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Determinations of the Thermodynamic Functions of NaBr
in NaBr-KBr Mixtures from Concentration

Cell Measurements

VIOLETTE SABET* and TERJE 9STVOLD

Institute of Physical Chemistry, Technical Institute of Norway, The University of Trondheim,
N-7034 Trondheim, Norway

The partial Gibbs energies of mixing of NaBr in liquid mixtures with
KBr have been determined by emf measurements of the following
cell:

C(s)Bry(g) | NaBr(l) | Na-K glass|NaBr(1)KBr(l) | Br,(g)C(s)

and measurements of transport number of the alkali ion in the Na-K
glass membrane used to separate the two half cells in the above con-
centration cell.

From the values obtained for the partial free energies of mixing
of NaBr, the Gibbs energies of mixing in the NaBr-KBr system were
determined, and the excess Gibbs energies of mixing and excess en-
tropies of mixing calculated. The results indicate small excess entropies
of mixing.

In the present work the change in the chemical potentials of mixing of NaBr

in molten NaBr-KBr mixtures were obtained using a concentration cell with

Na-K glass membrane. The emf of this cell is dependent upon the transport

properties in the membrane, i.e. ’the liquid junction potential’’. Therefore

the transport numbers of the two alkali ions in the glass were determined.
The following galvanic cell was studied:

C(s)Br,(g)| NaBr(l)| Na-K glass | NaBr(1)KBr(l) | Bry(g)C(s)

The electrolyte consisted of a fused mixture of NaBr and KBr on the right
hand side, and pure fused NaBr on the left hand side of the glass membrane.
The membrane is a cation exchange membrane and it contains the two mobile
ions Na™ and K*. The bromine over graphite electrodes are reversible to the
Brt ions only.

* Present address: Chemistry Dept., Faculty of Science, Moharam Bey, Alexandria Univer-
sity, Egypt.
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EXPERIMENTAL

The cell used in the present investigation is similar to the one described in previous
papers.},? The composition of the glass was 80 mol 9% SiO,, 10 mol 9% Al,O,, 5 mol 9%,
Na,COj; and 5 mol 9% K,COj;. All the components of the glass, obtained from E. Merck, Ger-
many, were ground together and melted. The glass was then crushed and remelted to assure
uniform composition. The emf of the above cell was investiged over a concentration range
Tnapr=0.06 to xy,p,=0.8 at 800°C. The temperature and emf were recorded on a dual
channel Philips recorder (type PR 2212A/00). Both were compensated by bucking po-
tentials supplied from a thermostatically housed reference voltage supply and divider
built by Sintef, Norway. These were calibrated daily against a Tinsley “Thermoelectric
Free” potentiometer. The analytical reagent grade salts, NaBr and KBr, obtained from
E. Merck, Germany, were melted before use in order to remove moisture and crushed into
suitable fragments before weighed out to give the wanted compositions.

The above cell was also used for the determination of the transport numbers of K+
andNa™t ions in the glass membrane. The course of a typical experiment was as follows.
The cathode compartment, containing the glass membrane at the bottom, was filled with
about 6 g of pure NaBr and then immersed in the fused NaBr-KBr mixture. Bromine gas
was bubbled over the graphite electrodes and a positive current of about 10 mA passed
through the cell from the mixture to the pure salt for about 8 h. The amount of charge
passing through the cell was measured with a digital coulombmeter. The amount of potas-
sium which had migrated into the cathode compartment through the glass membrane was
determined by flame photometry.

RESULTS AND DISCUSSION

The emf as function of composition of the galvanic cell
C(s)Bry(g) | NaBr(l) | Na-K glass | NaBr{1)KBr(l) | Br,(g)C(s)

is shown in Fig. 1. The emf is related to the change in Gibbs energy for the cell
reaction by the equation 3

2
4G = — EF = AaNaBr - f tK*d(aNa-sil. - G—K-sil.) (1)
1

over membrane

Using Gibbs-Duhem equation one obtains
2
4G = —EF = 4 G?NaBr'— f xtK* daNa-snl. (2)
1

K-sil.

over membrane

where AGyp=Cyx.pr — @ nape 18 the change in chemical potential on mixing,
¢+ is the transport number of potassium in the glass membrane and xg g
is the mol fraction of K* ions in the glass.

Since the emf and the Gibbs energy changes for the cell reaction are
dependent on the transport properties of the ions in the glass membrane sep-
arating the two half cells, one has to know the value of the integral in eqn. (2)
before the partial quantities of mixing can be calculated. For this reason the

“transport number of the K ions in the glass membrane was measured at 800°C.
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Fig. 1. Variation of emf with composition Fig. 2. Dependence of transport numbers

of NaBr-KBr melt at 800°C for the gal- in Na-K glass with composition of NaBr-
vanic cell: KBr melt at 800°C.

C(s)Br,(g) | NaBr(1)|Na-K glass|NaBr(l)

KBr()[Br,(g)C(s).

From the concentration of KBr in the pure NaBr melt after electrolysis, the
transport number of K™ ions in the glass membrane can be calculated from eqn.

@)

n Br
tee = 2“5‘/? ®3)

where nygy. is the number of equivalent of KBr found in the pure NaBr melt
after electrolysis and 4@ is the amount of charge transferred through the cell
measured in Coulomb.
The concentration dependence of the transport number is shown in Fig. 2.
In the above cell the pure NaBr in the left hand side compartment is used
as the standard state for NaBr in the mixture. Therefore, for a small change
in composition of the NaBr-KBr mixture the change in emf of the cell is given

by

FdE = — daNaBr + tx*d(b—m-six. - aK»ail.) (4)
Equilibrium is assumed at the interface between Na™ and K™ ions in solution
and Na* and K* ions in the silicate. For a small change in composition of the

NaBr-KBr mixture the change in the equilibrium conditions is described by
the following equation:

dGNaBr(z) + dGK-sil.(2) = dGKBr(2) + dGNa-sil.(z) (5)
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Combining eqns. (4) and (5) one obtains
FdE = - dGxap: + tx'd(Gyapr — Oxpe) = — bya'dGnapr — tx'dGxp  (6)
Using the Gibbs-Duhem equation, eqn. (6) takes the form

2
Y . ZRBr
AGppe = F 1f e dE (1)

— Tgpr

where 2.5 is the mol fraction of KBr in the mixture. A similar equation has
been derived by Ferland and Thulin ¢ for a similar system. For a given com-
position of the mixture NaBr-KBr, one can measure the emf, Z, of the cell
and the transport number of K ions in the glass, 5+, in equilibrium with the
bromide mixture. By plotting corresponding values of wgg[(fx+—Tgg,)
and FE, the change in chemical potential of NaBr on mixing, 4G'y,,, is ob-
tained as the area under the curve.

Hersh and Kleppa ® give the following equation for the molar enthalpies
of mixing in the liquid mixture of KBr and NaBr at 770°C:

AH = z2,( — 510 — 60z,) (8)

where z; and z, are the mol fractions of NaBr and KBr, respectively.
The enthalpy of mixing measured by Hersh and Kleppa were performed at
lower temperatures than the emf measurements presented in this work. The
enthalpy of mixing for simple alkaili halides and nitrates is not much tempera-
ture dependent. The entropies of mixing calculated by using Gibbs energies
and enthalpies measured at different temperatures are therefore quite reliable.

From the values obtained for AGyg,, 4Gxs, Was calculated using the
Gibbs-Duhem equation and 4G, could thus be determined by the equation

A6 iy = TrapeAGap o+ (1 — Tygaps) 4G, (9)

Differences between experimentally observed quantities and quantities to be
expected for a Temkin ¢ mixture or ideal mixture are given by the excess quan-
tities:

AGE = AGobs  — 4G4 (10)

Table 1. Thermodynamic data for the NaBr-KBr mixtures calculated from emf and
transport number measurements at 1073 K.

gt FE AaKBr AéNaBr AGmix AGEmix AHmix ASEmix
cal/mol cal/mol cal/mol cal/mol cal/mol cal/mol cal/deg. mol

8
~
o]
B

0.1 0.01 190 —-230 -—-5460 —753 -~ 59 —50.8 0.01
0.2 0.02 470 —-500 -3852 -1170 —103 ~89.3 0.01
0.3 0.04 760 —825 —2874 —1440 —137 —115.9 0.02
04 0.07 1090 —1225 -—2164 —1601 - 166 —-131.0 0.03
0.5 0.12 1450 —1650 —1613 -—-1632 —154 —135.0 0.02
0.6 0.18 1850 —22256 -—1169 —1591 — 156 —128.2 0.03
0.7 0.27 2280 —2875 —-800 —1423 —120 110.9 0.01
08 040 2810 —3850 —496 -—1167 - 100 —-83.5 0.02
09 060 3450 -—5375 —230 —745 —51 —46.4 0.00
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The excess entropy of mixing and the excess enthalpy of mixing are defined in
an analogous way.

The data of the excess quantities together with the transport numbers and
emf’s as function of composition are listed in Table 1.

The results indicate that there are small excess entropies of mixing which
means that the deviation from regular solution behaviour for the NaBr-KBr
mixture is very small.
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