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Abstract

In this paper, we present a methodology for the prediction of the crystallization enthalpy of mirabilite (Na,SO4-10H,0)
from supersaturated H,O-NaCl-Na,SO, solutions. Required thermodynamic properties of H,O-NaCl-Na,SO, such as
dissolution enthalpies, phase equilibria and heat of hydration of Na,SO, are represented or determined using Pitzer’s ion-
interaction model. Measurements of crystallization enthalpies at various temperatures and concentrations were made in a
SETARAM C80D calorimeter by mixing H,O-Na,SO, and H,O-NaCl-Na,SO, solutions supersaturated relatively to
mirabilite with a seed crystal of Na,SO4-10H,O once the thermal equilibrium was reached.

Good agreement was obtained between experimental and predicted values of crystallization enthalpies. Furthermore, we
have studied the influence of NaCl used as an additive regarding the heat storage capacity of supersaturated H;O-Na,SO,
solutions. © 2000 Elsevier Science B.V. All rights reserved.
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Nomenclature exp. experimental
~E .
o G excess Gibbs energy of an electrolyte
Aw activity O.f_ water solution containing 1 kg of water
Ap Debye-Hiickel slope for enthalpy h? molar enthalpy of species i
Ay Debye-Hiickel term associated with Pit- I ionic strength in the molality scale
zers model for the osmotic coefficient Ks; solubility product of mineral species i
b uanCl;?zal parameter with the value L excess enthalpy of a solution containing
1.2 kg™ mol™ 1 kg of water
cal callculated . . m; molality of solute species i in an electro-
c? adjustable binary parameter for Pitzer’s lyte solution (i distinct of w)
model My mass of water in the liquid phase
M,, molar mass of water (18.0153 x 107> kg
. —1
" Corresponding author. Fax: +33-3-83-17-50-76. mol™")
E-mail address: soliman@ensic.u-nancy.fr (R. Solimando). n; number of moles of species i
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P pressure (Pa)

R gas constant (8.31451J mol ! Kil)

T temperature (K)

Ty reference temperature (298.15 K)

Zi number of charges on the ionic species i

Greek letters

Q equal to 2.0kg"?mol™"* for 1-1, 1-2
and 2-1 electrolytes

G° adjustable binary parameter for Pitzer’s
model

6! adjustable binary parameter for Pitzer’s
model

i activity coefficient of species i in the

molality scale

Aoy crystallization enthalpy (kJ kg™ ') of initi-
al solution
ApnyaH heat of hydration of Na,SO, into Na,SOy-

R 10H,O
Aol H molal dissolution enthalpy

AsiH?®  molar dissolution enthalpy of mineral
species i at infinite dilution

0;; adjustable parameter accounting for inter-
actions between ions of like sign

Vijk adjustable ternary parameter for Pitzer’s
model

Subscripts

w water

0 NaCl

1 Nast4

2 Na,S0,4-10H,O

1. Introduction

Efficient and economical heat storage is the key to
the effective and widespread utilization of solar
energy for low temperature thermal applications [1].
Latent heat storage is particularly attractive because of
its ability to provide a high energy storage density and
its characteristic to store heat in a narrow range of
temperature.

Sodium sulfate decahydrate (Na,SO4-10H,0), also
known as mirabilite or Glauber’s salt, has been the
most investigated salt hydrate for use in latent thermal
energy storage systems since the earliest works of
Telkes [2], mostly because of its high latent heat

storage density and its low cost. The major problem
in using sodium sulfate decahydrate as phase change
material is its incongruent melting [3]. To overcome
this drawback or to modify the transition temperature
several additives are often added to Na,SO,4-10H,0,
generally water [4] and salts such as NaCl, NH4Br, etc.

Another consideration with Na,SO,4-10H,O is its
poor nucleating properties resulting in supersaturation
of the solution prior to crystallization. Solutions to this
problem are numerous [5]; for example the addition of
nucleating agents such as borax (Na,B,05-10H,0) [6]
or the use of electrical means of nucleation [7]. In this
last case, mirabilite is formed from supersaturated
solutions containing dissolved sodium sulfate.

It is therefore of great interest for heat storage
media selection to predict phase equilibria and thermal
properties in aqueous electrolyte solutions containing
Na,SOy4. Pitzer’s model [8,9] seems particularly
adapted for such applications since it allows the
simultaneous representation of activity coefficients
and excess enthalpy in aqueous solutions of mixed
electrolytes.

The objective of this paper is to propose a metho-
dology for the prediction of the heat effect associated
with the crystallization of Na,SO,4-10H,0 from super-
saturated H,O-NaCl-Na,SO, solutions at constant
temperature.

2. Experimental

Stock solutions of supersaturated H,O-Na,SO,
(resp. H,O-NaCl-Na,SO,) were prepared at ambient
temperature in clean vessels by adding progressively
reduced amounts of anhydrous sodium sulfate in
demineralized water (respectively in aqueous sodium
chloride) and by shaking thoroughly. Despite their
metastability, the stock solutions could be used during
several weeks put in a warm place, furthermore only
disposable sterile syringes were used to take samples.

Measurements of crystallization enthalpies at var-
ious temperatures and concentrations were then made
in a SETARAM C80D calorimeter by mixing samples
of supersaturated H,0-Na,SO, or H,O-NaCl-
Na,SO, solutions with a seed crystal (about 0.5 mg)
of Na,SO,4-10H,0 in order to start the crystallization
process. The experimental results can be found in
Table 3.
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3. Theoretical aspects

Given a solution made from n,, moles of water, n
moles of NaCl and n; moles of Na,SO,4 supersaturated
relatively to decahydrate, a seed crystal of mirabilite
containing #n, moles of Na,SO,4-10H,0 is added to the
solution in order to start the crystallization which is
clearly exothermic. At the end of the reaction, we
obtain a saturated solution containing n, moles of
dissolved NaCl, nimoles of dissolved Na,SO4 and
n;, moles of water (n and n/, are, respectively, lower
than n; and n,, because of the formation of decahy-
drate). This saturated solution is in equilibrium with 2}
moles of mirabilite.

Provided that the thermal properties and phase
equilibria in H,O-NaCl-Na,SO,4 can be accurately
represented, the heat effect accompanying the crystal-
lization can be predicted by the following mass and
heat balances.

3.1. Mass balance

Each mole of decahydrate is formed from 2 mol of
Na™, 1 mol of SO?[ and from 10 mol of water, there-
fore,

ny—ny, = 10(n;—n}). (1)

Prediction of phase equilibria is necessary for the
resolution of the mass balance since the second equa-
tion required for the calculation of the final composi-
tion is given by the solid/liquid equilibrium between
the solution and mirabilite (Na,SQOy4-10H,0):

2 2 10
M M V505 Msor = Kwiraitiee (T),

2)

in which ~; is the activity coefficient of the ionic
species i in the liquid solution, ay, is the corresponding
activity of water and Ksprapilite 1S the solubility pro-
duct of mirabilite.

The molality of each ion in the saturated final
solution can be expressed as

1 ng 1 7
o r_ 1
Nt = 2 = e M,
w Ty w iy
m . 1 ng " . 1 n
o =mh =—"0 e =
O Myn,’ TS0 My’

Table 1
Solubility products (Ks) of the mineral species (273.15<
T<373.15 K): In(Ks) = —1/RT(ax—bxT + cx((T—To)—T In(T/

Mineral species ag by Cck
Halite (NaCl) 3392.79 417014  —74.1643
Mirabilite (Na,SO4-10H,O) 80875.3  247.852 11.3598

Thenardite (Na,SO4) —303.239 —6.61418 —357.626

where 7| and n, are obtained by solving Egs. (1) and

2).

3.1.1. Phase equilibria in H,O-NaCIl-Na,SO,

Pitzer’s equations for activity coefficients of ions
and activity of water are presented in Appendix A
(Egs. (A3), (A4), (AS), (A6), (A7) and (A8)). Solu-
bility products of NaCl, Na,SO,4, Na,SO,4-10H,O
(Table 1) and binary parameters for H,O-NaCl and
H,0-Na,SO, used with Pitzer’s model were deter-
mined in a previous paper [10]. In this previous paper,
the activity coefficients in the H,O-NaCl-Na,SO,
system were represented using constant values for
the ternary parameters of Pitzer’s model determined
using solubility data in the ternary system at 298.15 K
[11]. The inclusion of the temperature-dependence of
these parameters has no obvious influence on the
prediction of the solubilities, however, it significantly
improves the representation of the dissolution enthal-
pies in H,O-NaCl-Na,SO,. For this reason, we have
considered this temperature-dependence in the present
paper. These parameters along with parameters rela-
tive to the binary systems are presented in Appendix A
(Table 4).

3.2. Heat balance

AH, (), the heat effect accompanying the crystal-
lization is equal to the enthalpy variation between the
initial and final states of the experiment:

/ ’

AHexp = Hfina—Hinitial = H(nw7 no, nl)
! * *

+ nyhs—H (ny, no, ny ) —nah3,

in which £} is the molar enthalpy of crystalline
mirabilite, H(n, ng, n;) the total enthalpy of a solution
made from n,, moles of water, ng the moles of NaCl
and n; moles of Na,SO,.
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The composition of the solution is usually ex-
pressed in the molality scale, my = ng/ny is the
molality in sodium chloride and m; = n;/ny, is the
molality in sodium sulfate. my, = ny,M,, is the mass of
water (kg) contained in the liquid phase with M, being
the molar mass of water (kg molfl).

Introducing Ay H (mg, m) the variation of enthalpy
accompanying the dissolution of my moles of NaCl
and m; moles of anhydrous Na,SO, in 1 kg of water,
the following relation can be written as

My AsolH (mo, my) = H(ny, no, ny)—nyh,

—nth—nlhT,

where £, is the molar enthalpy of liquid water, A the
molar enthalpy of crystalline NaCl, and A7 is the molar
enthalpy of crystalline Na,SO,.

Subsequently,

AHexp = m(VAsolI:I(mE)a mll)*mwAsolf](mOa ml)
+ (nly—nw)hy, + (ng—no ) g
+ (ny—n1)h] + (nh—ny)h5.

If we consider the reaction of hydration of anhy-
drous sodium sulfate into decahydrate

Nast4(Cr) + 1OHZO(liq) = Na2504 . IOHZO(cr)-

Then h;—h;—10h], = AynyqH is the molar enthalpy
of this reaction. Introducing x, the number of moles of
decahydrate formed during the crystallization
(x = n;—n}), we obtain

AI_Iexp - mivAsolH(mé); m’] )_mwAsoll:[(mOa ml)
+ xAhde. (3)

We have used Pitzer’s model [8,9] to represent
dissolution enthalpies and to determine the heat of
hydration of anhydrous sodium sulfate which are
necessary to predict the heat effect due to the crystal-
lization of mirabilite from supersaturated H,O-NaCl-
Na,SO, solutions.

3.2.1. Dissolution enthalpies of NaCl + Na,SO,
mixtures in water

The molal dissolution enthalpy Asolfl(mo,ml) is
related to the molal excess enthalpy L(mg,m,;) and
to the molar dissolution enthalpies of NaCl and
Na,SO, at infinite dilution (AsHg® and Ay H) by
the following relationship:

Table 2
Molar dissolution enthalpy at infinite dilution in J mol ' (273.15 <
T<373.15K): AqqiH>® = as + boo (T—T)) with Ty = 298.15K

Solid species 8 bso
NaCl 3799.7 —115.80
Na,S04 —1380.4 —302.09

ASOIH(mOa ml) = i,(m(), ml) + mOAsongo

+ my Asollii>o . 4

Values of molar dissolution enthalpies of NaCl
and Na,SO, at infinite dilution are calculated from
coefficients in Table 2. The molal excess enthalpy,
I:(mo7 my), is calculated with Pitzer’s model from Eq.
(A10) given in Appendix A.

The mean relative deviation between our experi-
mental [12] and calculated values of molal dissolution
enthalpies of NaCl and Na,SO, mixtures in water is
5.8%.

3.2.2. Heat of hydration of Na,SO, into
Na2504-10H20

Values of heat of hydration of Na,SO, into
Na,SO4-10H,0 at different temperatures were eval-
uated from Table 3 using experimental results corre-
sponding to supersaturated H,O-Na,SO, solutions
(my = mo =0). In this case, the following equation
is used:

Ahde = % [AHeXp + mWAsolfI(O, m])

—ml At H(0,m})]. 5)
The heat of hydration of Na,SO, into Na,SOy-
10H,0 is usually determined by dissolving the hydrate
and the anhydrous salt in water to attain the same final
concentration and by measuring the difference
between the heats of solution [13,14]. As shown in
Fig. 1 the two methods are in good agreement. We
obtain a relatively good agreement from 291.15 to
303.15 K with Perman and Urry [13] and Rode [15].
Our value at 298.15 K (—81.556 kJ mol ') is in excel-
lent agreement with Pitzer and Coulter [14]
(—81.170 kI mol '), Pickering [16] (—81.462KkJ

mol ') and Thomsen [17] (—80.584 kJ mol™}).
The heat of hydration of Na,SO, into Na,SOy-
10H,0, calculated using Eq. (5), is represented



Table 3

Experimental and calculated values of crystallization enthalpies of Na,SO,4-10H,0 from supersaturated H,O-NaCl-Na,SO, at various temperatures (crystallization enthalpies are

expressed in kJ kg~ of initial solution (heat storage capacity))

Temp. (K)  my m My Initial mj, m) m, x/ny AnyaH AcrysH AcrysH Deviation
(molkg™")  (molkg™ ! (g) solution  (molkg™!)  (molkg™ (2 (%) (kKJmol™")  (exp) (cal) (%)
mass (g) Kkg™)  KIkg™)
290.75 0 2.2183 0.6250  0.8219 0 1.1239 04705 619  —77.220 —69.315 —68.526  —1.14
293.75 0 1.9479 0.7067  0.9022 0 1.4076 0.6145 372  —78.780 —38.583 —38.440  —0.37
293.75 0 2.2183 0.5585  0.7345 0 1.4076 04492  49.0  —79.045 —56.209 55782 —0.76
293.75 0 2.5500 04811  0.6553 0 1.4076 0.3484 600  —77.797 —74.823 —75.645 1.10
297.75 0 2.5500 04645  0.6328 0 1.8992 0.3817 388  —80.496 —50.138 —50.888 1.50
297.75 0 3.4509 0.4093  0.6099 0 1.8992 02354 684  —80.246 —-110.03 —111.28 1.14
302.75 0 3.3560 04533 0.6694 0 2.7828 0.3594 343  —85.006 —58.062 —~57.841  —0.38
302.75 0 3.4509 0.4749  0.7077 0 2.7828 03603 388  —85.315 —67.407 —66.874  —0.79
304.65 0 3.4509 04696  0.6998 0 3.2590 04303 135  —86.176 —23.794 —23.747  —0.20
294.75 0.2999 2.9998 0.4853  0.7005 0.4961 1.3305 02934 732  NA® —~103.02 —103.36 0.33
297.75 0.2999 2.9995 04345  0.6272 0.4483 1.7367 0.2906 613  NA —87.802 —89.149 1.53
298.75 0.2999 2.9998 0.4471  0.6454 0.4296 1.8964 03121 559 NA —81.802 —82.062 0.86
302.65 0.2999 2.9995 12320  1.7785 0.3378 2.6772 1.0938 208  NA —-32.614 —31.148  —4.50

% Non-applicable.

1668 (0007) tHE VIOY DINUIYIOULIIY ] / ]V 12 KODIUDI
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Fig. 1. Heat of hydration of Na,SOy, into Na,SO,4-10H,O: (@) our work (exp. data); ({») Perman and Urry [13]; (W) Pitzer and Coulter [14];
(O) Rode [15]; (A) Pickering [16]; ([7) Thomsen [17]; (—) our work (linear regression).

between 291.15 and 305.15 K by the following equa-
tion:

AnyaH (T) = AnyaH(To) + AnyaC,(T—To), (6)

in which AyyaH(Tp) is the heat of hydration of Na,SO,
at 298.15 K and A,y4C, is the mean heat capacity
of hydration of Na,SO,. In Eq. (6), AnyaH(To) =
—81556Tmol™"  and  AnyaC, = —687.91 J mol '
K

Furthermore, the relative error between our calcu-
lated value of heat of hydration of Na,SO,4 at 298.15 K
and the value calculated from the NBS tables [18]
(—81.88 kJ mol ") is —0.40 %.

4. Results and discussion

Glauber’s salt (Na,SO4-10H,O) melts incongru-
ently causing sedimentation of anhydrous Na,SO,.
It is then impossible to dissolve this anhydrous salt
sediment and the heat storage capacity of the material
decreases markedly with successive freeze/thaw
cycles [3]. One of the solutions consists in adding

enough liquid water to the decahydrate to avoid
sedimentation during operation (extra water princi-
ple). Biswas [4] suggested to use a mixture containing
3 mol of Na,SO, per kilogram of water. We have
studied experimentally the addition of 1 mol of NaCl
for 10 mol of Na,SO, to this mixture (my = m;/10 ~
0.3 mol kg ').

The experimental results along with the calculated
values of the heat of crystallization of mirabilite from
supersaturated H,O—Na,SO,4 or H,O-NaCl-Na,SO,
solutions are given in Table 3. Values at saturation 7
and m/| are determined by solving Eqs. (1) and (2) and
ArysiH(cal) is calculated using Eq. (3) and expressed
in kJ kg~ of initial solution (heat storage capacity).
Calculated and experimental values are in very good
agreement as shown in Fig. 2a.

Fig. 2a and b illustrates the influence of NaCl on the
phase equilibria and the heat released at different
temperatures by a kilogram (heat storage capacity)
of the mixture proposed originally by Biswas (m = 0,
my ~3.0molkg~") and the mixture containing
sodium chloride (my = m;/10 ~ 0.3 mol kg_l).
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Fig. 2. (a) Heat storage capacity of the supersaturated solution: (—) mo = 0.3, m; = 3 mol kg~ (model); (---) my = 0.0, m; = 3 mol kg~
(model); (O) mg= 0.3, m; =3 mol kg’1 (exp. data) and (b) supersaturation diagram: (— — — —) solubility of mirabilite in pure water; (—)
solubility of mirabilite in my = 0.3 mol kg~"; (- - -) solubility of thenardite in pure water; (- —) solubility of thenardite in n, = 0.3 mol kg~ ";
(O) exp. conditions (my = 0.3, m; = 3 mol kg’l).

The addition of NaCl decreases the solubility of 2b), the heat released during crystallization is then
mirabilite by common ion effect and, therefore, higher (Fig. 2a) since more Na,SO4-10H,O precipi-
increases the supersaturation of the solution (Fig. tates.
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Fig. 2b shows the supersaturation of the H,O-
NaCl-Na,SOy, solution before crystallization but can-
not indicate the composition of the final solution.
Indeed, since water is consumed during crystallization
of the hydrate, the liquid solution at the end of the
experiment is richer in NaCl (see column my, in Table
3) and then slightly poorer in Na,SO,.

However, as shown in Fig. 2b, the addition of NaCl
decreases even more the solubility of thenardite (anhy-
drous Na,SO,). The amount of NaCl that can be used
as an additive in a given supersaturated H,O-Na,SO,
solution is therefore limited.

5. Conclusion

We have used Pitzer’s ion-interaction approach to
represent dissolution enthalpies and phase equilibria
in the H,O-NaCl-Na,SO, system. Besides, measure-
ments of crystallization enthalpies of mirabilite from
supersaturated HyO-Na,SO, solutions led us to values
of heat of hydration of anhydrous sodium sulfate into
decahydrate. These values are in good agreement with
values of the literature [13,14] which were obtained by
a completely different method.

These thermodynamic properties allow the accurate
prediction of the heat effect associated with the crys-
tallization of Na,SO4 10H,O from supersaturated
H,0-NaCl-Na,SO, solutions rich in sodium sulfate.

We have also discussed the effect of NaCl in the
mixture recommended by Biswas [4] and found that
the addition of limited amounts of NaCl is advanta-
geous regarding the heat storage capacity. Neverthe-
less, the heat of crystallization is only one of the
numerous criteria for the selection of salt hydrate-
based latent heat storage systems [1,3] and the choice
of additives results from a global optimization.

The proposed methodology could be generalized to
more complex systems (H,O + Na,SO,4 + NaCl +
other salts, etc.) and is therefore of great interest
for the selection of salt additives in Na,SO,-10H,O-
based latent thermal energy storage systems.

Appendix A. Equations of Pitzer’s model

Pitzer [8,9] has proposed a general equation for CE,
the excess Gibbs energy of an aqueous electrolyte

solution containing 1 kg of water. In this approach, the
excess Gibbs energy of the solution can be considered
as the sum of a Debye-Hiickel type term which
express the effect of long-range interactions between
ions and of a second term accounting for the short-
range interactions between solute species.

A.l. Excess Gibbs energy

In the particular case of an aqueous Asglution of
molality mg in NaCl and m; in Na,SO,4, G is repre-
sented by the following expression:

—A4(41/b)In(1 + b(1)'?)

& +2my,+ - mer- (Bact + ZCnact)
E = ‘*’2”'1Na4r . mSOﬁ’ (BN212504 + ZCN32504) 5
v ~ a0
+2mc1 . msogf (!ZSC] ‘Soﬁ’ + My m) .
(A1)
with b = 1.2.

Ay is the Debye—Hiickel term associated with Pit-
zer’'s model for the osmotic coefficient, tabulated
values can be found in [19].

I is the ionic strength of the solution in the molality
scale.

Z = mygt |2ngt | = mor [z | + Mg02- 12502~

The molality of each ion in the solution can be
calculated from mg and m;:

Mg+ =mo + 2my,
Bract = BRact + Bacr - 8(a(D)'?),
BN32304 :6gfa2SO4 + ﬁll\lazSOA, : g<a(1)
with g(x) = (2(1—(1 +x)e™))/x?,

Mmci- = Mo, Mgg2- = MMy,

)

1/2)

Cd)
NaCl
CNaCl = 731/2 and
2(|znatzar 1)
C¢>
Na, SO
CNazSO4 = 2 4

>1/2’

0 1 G 0 1
wbere Bract> Pracrs CNaC17ﬂNaZSO4’6Na2804 and
CRa,s0, are adjustable parameters fitted with data
relative to H,O-NaCl or H,0-Na,SO, binary solu-
tions. Their values are presented in Table 4.

2 ( ‘ZNa+ 203"
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Table 4
Pitzer’s adjustable interaction parameters (273.15 < T < 373.15 K):
parameter = a + b(1/T—1/Ty) + c¢In(T/Ty) with Ty = 298.15 K

Parameter a b c

Bci 0.0765 —440.1328 —1.248891
Blaci 0.2664 518.3828 1.911939
Chuca 0.00127 61.07728 0.171046
Bassos 0.018675 ~790.0071 —2.071428
Blasso, 1.0995 —4870.511 ~13.11122
Claurso, 0.005549 121.5825 0.305269
for s02 0.068121 459.1685 1.458400
Uner e 502 —0.010756 —44.56551 —0.180337

Doy o is relative to SO~ and C1™ interactions in
~E G oY%
G , it is composed of two terms:

Py sor = bor sor- +E9c1ﬂso§* (1), (A2)

where Eecr,soi* (I) is a term accounting for unsym-
metrical mixing, integrals defining it are given by
Pitzer [8,20]. The unsymmetrical mixing terms
depend only on the electrolyte pair type and ionic
strength.

Oci- sor- and Wy, + o so2- are adjustable parameters
fitted with data relative to the H,O-NaCl-Na,SO,
ternary solution. Their values are given in Table 4.

The expressions for activity coefficients of ions,
osmotic coefficient and excess ep}ihalpy are obtained
from appropriate derivatives of G .

A.2. Activity coefficients of ions

Nyt = 2+ + F + 2mer- (Byact + ZCnact)
+ 2mgz- (Bnayso, + ZCnasso,)
+mcr- - Mgoz- 'wNa+,Cl’,SOﬁ’

+ |zna [ (Mot - mer - Cnaci

+ Myt - mSOz’ : CNZQSO4)7

Inyer = 28y - F 4 2myg+ (Bnact + ZCnact )
+ 2mgor- - Pey- 502 + Mgz - Mg
: WNaﬂcr,soi* + lzar [(mxg+ - mar-
- CNacl + Mg+ - Mg02- - CNayS0,4 )5
(A4)

In Vso2- :Zéog— -F =4 2my,+ (BNays0, +ZCnNays0, )

+ 2mcr- '43(:1*,5042; +mer- - myy+
2
(mNa> - mer-

“WNat - so T )Zsof
- CNacl + Mg+ Mgo2- - CNazSO4)-
(AS)

In Egs. (A3), (A4) and (AS), F is given by the
following equation:

n'? 2
F=—A° le +ZIn(1+ ()"
1+ 6D b
+ Mg+ et - Byyep gt “ Mg~ ‘B&azsm

1
+ mgp- - mSOj—" . qi)Cl’,SOi’

1/2

PO GO
NaCl — /“NaCl I ’
1/2

g g £
Na,SO4 Na, SOy I )

with g'(x) = =2(1—(1 4+ x + (x*/2))e ™) /.
ar sot- =" Ocr- s (D); (A6)

where EH’CI’.SOE’ (1) is the derivative of "0 502 (1)

(see Eq. (A2)) with respect to the ionic strength.
Integrals defining this term of unsymmetrical mixing
are given by Pitzer [8,20].

A.3. Osmotic coefficient and activity of water

The activity of water, ay, is usually expressed by the
osmotic coefficient, ¢:

In(aw) = = =500

18.0153

=~ oo (mw +mar +msoz )6,
(A7)

18.0153 Z mi | 6

where 18.0153 is the molar mass of water in g mol .
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¢ is calculated from the following equation:

(6-1)= 2

Mg+ + mer- + Mgo-

A@I3/2
- 1+b(1)'/2

g - mer- (BRye + 2ZCxac1)
+my,t mSOﬁ’ (B§a2504 + ZZCN32504)

o)
+mcy- Mg02- (I)Cl’ S0

+mcy- “ Mg~ " MNa* - lea*,Cl’.SOi’

(A8)

12
et = BRact + Bracr exp(—a(l )" )a
o 0 1 12
Ba,s0, = Braso, T Pranso, exp(—a(l) / )a

‘??@_505 = Ocr- sor- +* Ocr- sz - (1)
+1E¢

/

o sor- (1)- (A9)

A.4. Excess enthalpy

L, the excess enthalpy of a H,O-NaCl-Na,SO,
solution containing 1 kg of water is given by the
following expression:

Al o1+ b(21)1/ 2)—2RT? - s mer [Ber + 2Ciel
—2RT~ - my,+ * Mgor- [BNuZSO4 +ZCNuzso4]

Na‘t,Cl™, soﬁ*]
2

~
Il

—RT? - mcy- Mg [q)él s TN
(A10)
where A, = 4RT*(0A4/0T), is the Debye-Hiickel
slope for enthalpy, tabulated values can be found in
[19].
X" is the temperature derivative of X.

Pk = 6~

E gL
Cl™ S0}~ Cl™ S0}~ + Hcr,sofj (1), (A1D)

L
Cl-,S02~

unsymmetrical mixing term Eecr,soj* (1) and is cal-
culated from formulas given by Pitzer [21].

where £6 (1) is the temperature derivative of the
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