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Abstract

In this paper, we present a methodology for the prediction of the crystallization enthalpy of mirabilite (Na2SO4�10H2O)

from supersaturated H2O±NaCl±Na2SO4 solutions. Required thermodynamic properties of H2O±NaCl±Na2SO4 such as

dissolution enthalpies, phase equilibria and heat of hydration of Na2SO4 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 H2O±Na2SO4 and H2O±NaCl±Na2SO4 solutions supersaturated relatively to

mirabilite with a seed crystal of Na2SO4�10H2O once the thermal equilibrium was reached.

Good agreement was obtained between experimental and predicted values of crystallization enthalpies. Furthermore, we

have studied the in¯uence of NaCl used as an additive regarding the heat storage capacity of supersaturated H2O±Na2SO4

solutions. # 2000 Elsevier Science B.V. All rights reserved.
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Nomenclature

aw activity of water

AL Debye±HuÈckel slope for enthalpy

A� Debye±HuÈckel term associated with Pit-

zer's model for the osmotic coefficient

b universal parameter with the value

1.2 kg1/2 molÿ1/2

cal calculated

C� adjustable binary parameter for Pitzer's

model

exp. experimental

Ĝ
E

excess Gibbs energy of an electrolyte

solution containing 1 kg of water

h�i molar enthalpy of species i

I ionic strength in the molality scale

Ksi solubility product of mineral species i

L̂ excess enthalpy of a solution containing

1 kg of water

mi molality of solute species i in an electro-

lyte solution (i distinct of w)

mw mass of water in the liquid phase

Mw molar mass of water (18.0153 � 10ÿ3 kg

molÿ1)

ni number of moles of species i
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P pressure (Pa)

R gas constant (8.31451 J molÿ1 Kÿ1)

T temperature (K)

T0 reference temperature (298.15 K)

zi number of charges on the ionic species i

Greek letters

� equal to 2.0 kg1/2 molÿ1/2 for 1±1, 1±2

and 2±1 electrolytes

�0 adjustable binary parameter for Pitzer's

model

�1 adjustable binary parameter for Pitzer's

model

i activity coefficient of species i in the

molality scale

DcrystH crystallization enthalpy (kJ kgÿ1) of initi-

al solution

DhydH heat of hydration of Na2SO4 into Na2SO4�
10H2O

DsolĤ molal dissolution enthalpy

DsolH
1
i molar dissolution enthalpy of mineral

species i at infinite dilution

�i,j adjustable parameter accounting for inter-

actions between ions of like sign

 i,j,k adjustable ternary parameter for Pitzer's

model

Subscripts

w water

0 NaCl

1 Na2SO4

2 Na2SO4�10H2O

1. Introduction

Ef®cient 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 (Na2SO4�10H2O), 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 Na2SO4�10H2O,

generally water [4] and salts such as NaCl, NH4Br, etc.

Another consideration with Na2SO4�10H2O 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 (Na2B4O7�10H2O) [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

Na2SO4. Pitzer's model [8,9] seems particularly

adapted for such applications since it allows the

simultaneous representation of activity coef®cients

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 Na2SO4�10H2O from super-

saturated H2O±NaCl±Na2SO4 solutions at constant

temperature.

2. Experimental

Stock solutions of supersaturated H2O±Na2SO4

(resp. H2O±NaCl±Na2SO4) 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 H2O±Na2SO4 or H2O±NaCl±

Na2SO4 solutions with a seed crystal (about 0.5 mg)

of Na2SO4�10H2O 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 nw moles of water, n0

moles of NaCl and n1 moles of Na2SO4 supersaturated

relatively to decahydrate, a seed crystal of mirabilite

containing n2 moles of Na2SO4�10H2O 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 n0 moles of

dissolved NaCl, n01moles of dissolved Na2SO4 and

n0w moles of water (n01 and n0w are, respectively, lower

than n1 and nw because of the formation of decahy-

drate). This saturated solution is in equilibrium with n02
moles of mirabilite.

Provided that the thermal properties and phase

equilibria in H2O±NaCl±Na2SO4 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 SO2ÿ
4 and from 10 mol of water, there-

fore,

nwÿn0w � 10�n1ÿn01�: (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 ®nal composi-

tion is given by the solid/liquid equilibrium between

the solution and mirabilite (Na2SO4�10H2O):

2
Na� � m2

Na� � SO2ÿ
4
� mSO2ÿ

4
� a10

w � KsMirabilite�T�;
(2)

in which i is the activity coefficient of the ionic

species i in the liquid solution, aw is the corresponding

activity of water and KsMirabilite is the solubility pro-

duct of mirabilite.

The molality of each ion in the saturated ®nal

solution can be expressed as

mNa� � m00 � 2m01 �
1

Mw

n0

n0w
� 2

1

Mw

n01
n
0
w

;

mClÿ � m00 �
1

Mw

n0

n0w
; mSO2ÿ

4
� m01 �

1

Mw

n01
n0w
;

where n01 and n0w are obtained by solving Eqs. (1) and

(2).

3.1.1. Phase equilibria in H2O±NaCl±Na2SO4

Pitzer's equations for activity coef®cients of ions

and activity of water are presented in Appendix A

(Eqs. (A3), (A4), (A5), (A6), (A7) and (A8)). Solu-

bility products of NaCl, Na2SO4, Na2SO4�10H2O

(Table 1) and binary parameters for H2O±NaCl and

H2O±Na2SO4 used with Pitzer's model were deter-

mined in a previous paper [10]. In this previous paper,

the activity coef®cients in the H2O±NaCl±Na2SO4

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 in¯uence on the

prediction of the solubilities, however, it signi®cantly

improves the representation of the dissolution enthal-

pies in H2O±NaCl±Na2SO4. 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

DHexp (J), the heat effect accompanying the crystal-

lization is equal to the enthalpy variation between the

initial and ®nal states of the experiment:

DHexp � HfinalÿHinitial � H�n0w; n0; n
0
1�

� n02h�2ÿH�nw; n0; n1�ÿn2h�2;

in which h�2 is the molar enthalpy of crystalline

mirabilite, H(nw, n0, n1) the total enthalpy of a solution

made from nw moles of water, n0 the moles of NaCl

and n1 moles of Na2SO4.

Table 1

Solubility products (Ks) of the mineral species (273.15 <

T <373.15 K): ln�Ks� � ÿ1=RT�aKÿbKT � cK��TÿT0�ÿT ln�T=
T0��� with T0 � 298:15 K

Mineral species aK bK cK

Halite (NaCl) 3392.79 41.7014 ÿ74.1643

Mirabilite (Na2SO4�10H2O) 80 875.3 247.852 11.3598

Thenardite (Na2SO4) ÿ303.239 ÿ6.61418 ÿ357.626
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The composition of the solution is usually ex-

pressed in the molality scale, m0 � n0=nw is the

molality in sodium chloride and m1 � n1=nw is the

molality in sodium sulfate. mw � nwMw is the mass of

water (kg) contained in the liquid phase with Mw being

the molar mass of water (kg molÿ1).

Introducing DsolĤ�m0;m1� the variation of enthalpy

accompanying the dissolution of m0 moles of NaCl

and m1 moles of anhydrous Na2SO4 in 1 kg of water,

the following relation can be written as

mwDsolĤ�m0;m1� � H�nw; n0; n1�ÿnwh�w
ÿn0h�0ÿn1h�1;

where h�w is the molar enthalpy of liquid water, h�0 the

molar enthalpy of crystalline NaCl, and h�1 is the molar

enthalpy of crystalline Na2SO4.

Subsequently,

DHexp � m0wDsolĤ�m00;m01�ÿmwDsolĤ�m0;m1�
� �n0wÿnw�h�w � �n00ÿn0�h�0
� �n01ÿn1�h�1 � �n02ÿn2�h�2:

If we consider the reaction of hydration of anhy-

drous sodium sulfate into decahydrate

Na2SO4�cr� � 10H2O�liq� � Na2SO4 � 10H2O�cr�:

Then h�2ÿh�1ÿ10h�w � DhydH is the molar enthalpy

of this reaction. Introducing x, the number of moles of

decahydrate formed during the crystallization

(x � n1ÿn01), we obtain

DHexp � m0wDsolĤ�m00;m01�ÿmwDsolĤ�m0;m1�
� xDhydH: (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 H2O±NaCl±

Na2SO4 solutions.

3.2.1. Dissolution enthalpies of NaCl � Na2SO4

mixtures in water

The molal dissolution enthalpy DsolĤ�m0;m1� is

related to the molal excess enthalpy L̂�m0;m1� and

to the molar dissolution enthalpies of NaCl and

Na2SO4 at in®nite dilution (DsolH
1
0 and DsolH

1
0 ) by

the following relationship:

DsolĤ�m0;m1� � L̂�m0;m1� � m0DsolH
1
0

� m1DsolH
1
1 : (4)

Values of molar dissolution enthalpies of NaCl

and Na2SO4 at in®nite dilution are calculated from

coef®cients in Table 2. The molal excess enthalpy,

L̂�m0;m1�, 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 Na2SO4 mixtures in water is

5.8%.

3.2.2. Heat of hydration of Na2SO4 into

Na2SO4�10H2O

Values of heat of hydration of Na2SO4 into

Na2SO4�10H2O at different temperatures were eval-

uated from Table 3 using experimental results corre-

sponding to supersaturated H2O±Na2SO4 solutions

(m00 � m0 � 0). In this case, the following equation

is used:

DhydH � 1

x
�DHexp � mwDsolĤ�0;m1�
ÿm0wDsolĤ�0;m01��: (5)

The heat of hydration of Na2SO4 into Na2SO4�
10H2O is usually determined by dissolving the hydrate

and the anhydrous salt in water to attain the same ®nal

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 (ÿ81.556 kJ molÿ1) is in excel-

lent agreement with Pitzer and Coulter [14]

(ÿ81.170 kJ molÿ1), Pickering [16] (ÿ81.462 kJ

molÿ1) and Thomsen [17] (ÿ80.584 kJ molÿ1).

The heat of hydration of Na2SO4 into Na2SO4�
10H2O, calculated using Eq. (5), is represented

Table 2

Molar dissolution enthalpy at infinite dilution in J molÿ1 (273.15 <

T < 373.15 K): DsolH1 � a1 � b1 TÿT0� � with T0 � 298:15 K

Solid species a1 b1

NaCl 3799.7 ÿ115.80

Na2SO4 ÿ1380.4 ÿ302.09
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Table 3

Experimental and calculated values of crystallization enthalpies of Na2SO4�10H2O from supersaturated H2O±NaCl±Na2SO4 at various temperatures (crystallization enthalpies are

expressed in kJ kgÿ1 of initial solution (heat storage capacity))

Temp. (K) m0

(mol kgÿ1)

m1

(mol kgÿ1)

mw

(g)

Initial

solution

mass (g)

m00
(mol kgÿ1)

m01
(mol kgÿ1)

m0w
(g)

x/n1

(%)

DhydH

(kJ molÿ1)

DcrystH

(exp)

(kJ kgÿ1)

DcrystH

(cal)

(kJ kgÿ1)

Deviation

(%)

290.75 0 2.2183 0.6250 0.8219 0 1.1239 0.4705 61.9 ÿ77.220 ÿ69.315 ÿ68.526 ÿ1.14

293.75 0 1.9479 0.7067 0.9022 0 1.4076 0.6145 37.2 ÿ78.780 ÿ38.583 ÿ38.440 ÿ0.37

293.75 0 2.2183 0.5585 0.7345 0 1.4076 0.4492 49.0 ÿ79.045 ÿ56.209 ÿ55.782 ÿ0.76

293.75 0 2.5500 0.4811 0.6553 0 1.4076 0.3484 60.0 ÿ77.797 ÿ74.823 ÿ75.645 1.10

297.75 0 2.5500 0.4645 0.6328 0 1.8992 0.3817 38.8 ÿ80.496 ÿ50.138 ÿ50.888 1.50

297.75 0 3.4509 0.4093 0.6099 0 1.8992 0.2354 68.4 ÿ80.246 ÿ110.03 ÿ111.28 1.14

302.75 0 3.3560 0.4533 0.6694 0 2.7828 0.3594 34.3 ÿ85.006 ÿ58.062 ÿ57.841 ÿ0.38

302.75 0 3.4509 0.4749 0.7077 0 2.7828 0.3603 38.8 ÿ85.315 ÿ67.407 ÿ66.874 ÿ0.79

304.65 0 3.4509 0.4696 0.6998 0 3.2590 0.4303 13.5 ÿ86.176 ÿ23.794 ÿ23.747 ÿ0.20

294.75 0.2999 2.9998 0.4853 0.7005 0.4961 1.3305 0.2934 73.2 NAa ÿ103.02 ÿ103.36 0.33

297.75 0.2999 2.9995 0.4345 0.6272 0.4483 1.7367 0.2906 61.3 NA ÿ87.802 ÿ89.149 1.53

298.75 0.2999 2.9998 0.4471 0.6454 0.4296 1.8964 0.3121 55.9 NA ÿ81.802 ÿ82.062 0.86

302.65 0.2999 2.9995 1.2320 1.7785 0.3378 2.6772 1.0938 20.8 NA ÿ32.614 ÿ31.148 ÿ4.50

a Non-applicable.
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between 291.15 and 305.15 K by the following equa-

tion:

DhydH�T� � DhydH�T0� � DhydCp�TÿT0�; (6)

in which DhydH(T0) is the heat of hydration of Na2SO4

at 298.15 K and DhydCp is the mean heat capacity

of hydration of Na2SO4. In Eq. (6), DhydH(T0) �
ÿ81 556 J molÿ1 and DhydCp � ÿ687.91 J molÿ1

Kÿ1.

Furthermore, the relative error between our calcu-

lated value of heat of hydration of Na2SO4 at 298.15 K

and the value calculated from the NBS tables [18]

(ÿ81.88 kJ molÿ1) is ÿ0.40 %.

4. Results and discussion

Glauber's salt (Na2SO4�10H2O) melts incongru-

ently causing sedimentation of anhydrous Na2SO4.

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 Na2SO4 per kilogram of water. We have

studied experimentally the addition of 1 mol of NaCl

for 10 mol of Na2SO4 to this mixture (m0 � m1/10 �
0.3 mol kgÿ1).

The experimental results along with the calculated

values of the heat of crystallization of mirabilite from

supersaturated H2O±Na2SO4 or H2O±NaCl±Na2SO4

solutions are given in Table 3. Values at saturation m
0
0

and m01 are determined by solving Eqs. (1) and (2) and

DcrystH(cal) is calculated using Eq. (3) and expressed

in kJ kgÿ1 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 in¯uence 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 (m0 � 0,

m1 � 3.0 mol kgÿ1) and the mixture containing

sodium chloride (m0 � m1/10 � 0.3 mol kgÿ1).

Fig. 1. Heat of hydration of Na2SO4 into Na2SO4�10H2O: (*) our work (exp. data); (}) Perman and Urry [13]; (!) Pitzer and Coulter [14];

(*) Rode [15]; (D) Pickering [16]; (&) Thomsen [17]; (Ð) our work (linear regression).
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The addition of NaCl decreases the solubility of

mirabilite by common ion effect and, therefore,

increases the supersaturation of the solution (Fig.

2b), the heat released during crystallization is then

higher (Fig. 2a) since more Na2SO4�10H2O precipi-

tates.

Fig. 2. (a) Heat storage capacity of the supersaturated solution: (Ð) m0 � 0.3, m1 � 3 mol kgÿ1 (model); (� � �) m0 � 0.0, m1 � 3 mol kgÿ1

(model); (*) m0 � 0.3, m1 � 3 mol kgÿ1 (exp. data) and (b) supersaturation diagram: (± ± ± ±) solubility of mirabilite in pure water; (Ð)

solubility of mirabilite in m0 � 0.3 mol kgÿ1; (� � �) solubility of thenardite in pure water; (± ±) solubility of thenardite in m0 � 0.3 mol kgÿ1;

(*) exp. conditions (m0 � 0.3, m1 � 3 mol kgÿ1).
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Fig. 2b shows the supersaturation of the H2O±

NaCl±Na2SO4 solution before crystallization but can-

not indicate the composition of the ®nal 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 m00 in Table

3) and then slightly poorer in Na2SO4.

However, as shown in Fig. 2b, the addition of NaCl

decreases even more the solubility of thenardite (anhy-

drous Na2SO4). The amount of NaCl that can be used

as an additive in a given supersaturated H2O±Na2SO4

solution is therefore limited.

5. Conclusion

We have used Pitzer's ion-interaction approach to

represent dissolution enthalpies and phase equilibria

in the H2O±NaCl±Na2SO4 system. Besides, measure-

ments of crystallization enthalpies of mirabilite from

supersaturated H2O±Na2SO4 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 Na2SO4�10H2O from supersaturated

H2O±NaCl±Na2SO4 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 (H2O � Na2SO4 � NaCl �
other salts, etc.) and is therefore of great interest

for the selection of salt additives in Na2SO4�10H2O-

based latent thermal energy storage systems.

Appendix A. Equations of Pitzer's model

Pitzer [8,9] has proposed a general equation for Ĝ
E
,

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±HuÈckel 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.1. Excess Gibbs energy

In the particular case of an aqueous solution of

molality m0 in NaCl and m1 in Na2SO4, Ĝ
E

is repre-

sented by the following expression:

Ĝ
E

RT
�

ÿA��4I=b�ln�1� b�I�1=2�
�2mNa� � mClÿ �BNaCl � ZCNaCl�

�2mNa� � mSO2ÿ
4
�BNa2SO4

� ZCNa2SO4
�

�2mClÿ � mSO2ÿ
4

�Clÿ ;SO2ÿ
4
� mNa� �

	Na� ;Clÿ ;SO2ÿ
4

2

� �
:

2666664

3777775;
(A1)

with b � 1.2.

A� is the Debye±HuÈckel term associated with Pit-

zer's model for the osmotic coef®cient, tabulated

values can be found in [19].

I is the ionic strength of the solution in the molality

scale.

Z � mNa� zNa�j j � mClÿ zClÿj j � mSO2ÿ
4

zSO2ÿ
4

��� ���:
The molality of each ion in the solution can be

calculated from m0 and m1:

mNa� �m0 � 2m1; mClÿ � m0; mSO2ÿ
4
� m1;

BNaCl � �0
NaCl � �1

NaCl � g���I�1=2�;
BNa2SO4

��0
Na2SO4

� �1
Na2SO4

� g���I�1=2�;
with g�x� � �2�1ÿ�1� x�eÿx��=x2;

CNaCl � C
�
NaCl

2 zNa�zClÿj j� �1=2
and

CNa2SO4
� C

�
Na2SO4

2 zNa�zSO2ÿ
4

��� ���� �1=2
;

where �0
NaCl; �

1
NaCl; C

�
NaCl; �

0
Na2SO4

; �1
Na2SO4

and

C
�
Na2SO4

are adjustable parameters fitted with data

relative to H2O±NaCl or H2O±Na2SO4 binary solu-

tions. Their values are presented in Table 4.
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�Clÿ;SO2ÿ
4

is relative to SO2ÿ
4 and C1ÿ interactions in

Ĝ
E
, it is composed of two terms:

�Clÿ;SO2ÿ
4
� �Clÿ;SO2ÿ

4
�E�Clÿ;SO2ÿ

4
�I�; (A2)

where E�Clÿ;SO2ÿ
4
�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.

�Clÿ;SO2ÿ
4

and 	Na�;Clÿ;SO2ÿ
4

are adjustable parameters

®tted with data relative to the H2O±NaCl±Na2SO4

ternary solution. Their values are given in Table 4.

The expressions for activity coef®cients of ions,

osmotic coef®cient and excess enthalpy are obtained

from appropriate derivatives of Ĝ
E
.

A.2. Activity coefficients of ions

ln Na� � z2
Na� � F � 2mClÿ BNaCl � ZCNaCl� �
� 2mSO2ÿ

4
BNa2SO4

� ZCNa2SO4
� �

� mClÿ � mSO2ÿ
4
� 	Na�;Clÿ;SO2ÿ

4

� zNa�j j mNa� � mClÿ � CNaCl�
� mNa� � mSO2ÿ

4
� CNa2SO4

�;

ln Clÿ � z2
Clÿ � F � 2mNa� BNaCl � ZCNaCl� �
� 2mSO2ÿ

4
� �Clÿ;SO2ÿ

4
� mSO2ÿ

4
� mNa�

� 	Na�;Clÿ;SO2ÿ
4
� zClÿj j mNa� � mClÿ�

� CNaCl � mNa� � mSO2ÿ
4
� CNa2SO4

�;
(A4)

ln SO2ÿ
4
� z2

SO2ÿ
4
�F � 2mNa� BNa2SO4

�ZCNa2SO4
� �

� 2mClÿ � �Clÿ;SO2ÿ
4
� mClÿ � mNa�

� 	Na�;Clÿ;SO2ÿ
4
� zSO2ÿ

4

��� ���2 mNa� � mClÿ�
� CNaCl � mNa� � mSO2ÿ

4
� CNa2SO4

�:
(A5)

In Eqs. (A3), (A4) and (A5), F is given by the

following equation:

F � ÿA�
�I�1=2

1� b�I�1=2
� 2

b
ln�1� b�I�1=2�

 !
� mNa� �mClÿ �B0NaCl�mNa� � mSO2ÿ

4
� B0Na2SO4

� mClÿ � mSO2ÿ
4
� �00

Clÿ;SO2ÿ
4

B0NaCl � �1
NaCl

g0���I�1=2�
I

;

B0Na2SO4
� �1

Na2SO4

g0���I�1=2�
I

;

with g0�x� � ÿ2�1ÿ�1� x� �x2=2��eÿx�=x2:

�0
Clÿ;SO2ÿ

4
�E �0

Clÿ;SO2ÿ
4
�I�; (A6)

where E�0
Clÿ;SO2ÿ

4

�I� is the derivative of E�Clÿ;SO2ÿ
4
�I�

(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, aw, is usually expressed by the

osmotic coef®cient, �:

ln�aw� � ÿ 18:0153

1000

X
i

mi

 !
�

� ÿ 18:0153

1000
mNa� � mClÿ � mSO2ÿ

4

� �
�;

(A7)

where 18.0153 is the molar mass of water in g molÿ1.

Table 4

Pitzer's adjustable interaction parameters (273.15 < T < 373.15 K):

parameter � a� b�1=Tÿ1=T0� � c ln�T=T0� with T0 � 298:15 K

Parameter a b c

�0
NaCl 0.0765 ÿ440.1328 ÿ1.248891

�1
NaCl 0.2664 518.3828 1.911939

C
�
NaCl 0.00127 61.07728 0.171046

�0
Na2SO4

0.018675 ÿ790.0071 ÿ2.071428

�1
Na2SO4

1.0995 ÿ4870.511 ÿ13.11122

C
�
Na2SO4

0.005549 121.5825 0.305269

�Clÿ ;SO2ÿ
4

0.068121 459.1685 1.458400

	Na� ;Clÿ ;SO2ÿ
4

ÿ0.010756 ÿ44.56551 ÿ0.180337
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� is calculated from the following equation:

��ÿ1�� 2

mNa� � mClÿ � mSO2ÿ
4

�

ÿ A�I3=2

1�b�I�1=2

�mNa� � mClÿ�B�NaCl � 2ZCNaCl�
�mNa� � mSO2ÿ

4
�B�Na2SO4

� 2ZCNa2SO4
�

�mClÿ � mSO2ÿ
4
� ��

Clÿ;SO2ÿ
4

�mClÿ � mSO2ÿ
4
� mNa� �	Na�;Clÿ;SO2ÿ

4

8>>>>>>>>>><>>>>>>>>>>:

9>>>>>>>>>>=>>>>>>>>>>;
;

(A8)

��NaCl � �0
NaCl � �1

NaCl exp ÿ��I�1=2
� �

;

B
�
Na2SO4

� �0
Na2SO4

� �1
Na2SO4

exp ÿ��I�1=2
� �

;

��

Clÿ;SO2ÿ
4

� �Clÿ;SO2ÿ
4
�E �Clÿ;SO2ÿ

4
� �I�

� I �E �0
Clÿ;SO2ÿ

4
�I�: (A9)

A.4. Excess enthalpy

L̂, the excess enthalpy of a H2O±NaCl±Na2SO4

solution containing 1 kg of water is given by the

following expression:

L̂ �
ALI

b
ln�1� b�I�1=2�ÿ2RT2 � mNa� � mClÿ �BL

NaCl � ZCL
NaCl�

ÿ2RT2 � mNa� � mSO2ÿ
4
�BL

Na2SO4
� ZCL

Na2SO4
�

ÿRT2 � mClÿ � mSO2ÿ
4
��L

Clÿ ;SO2ÿ
4

� mNa�
Na�;Clÿ;SO2ÿ

4
2

�

8>><>>:
9>>=>>;;

(A10)

where AL � 4RT2�@A�=@T�P is the Debye±HuÈckel

slope for enthalpy, tabulated values can be found in

[19].

XL is the temperature derivative of X.

�L
Clÿ;SO2ÿ

4
� �L

Clÿ;SO2ÿ
4
�E �L

Clÿ;SO2ÿ
4
�I�; (A11)

where E�L
Clÿ;SO2ÿ

4

�I� is the temperature derivative of the

unsymmetrical mixing term E�Clÿ;SO2ÿ
4
�I� and is cal-

culated from formulas given by Pitzer [21].

References

[1] J.A. Duffie, W.A. Beckman, Solar Engineering of Thermal

Processes, 2nd ed., Wiley, New York, 1991.

[2] M. Telkes, Heating and Ventilating 44 (1947) 68±75.

[3] H.P. Garg, S.C. Mullick, A.K. Bhargava, Solar Thermal

Energy Storage, Reidel, Dordrecht, Netherlands, 1985.

[4] D.R. Biswas, Solar Energy 19 (1977) 99±100.

[5] G. Belton, F. Ajami, Thermochemistry of salt hydrates,

Report NSF/RANN/SE/G127979 TR/73/4, National Center

for Energy Management and Power, University of Pennsyl-

vania, PA, 1973.

[6] M. Telkes, Ind. Eng. Chem. 44 (1952) 1308.

[7] Y. Kotani, T. Hashimoto, US Patent 4 529 488 (1985).

[8] K.S. Pitzer, Activity Coefficients in Electrolyte Solutions, 2nd

ed., CRC Press, Boca Raton, FL, 1991.

[9] K.S. Pitzer, Thermodynamics, 3rd ed., McGraw-Hill, New

York, 1995.

[10] P. Marliacy, N. Hubert, L. Schuffenecker, R. Solimando, Fluid

Phase Equilib. (1998), in press.

[11] W.F. Linke, Solubilities of Inorganic and Metal Organic

Compounds, vol. 2 (K±Z), 4th ed., ACS, New York, 1965.

[12] P. Marliacy, R. Solimando, L. Schuffenecker, 1998, in

preparation.

[13] E.P. Perman, W.D. Urry, Trans. Faraday Soc. 24 (1928) 337±

343.

[14] K.S. Pitzer, L.V. Coulter, J. Am. Chem. Soc. 60(1) (1938)

1310±1313.

[15] E.Ya. Rode, Izv. Inst. Fiz.-Khim. Analiza 6 (1933) 97±134.

[16] Pickering, J. Chem. Soc. 49 (1886) 260.

[17] Thomsen, Thermochemische Untersuchungen, vol. III, Barth,

Leipzig, 1882, p. 123.

[18] D.D. Wagman, W.H. Evans, V.B. Parker, R.H. Schumm, I.

Hamow, S.M. Bailey, K.L. Churney, R.L. Nuttall, The NBS

tables of chemical thermodynamic properties. Selected values

for inorganic and C1 and C2 substances in SI units, J. Phys.

Chem. Ref. Data 11(2) (1982).

[19] K.S. Pitzer, C. Peiper, R.H. Busey, J. Phys Chem. Ref. Data

13(1) (1984) 1±102.

[20] K.S. Pitzer, J. Sol. Chem. 4 (1975) 249±265.

[21] K.S. Pitzer, J. Phys. Chem. 87 (1983) 2360±2364.

94 P. Marliacy et al. / Thermochimica Acta 344 (2000) 85±94


