. E. Mesmer, J. Chem. Thermodyn. 29:1363 {1997).
10. C. S. Oakes, K. S. Pitzer, and S. M. Sterner, Geochim. Cosmochim. Acta 62:1133 (1998).
11. P. Wang, C. S. Oakes, and K. S, Pitzer, J. Chem. Eng. Data 42:1101 (1997).

12. K. S. Pitzer, J. Solut. Chem. 4:249 (1975).

13. D. G. Archer and P. Wang, J. Phys. Chem. Ref. Data 19:371 (1990).

14. P. G. Hill, J. Phys. Chem. Ref. Data 19:1233 (1990).

15. C. S. Oakes, J. M. Simonson, and R. J. Bodnar, Unpublished data.

16. D. A. Palmer and D. J. Wesolowski, J. Solut. Chem. 26: 217 (1997).

17. 1. V. Walther, Geochim. Cosmochim. Acta 50:733 (1986).

18. J. A. Rard and D. G. Miller, J. Chem. Eng. Data 32:85 (1987).

19, I. D. Frantz and W. L. Macshall, Am. J. Sci. 282.1666 (1982,

20. K. S. Pitzer and G. Mayorga, J. Solut. Chem. 3:539 (1974).

21. H. F. Holmes, R. H. Busey, J. M. Simonson, and R. E. Mesmer, J. Chem. Thermodyn.
26:271 (1994).

22. ). M. Simonson, H. F. Holmes, R. H. Busey, R. E. Mesmer, D. G. Archer, and R. H.
Wood, J. Phys. Chem. 94:7675 (1990).

23. S. L. Clegg, I. A. Rard, and K. S. Pitzer, J. Chem. Soc. Faraday Trans. 90:1875 (1994),

24. K. S. Pitzer, R. N. Roy, and P. Wang, J. Phys. Chem. 101:4120 (1997).



