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Abstract

The heat of mixing of HCl and GaCl3 concentrated isomolal aqueous solutions has been measured, in the 0.0005±0.159

molality and 293±333 K temperature range by a ¯ow-mix microcalorimetric method, to determine the thermodynamic

properties of the solutions.

The results obtained have been successfully explained by Pitzer's ion interaction model. Pitzer's mixing coef®cients have

been calculated and used to study the nature and intensity of ion interactions in the mixed solutions. Using Pitzer's parameters,

the activity coef®cients of the mixture components have been calculated. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Our previous investigations [1±3] of the Na2CO3±

NaHCO3, HCl±KCl and HCl±CaCl2 mixtures by a

¯ow-mix microcalorimetric method clearly con®rm

the fact that the heat of mixing of electrolyte solutions

can be successfully used to study the interactions of

ions in an aqueous medium. Additionally, Pitzer's ion

interaction model as a simple and convenient system

of equations has been found to explain the speci®c ion

interactions in binary electrolyte mixtures containing

a common ion [3].

Our research continued by measuring the heat

produced upon mixing of HCl and GaCl3 concentrated

aqueous solutions. The system obtained is interesting

because of the complex Ga3� ion interactions as an

example of a trivalent cation, as well as for practical

applications of gallium and its compounds.

Gallium metal, becoming increasingly important as

a raw material for the production of various semi-

conductor materials, used as a substrate for fast inte-

grated circuits and in laser technology, has been

obtained by Bayer liquid extraction using anion

exchangers and hydrochloric or sulfuric acid [4].

Although this industrial process has been well devel-

oped, many relevant thermodynamic properties

remain incomplete or unknown. Since the Ga3�±

Clÿ interaction is enhanced at higher temperatures

and increasing chloride concentrations, determination

of the thermodynamic properties, particularly those

related to hydrothermal ore formation or marine

geothermal systems examination, is important to

understand and to model the Ga3� ion behavior [4].

Thermochimica Acta 351 (2000) 153±157

* Corresponding author.

0040-6031/00/$ ± see front matter # 2000 Elsevier Science B.V. All rights reserved.

PII: S 0 0 4 0 - 6 0 3 1 ( 0 0 ) 0 0 4 3 4 - 2



2. Experimental

Behaviour of Ga3� ion in aqueous solutions is

determined by its strong hydrolytic tendency. It has

been shown [4] that the HCl±GaCl3 solution contain-

ing 0.1345 m HCl (pH�0.9) ensures hydrolysis of

�0.5%, which is very low and as such can be ignored.

In order to prevent hydrolysis of Ga3� ion, a GaCl3
stock solution was prepared as follows [5]: 2.776 g

of pure gallium metal were dissolved in 380 ml of

concentrated hydrochloric acid (although the dissolu-

tion process was stimulated by heating, it lasted for

three working days). The solution was evaporated

to dryness and the residue dissolved in 250 ml of

1% HCl.

All the solutions used in mixing experiments were

prepared by diluting the stock solution with freshly

boiled, doubly distilled water.

Molality of the GaCl3 stock solution was checked

by the method of inductively coupled plasma (Perkin±

Elmer, model ICP 6500).

The solutions densities were measured by an AP

Paar calculating density meter, model DMA 55.

The mixing experiments, performed in a ¯ow-mix

cell of a Thermometric (LKB) isothermal multichan-

nel microcalorimeter (model 2277), have been already

described in details [1±3].

The measurements were carried out in the

293±333 K temperature and 0.0005±0.159 molality

range.

3. Results and discussion

Exothermic heat of mixing of isomolal HCl and

GaCl3 solutions as a function of the total ionic strength

at 298 K is presented in Fig. 1, the curves retain the

same shape at all temperatures. Each heat of mixing

was calculated as a mean value of three experimental

runs and the uncertainty interval was calculated as

twice the standard deviation of the mean value.

Temperature derivatives of Pitzer's mixing coef®-

cients SyL and cL, relevant to the short range

H�±Ga3� and triplet H�±Ga3�±Clÿ ion interactions,

respectively, were obtained by ®tting the experimental

data to Pitzer's general equation [6], modi®ed for

the unsymmetrical HCl±GaCl3 mixture, which

relates the heat of mixing, DHmix to the total ionic

strength of mixture, Imix:

DHmix � AH

b
�Imixln �1� bI

1=2
mix�

ÿ IMX ln �1� bI
1=2
MX�

ÿ INX ln �1� bI
1=2
NX ��

ÿ 2RT2mMmN�yL
MN � 1

2
mMcL

MNX�
(1)

Here, AH is the Debye±HuÈckel enthalpy parameter, b

the value of 1.2 kg1/2 molÿ1/2, IMX and INX the ionic

strength of pure solutions to be mixed, Imix the total

ionic strength of the mixture, and mM and mN the

molalities of the ionic species M and N. Temperature

dependences of the SyL and cL mixing coef®cients,

computed by the ®tting procedure, are illustrated in

Figs. 2 and 3, respectively.

Using the results for the HCl±CaCl2 system from

earlier paper [3] and comparing the SyL and cL

temperature dependences for the HCl±CaCl2 (Figures

7 and 8 in Ref. [3]) and HCl±GaCl3 (Figs. 2 and 3)

mixtures, a similar trend can be noticed which indi-

cates the same type of interaction between ions in

these unsymmetrical mixtures.

Integrating temperature dependences presented in

Figs. 2 and 3, the mixing parameters values obtained

for the temperature range investigated are as follows:
Sy�1.141 kg molÿ1 (standard deviation of the ®t Ð

0.0017) and c�8.495 kg2 molÿ2 (standard deviation

Fig. 1. Heat of mixing of isomolal HCl and GaCl3 solutions versus

total ionic strength of the mixture at 298 K; theoretical curve is

depicted by a broken line.
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of the ®t Ð 0.011). The second virial coef®cient Ey,

referring to the higher-order electrostatic interaction

between H� and Ga3� ions, was calculated using the

equation [7]:

EyMN� zMzN

4Imix

� �
�J�xMN�ÿ1

2
J�xMM�ÿ 1

2
J�xNN��

(2)

where xMN is given as:

xMN � 6zMzNAFI
1=2
mix (3)

Symbol z denotes the valence of M and N ions, while

AF is the Debye±HuÈckel osmotic coef®cient para-

meter. Approximate J function values were computed

using both the following equations [7]:

J �ÿ 1
6

x2�ln x�eÿ10x2� P6
k�1Ckxÿk

� �ÿ1

(4)

J � x�4� C1xÿC2 exp �ÿC3xC4��ÿ1
(5)

the C constant values tabulated in Ref. [8]. The Ey and

y coef®cient values given as a function of the total

ionic strength of the mixture in the 293±333 K tem-

perature range are illustrated in Fig. 4.

Only a pronounced higher-order electrostatic effect

exists at low mixture concentrations as obvious from

Fig. 4, disregarding the J function computed using Eq.

(4) or Eq. (5). With increasing total ionic strength of

the mixture, the short-range forces become dominant

type of H�±Ga3� interaction, with Sy parameter value

used to estimate its intensity.

Pitzer's mixing parameter values for the HCl±

GaCl3 system were not found in the literature. Mixed

electrolyte HCl±LaCl3 of the 1±3 type was also stu-

died using the emf measurements [9]. The virial coef-

®cient values thus obtained are SyHÿLa�0.278 kg

molÿ1 and cH±La±Cl�0.009 kg2 molÿ2 (higher-order

term included) as well as yH±La�ÿ0.324 kg molÿ1

and cH±La±Cl�0.118 kg2 molÿ2 (the higher-order

effect not taken into account).

The HCl±GaCl3 and HCl±LaCl3 systems were

investigated under different conditions using different

experimental techniques. But, as both are of the 1±3

electrolyte type, obviously higher mixing coef®cient

Fig. 2. Mixing coef®cient SyL versus temperature for the system

HCl±GaCl3; solid line represents the second-power polynomial.

Fig. 3. Mixing coef®cient cL versus temperature for the system

HCl±GaCl3; solid line represents the second-power polynomial.

Fig. 4. Pitzer's mixing coef®cients Ey and y as a function of total

ionic strength of the HCl±GaCl3 mixture at 298 K.
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values obtained for the HCl±GaCl3 system suggest

more intensive ion interactions.

Activity coef®cients for the HCl and GaCl3 com-

ponents were calculated using Pitzer's expressions [7]:

ln gMX � f g � �mM � mX��BMX � mXCMX�
� mN�BNX�mXCNX�SyMN�EyMN�
� mNmX�B0MX � CMX�
� mNmX�B0NX � CNX � 1

2
cMNX�

� mMmN�Ey0MN � 1
2
cMNX� (6)

lngNX � ln g0
NX � 0:14476yMXImix�4BMX

ÿ 2
3

BNX � 2yMN � Imix�4B0MX ÿ 2
3

B0NX

� 2yMN � Imix�4B0MX ÿ 2
3

B0NX � 2y0MN

� 4
3
cMNX � 8

3
CF

MX��
� 0:14476y2

MXI2
mix�2B0MX ÿ 2

3
B0NX

ÿ 1
3
cMNX � 4

3
CF

MX ÿ 1
6
�2�1=2

CF
NX

ÿ 2y0MN (7)

valid for the 1±3 electrolyte type as well. The molality

of the ion is signed by m and the molal fraction of

the mixture component by y. Symbol f g denotes the

Debye±HuÈckel function for the activity coef®cient with

AF parameter, while superscript `0' is used to designate

the ionic strength derivative. Coef®cients B and C from

Eqs. (6) and (7), relevant to pure electrolytes, were

de®ned and explained earlier [7,10,11]. Activity coef-

®cient values for the GaCl3 component as a function of

the total ionic strength of the mixture at different

temperatures, are presented in Fig. 5. Dependences

for the HCl mixture components show similar trend.

As evident from Fig. 5 the curves presented are of

the same shape as those obtained for the unsymme-

trical HCl±CaCl2 mixture (Fig. 11, Ref. [3]), and the

activity coef®cients for the HCl±GaCl3 system remain

constant with temperature.

Temperature dependences given in Fig. 6 illustrate

different intensities of the short-range forces between

cations in the HCl±KCl, HCl±CaCl2 and HCl±GaCl3
mixed solutions. Data for the HCl±KCl and HCl±

CaCl2 systems were taken from our previous paper

[3]. For the HCl±KCl mixture, the yL values are

presented because the higher-order electrostatic effect

does not exist in the symmetrical mixing process. For

the unsymmetrical mixtures, the SyL parameter, rele-

vant to the short-range ion interaction was depicted in

Fig. 6. As can be seen from the ®gure the most

intensive short-range interaction is realized between

H�and Ga3� ions. In addition, it can be concluded that

the yL coef®cient, for all the systems we studied, does

not change signi®cantly with temperature.

Higher-order electrostatic effect, characteristic of

unsymmetrical mixtures, is depicted in Fig. 7. In the

case of very diluted HCl±GaCl3 solution, the Ey values

are extremely negative, pointing out at an intensive

higher-order electrostatic H�±Ga3� interaction. With

increasing ionic strength, the effect becomes less

Fig. 5. Activity coef®cient of the GaCl3 component of the HCl±

GaCl3 mixture versus total ionic strength in the 293±333 K

temperature interval.

Fig. 6. Temperature dependence of Pitzer's yL mixing parameter

for HCl±KCl, HCl±CaCl2 and HCl±GaCl3 systems; data for

HCl±KCl and HCl±CaCl2 mixtures are taken from Ref. [3]; for

unsymmetrical mixtures SyL values are presented.
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pronounced with Ey versus ionic strength function

approaching the HCl±CaCl2 curve.
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Appendix A. Supplementary material

Tables containing experimental heat of mixing and

activity coef®cient values, as well as SyL, cL, Ey and y
values, for HCl±GaCl3 system at all the experimental

temperatures are available upon request.
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