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ABSTRACT

Changes of heat content of aqueous solutions of Na,SO, and of NaCl-Na,SO, mixtures
have been measured between 60 and 220°C by means of a drop calorimeter. Standard
procedure yielded the corresponding heat capacity data. These data were analyzed in terms of
Pitzer’s theory which enables the calculation of the parameters 8°, 8! and C*? for Na,SO,(aq),
which are valid up to 3 mol kg~ !, and the binary mixed interaction term dciso,- These new
data were utilized, in the framework of the ion interaction model, to reproduce experimental
values of the heat capacity data of the quaternary system Na*/K*/Cl7/SO2~ /H,0. The
critical points of this description are discussed.

INTRODUCTION

In previous papers [1,2], we have studied the specific heat ¢, of aqueous
solutions of the reciprocal system Na*/K™*/Cl~/SO2~, which is the major
component of some Italian geothermal reservoirs, at temperatures of up to
493 K and overall molal concentrations of up to 5 mol kg~'. Comparison of
these data with the values which may be calculated from the known
behaviour of the single aqueous components NaCl, KCl, Na,S0O, and
K,S0,, using the semiempirical model suggested by Pitzer [3], showed clear
discrepancies at large sulphate contents which become more evident at
higher temperatures [2]. The possible explanations which have been sug-
gested, i.e. the poor validity of the heat capacity data for Na,SO, at high
concentrations and /or the neglected Pitzer mixed interaction coefficients &
and ¥, are critically examined here.

* Author to whom correspondence should be addressed.
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The specific heat of aqueous solutions of sodium sulphate has been
measured by Likke and Bromley [4] at concentrations below 1 mol kg~ ! and
up to 453 K, and by Pitzer [5] up to 1.5 mol kg~ ' to 473 K. In the present
paper, we extended these measurements up to a concentration of 3 mol kg ~*
in the temperature range 333-493 K.

As far as we know, the mixed interaction terms of the Pitzer theory [3]
have been determined only in some cases for such properties as activity and
osmotic coefficients (see e.g. ref. 6) and heats of mixing (see e.g. ref. 7),
usually at 298 K, but no data can be found in the literature relating to heat
capacity. The mixed terms relevant to the aqueous system under investiga-
tion are the following: two pair (y,x and Jd¢50,) and four triple (¥ ke
¥ Nnakso, ¥naciso, a1d Yieso,) interaction coefficients. These coefficients
may be calculated from experimental data obtained from aqueous solutions
of pairs of electrolytes with a common ion. The experimental and calculated
data for ¢, values of mixed solutions characterized by a large chloride
content [2] are in good agreement, suggesting that the terms ¥4,, and
Y nakar €xert a negligible effect. This observation is supported by some direct
experimental measurements [8] of ¢, for KCI-NaCl aqueous mixtures
between 303 and 353 K up to the total concentration of 3.5 mol kg~!. On
the other hand, the low solubility of K,50, (~ 0.7 m at 25°C) prevented
the direct investigation of the binary mixtures containing this electrolyte. We
therefore studied aqueous mixtures of Na,SO, and NaCl, which allow the
determination of 50, and ¥ y,qso,-

The effect of these new data on the capability of the Pitzer model to
describe the heat capacity data of the reciprocal system under examination
is discussed.

EXPERIMENTAL

Specific heats at constant pressure were obtained using a drop calorimeter
and the general procedure previously described in detail [9], with subsequent
slight modifications [2]. The calorimeter furnishes the mean specific heat at
the saturation pressure, c,,, averaged between a chosen temperature 7 and
a reference temperature Ty, usually 298.15 K, for a solution of molality m.
These data are transformed into the corresponding differential quantity c,,,
through the following equation

Csat=Esat+ (T_ TR)(aEsat/aT)m (1)
and then into the specific heat at constant pressure c, using
Cp=Cq T T(3u/9T)p m(3P,/3T),, (2)

where u and P, are, respectively, the specific volume of the solution and the
saturation pressure. The derivatives which appear in eqn. (2) have been
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estimated by means of an approximate procedure already described [2].
Reference 2 also describes the corrections for the presence of vapour space
inside the cell; these corrections are lower than the experimental uncertainty,
which is estimated as +0.010J g7' K™ 'on ¢, and +0.015J g ! K ' on
¢,- All ¢, measurements refer to the actual saturation pressure of each
experiment, which may amount to 25 bar at the highest temperature. An
estimate of the pressure effect on the heat capacity data of NaCl [10] and
Na, S0, [5] aqueous solutions indicates that, up to this pressure, the effect is
below our experimental uncertainty, and the data may be safely attributed
to the pressure of 1 bar.

The reference temperature 7, was always 298.15 K, except for experi-
ments with aqueous Na,SO, when the calorimeter was kept at 303.15 K in
order to avoid precipitation of the more concentrated solutions,

The salts used were analytical grade commercial products which were
recrystallized and dried before use. Deionized water was used throughout as
the solvent.

THEORY

The heat capacity of a mixed electrolyte solution, according to Pitzer and
Kim [6], can be obtained from

C,=1000cy + Zm,C_'p‘i +(A4,/3b)m In(1+bIV?)Y v, | 20 2%, | N,

—RT*[m*(B,+ ©,) + m*(C} + ¥, )] (3)

This expression yields the heat capacity C, of a solution containing m moles
of salts in 1 kg of water at temperature 7. The index J refers to the heat
capacity property; the index i refers to the single salt MX and the summa-
tions are extended to the four salts considered. Cp‘i is the partial molar heat
capacity at infinite dilution, m, and N, the molality and internal mole
fraction (N, = m,/m), respectively, », is the number of ions of one molecule
of dissolved electrolyte, and z,,, and zy, are the cation and anion charge.
Finally, ¢ is the specific heat of water, 4, is the Debye—Hiickel slope for
heat capacity [11], 7 is the ionic strength (I =X, m,z?), and the empirical
parameter b= 1.2 mol~'/* kg'/? in all cases [3].

The general expressions of overall coefficients B,, ©,, C and ¥, as
functions of composition and the specific ion interaction parameters B,, 3,
C? and y, of the single salts are given elsewhere [2].

For solutions of a single electrolyte M,, X , eqn. (3) reduces to

C,=1000c + mC,2 + v|zyzx |m(A,/3b) In(1 + bI'/?)

"’RTZVMVx[szJ.MX + 1/2VMZMm3CJ‘Mxl (4)
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where B, and C; have the form [3]
By ix = Bix + 281 mx/(@’1)[1 = (1 + al'/?) exp(—al'/?)]

—1,2
Cmx = J?MX‘ZMZX‘ / (5)

and the parameter a = 2 mol™'/? kg'/? for most electrolytes [11].

Measurements of heat capacity covering the correct ranges of temperature
and concentration for solutions containing single electrolytes permit the
unknown parameters in eqns. (4) and (5), G5, B°, B; and C®dJ to be
determined as a function of temperature. Introduction of these functions
into the general expressions which give the overall parameters of eqn. (3)
(see eqns. (6) of ref. 2), and the subsequent use of eqn. (3), permit the
complete representation of the heat capacity data of the mixtures.

The mixed interaction parameters 4 and ¢ can be determined through
experimental studies on solutions containing pairs of electrolytes having a
common ion.

By properly rearranging eqn. (3) to isolate the interaction terms one
obtains

0,+m¥,=F(m, N, T) (6)
where for the system under examination
Q,= 2( Yai )’504'91.0504 + Yna Yk P Nak )
¥, = (yxya Yso.¥s xciso, T YNaYk Yso,¥sNakso, T VNaYc1Vso,¥s Naciso,
+Yna Yk Yar¥ s Nakcl)
F=(Cr—-C,)/(2RT’m?) (7)

with y,=m /m, where j indicates the single ion. Here C, is the experimen-
tal heat capacity and Cp* the value calculated through eqn. (3) neglecting ©
and V.

In the case of NaCl-Na,SO, aqueous mixtures, at constant temperature,
eqn. (6) reduces to

Yaiso, T m/2( Nyaar + 2NNaZSO,,) ¥ Nnaciso, = F/(NNaClNNaZSO‘,) (8)

RESULTS
Sodium Sulphate

The direct experimental data of the average specific heat at the saturation
pressure ¢, as well as of the specific heat at constant pressure c, are
reported in Table 1 at the experimental concentrations and rounded values
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of temperature. The fitting-equation used for ¢
tion was that used by Maier and Kelley [12]

= f(T) at each concentra-

sat

Cau=ay+a,T+a,T? (9)

¢, values were obtained through eqns. (1) and (2) by inserting the correct
value of the temperature derivative calculated from eqn. (9) into eqn. (1).
Our ¢, data were combined with Likke’s data [4], available at the same
temperatures (up to 453 K) in the region of low concentrations, and were
then fitted to eqn. (4) at each temperature to obtain parameters 8°, B8' and
C?. Data for C_‘f, were taken from Pitzer [5]. Values of the resulting
parameters were then fitted with temperature, yielding the following rela-
tionships

© = —4.8884E — 5 + 1.5506E — 7T — 1.0068E — 10T"?
B'= —1.0053E ~ 2 + 7.6826E — 5T — 1.9688E ~ 7T + 1.6870E — 107>

C®= —4.8916E — 5 + 2.7137E — 7T — 4.6224E — 10T? + 1.9646E — 137>
—0.08989/(T(T — 540)) + 1.0260E — 4 /(T — 260) (10)

Our experimental ¢, values cannot be directly compared with data from
other authors. Values reported by Likke and Bromley [4] cover the tempera-
ture range 353-453 K but reach the maximum concentration of 0.8 m.
Rogers and Pitzer’s data [5] were collected between 303 and 473 K, up to a
concentration of 1.44 m. A few more measurements on more concentrated
solutions, supersaturated at 298 K, are considered with caution by the
authors themselves. A direct comparison is possible only for a series of
measurements on a 0.999 m solution [5], studied between 305 and 453 K,
which may be compared with our 0.995 m solution. The corresponding ¢,
values differ at most by 0.16%.

A more complete comparison can be made with reference to c, values
calculated using the ion interaction model. According to this model, virial
coefficients for heat capacity of Na,SO,(aq) have also been obtained by
Rogers and Pitzer [5] and by Holmes and Mesmer [13]. Both authors
determined these coefficients using a least-squares fit which simultaneously
took into consideration other thermodynamic data: the osmotic coefficients
(Rogers, Holmes), the activity coefficients and the apparent relative enthal-
pies (Holmes). The functions C, = f(m) at two selected temperatures,
calculated according to these authors and to our data, are compared in Fig.
1. The clear disagreement between Rogers and Holmes’ functions at high
temperatures and concentrations has already been discussed by the latter
author [13] and was attributed to the fact that Rogers’ fit in these experi-
mental conditions was determined only by heat capacity data. Probably the
fit realized by Holmes gives a high weight to the free energy data which are
less critical than heat capacities. It has been observed [14] that acceptable
free energy data at high temperatures may be obtained by good free energy
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Fig. 1. Apparent molar heat capacities of Na,S0O,(aq) , this work; — — —, Holmes,
ref. 13; - —- —- , Rogers, ref. 5.

and enthalpy data at low temperatures combined with moderately precise
high temperature heat capacities. The figure shows that our values are
slightly higher than Rogers’, though the two functions are substantially in
agreement. A few values slightly higher than those given by Rogers, but
within the uncertainties of the data of present work, were also obtained at
high temperatures in our laboratory at up to 1 mol kg~! making use of a
more precise flow calorimeter [15]. Because our intention is to use these data
to describe heat capacities of mixed solutions, and because our model and
Rogers and Pitzer’s model display a better consistency with direct experi-
mental data, the model by Holmes and Mesmer was not taken into consider-
ation. Equations (10) determined by us were therefore used in subsequent
calculations. The agreement with Rogers and Pitzer’s model up to 3 m is,
however, surprising in view of the fact that these authors covered the high
concentration region with only osmotic coefficient data up to 2.5 m and
temperatures below 393 K.

NaCl-Na,S0, mixtures

The aqueous solutions of these mixed salts were studied in the tempera-
ture range 333-493 K, for total concentrations between 2 and 4.5 m, and for
molar ratios of the two salts changing from 1:2 to 2:1. The composition
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TABLE 2

Composition of the Na,SO,—-NaCl aqueous binary mixtures investigated *
Mixture Nya,s0, Nyaci mb®
BA 0.3330 0.6670 2.950
BB 0.6667 0.3333 3.004
BC 0.5005 0.4995 3.003
BD 0.5028 0.4972 2.018
BE 0.3214 0.6786 4.446

* The composition is given in terms of the internal mole fraction, Ny, of the salt MX.
b m = overall solute molality (mol kg™ 1).

and concentration of the single solutions investigated is shown in Table 2.
Values of ¢, and c,, calculated in a manner analogous to that already
described for Na, SO, solutions, are reported in Table 3.

Using eqn. (8) at each temperature investigated ¢, values of these
mixtures were used to obtain the values of the interaction parameters d¢50,
and Y,cis0,- Virial coefficients for the single electrolytes were taken from
this work for Na,SO, and from Silvester and Pitzer [11] for NaCl. The
fitting yielded values for the three-body interaction coefficient Y 1y,cis0,
which were of the same order of magnitude as their corresponding standard
deviations. Evidently, in the concentration range explored the influence of
this term is not very significant and the parameter results are ill-defined. The
c, data for these mixtures were, therefore, used to define the sole two-body
interaction parameter d¢,5o,. Values of this parameter at the various temper-
atures are reported in Table 4. These values were finally fitted to a simple
polynomial equation as a function of temperature (K) leading to the
expression

Sciso, = — 1.31147E — 3 + 9.6834E — 6T — 2.3581E — 8T + 1.8885E
—1171? (11)

The trend of this parameter with temperature is reported in Fig. 2 where it is
also compared with the experimental values.

DISCUSSION

Values of heat capacity Pitzer parameters determined in this work, i.e. the
single 8¢, B' and C?® for aqueous Na,SO, and the binary interaction
parameter Y50, were used to represent the heat capacity of aqueous
solutions for the reciprocal system Na*/K*/Cl~/SO; . Experimental data
relative to a series of solutions of this system have already been collected {2].
For convenience, the composition of these solutions is reported in Table 5.
Table 6 summarizes the experimental ¢, values together with those calcu-
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Fig. 2. Binary mixed interaction term d¢;5o, as a function of temperature.
0, experimental.

, eqn. (11):

lated according to the Pitzer’s model. The latter were obtained by introduc-
ing into eqn. (3) (a) the Pitzer coefficients of the single salts NaCl(aq),
KCl(aqg), Na,SO,(aq) and K,S0O,(aq) already reported [2], and (b) the same
coefficients for NaCl(aq) and KCl(aq) together with the new parameters
measured in this work for Na,SO,(aq) (and those which follow for

TABLE 5
Composition of the aqueous solutions of the mixed system Na*/K*/Cl™ /SO, ~
Solution X Y* m® I°€
MA 0.800 0.101 2.282 252
MB 0.200 0.201 3.080 3.77
MC 0.239 0.406 0.608 0.92
1.282 1.93
2.860 4.32
5.026 7.58
ME 0.188 0.691 3.490 7.17
MF 0.438 0.833 3.051 7.40

* Coordinates of the Janecke projection defined as X=myg /(mg+my,) and Y=
2mso, /2mso, + mey)-

b Overall salt molality (mol kg™ 1).

° Ionic strength, 1=1/2%,m,z>.
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144

Fig. 3. Specific heat of solution ME (see Table 5) as a function of temperature. © o,
Experimental; — — —, calculated in ref. 2; --- - - - , calculated using data of this work for
G, of Na,SO4(aq); -—-—- , calculated using data of this work for C, , of Na,SO,(aq)

and dc50,

K,S0,(aq) from the additive procedure adopted in ref. 2) and the parameter
for the mixed interaction C1 —SO7 ™. Very recent high quality ¢, data for
KCl [16] were not used because they refer to a much higher pressure (17.9
MPa).

Experimental and calculated data are compared in Figs. 3 and 4. Figure 3
takes into consideration solution ME, which has the largest Na ,SO, content,
and shows the separate effect of introducing new data for Na,SO, and data
for ¥¢s0,- The figure shows that the new data for Na,SO,, based on high
concentration experimental ¢, measurements performed in this work, do not
lead to a significant improvement in the fit. In effect, as noted above, the
virial coefficients previously given by Rogers and Pitzer [5] are able to
extrapolate ¢, data of Na,SO,(aq) in good agreement with ours.

From Fig. 4, it can be seen that the introduction of new parameters
produces a very slight improvement in the capability of the ion interaction
model to describe the c, behaviour of solutions characterized by a low
sulphate content, whether this low content is due to the specific ionic
composition (solution MB) or to the low overall concentration (solution
MC,, m = 1.282). In fact, the heat capacity of these mixtures was acceptably
reproduced by the old data [2]. If we now considered the solutions char-
acterized by a larger SO7~ fraction (solutions ME and MF) or even by a
larger overall concentration (solution MC,, m = 5.026), we realize that the
introduction of new data, mainly of the mixed interaction term J¢50,, leads
to clearly smaller differences between experimental and calculated values.
However, the newly calculated functions exhibit a trend which suggests an
incorrect consistency of the interpretative model with the experimental
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Fig. 4. Specific heat of aqueous solutions of the reciprocal system Na*/K*/Cl~/SO2™ as a
function of temperature (for the composition of the solutions see Table 5). o o,
Experimental; — — —, calcualted in ref. 2; - —- —- , calculated using present data for Cos
of Na,S0,(aq) and ¥¢50,-

behaviour. It is, in fact, clear that the steep rise of experimental ¢, values at
high temperatures for solutions ME and MF is not reproduced by the
calculated function. On the other hand, at the same temperatures the
calculated function shows an overcorrection {while an undercorrection at the
lower temperatures) for solution MC, with m = 5.026, where the large and
comparable concentration of the ions C1~ and SO;~ provides the conditions
under which the ¥¢go, term displays its maximum effect. The latter term
appears, therefore, to act more as an empirical correction, which only lowers
the sum of the squares of the residuals without correctly interpreting the c,
variations which follow specific changes in the composition of the solutions.

It should also be noted that the solutions which display the larger
discrepancies between experimental and calculated values, are all char-
acterized by a high value of ionic strength (7> 7), independently of their
actual ionic composition.

It is, apparently, not easy to provide a logical and exhaustive explanation
of the ¢, trend of the aqueous solutions of the mixed system under
examination. We identify as the possible causes: (1) the extrapolation of
Pitzer’s parameters for the single salts to the large ionic strengths of the
mixtures; (2) the poor validity of the additivite hypothesis used for calculat-
ing Pitzer’s parameters for K,SO,(aqg); and (3) the form of the temperature-
fitting function chosen for the experimental ¢,,, values and for the Pitzer
parameters.



74

As to the first point, the parameters 8°, 8! and C* for NaCl(aq) have
been calculated from a general fit which used experimental ¢, measurements
on solutions with, at most, /=4.5 mol kg"l, and only few data from
osmotic coefficients measured at high temperatures and concentrations (see
Table III of ref. 11). The complex mixtures examined here reach I values
larger than 7 mol kg~ '. The calculation of P50, values themselves might be
biased by use of extrapolated data for NaCl(aq).

As far as the second point is concerned, the additivite nature of Pitzer’s
coefficients should prove less valid at high concentrations; in fact, the
largest differences between calculated and experimental values are shown by
mixture MF which is characterized by the largest K,SO, content.

The third point, finally, might lead to highly uncertain data at the extreme
values of the temperature range investigated, when the derivative of eqn. (1)
has its maximum uncertainty. Moreover, the strong correlation existing
among Pitzer’s parameters for a single salt makes their separate description
with temperature very critical.

Other effects, such as neglecting the electrostatic contribution for unsym-
metrical electrolytes [17], though pertinent to the reciprocal system under
consideration, are certainly negligible compared with the uncertainties of the
present experimental data.

We feel that the use of virial coefficients of single electrolytes for
representing the characteristics of complex mixtures in conditions of temper-
ature and concentration different from those in which they were calculated,
is the major factor responsible for the observed discrepancies. Thus, the use
of Pitzer’s model for the description of the thermodynamic properties of
complex ionic mixtures, while being a powerful and versatile tool, may
reveal very critical discrepancies because of this factor. As a consequence,
the physical meaning itself of parameters such as {50, may be questiona-
ble, in view also of the fact that quantities calculated as excess properties are
biased owing to the accumulation, on their values, of all the possible errors
in the primary parameters.

As far as the possibility of reproducing the heat capacity data of the
complex mixtures examined here is concerned, we think it is necessary to
check whether the ¢, values of NaCl(aq) are correctly described by the
Silvester model {11], even under the experimental conditions of present
work, and then to dispose of the experimental virial coefficients for the
species K,S0,(aq) and for the mixed interaction terms neglected here. To
achieve this, owing to the low water solubility of this salt, very precise
experimental ¢, data is required in order to reveal the effect of two-body
and three-body interactions in even more dilute solutions. These data would
probably prove less critical when applied to complex mixtures at higher
ionic strengths. Pursuing this goal, we have constructed a flow calorimeter
[15] capable of measuring the ¢, of solutions, homogeneous at ambient
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temperature, at up to 600 K and 40 MPa with a precision which is ten times
that of the drop calorimeter used here.
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