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This work is a study on the dissociation of the strong electrolytes. We have shovn
that the degrees of dissociation obtained from the integral heat of dilution as well as
from the conductance measurements ersures the obtainment of better results in the
computation of the activity coefficient. Therefore, the thought that there are un-dis-
. sociated units in the solutions of the mentioned strong electrolytes gains strength.

INTRODUCTION

Characteristic strong electrolytes such as NaCl, KCl, KBr
etc. are often supposed as being entirely dissociated in each con-
centration. But there are signs which indicate that the situation
must not be so, as pointed out as early as in 1927 by Nernst,
Naude and Orthmann. For instance the course of the integral
heat of dilution of many strong electrolytes, specially in the con-
centrated solutions show that these electrolytes do not comp-
letely dissociated. This fact had been taken into account also
by Eigen and Wicke after 1951. Eigen and Wicke have calcu-
lated also the dissociation constants suitable for the course of
the integral heat of dilution for some strong electrolytes. Should
the case be so, it would then be right to expect the obtainment
of better results by taking into account the effects of the incomp-
lete dissociation when trying to express by an equation the cha-
racteristics representing the deviation from the ideal case of the
strong electrolytes solutions for instance their activity coefficient

* This paper is a part of a thesis submitted to the Faculty of Science, University
of Ankara in partial fulfillment of the requirments for the degree of “Doctor of Science”
by A. Zeren.
** Mailing adress; A. U. Fen Fekiiltesi, Ankara, Tiirkey.
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Starting from this idea we have made the necessary changes in
an equation based on a solution model completely dissociated,
and arranged it in such a way as to suit also an incomplete dis-
sociation. Then using this equation we have calculated the ac-
tivity coefficients of some strong electrolytes. The calculations
we made for NaCl, KCl, KBr, CsCl, CsBr and RbCl have show
that the degree of dissociation which can explain the course of
the integral heat of dilution of these electrolytes permits the
obtainment of results more suitable to experimenfs in the cal-
culation of the activity coefficient and consequently that the
idea that these electrolytes do not undergo a complete dissocia-
tion is right.

Solutions Models

The studies carried out so far to find equations linking the
activity coefficients to other characteristics are based on a num-
ber of different solution models [1-37]. In these models it is
noticed that it is desired to explain the deviation from the ideal
case mainly through three factor such as (1) interionic electros-
tatic interaction, (2) hydration caused by ion-solvent effect, (3)
association caused by ion-ion effect. The solution models used
generally take into account one or two of these factors. It is very
reasonable to expect the model comprising the three factors to
be more successful than all the other models. But it cannot be
said that a model combining these three factors will be a per-
fect one; it may be necessary to add some other secondary fac-
tors to the model. We have dwelt only on an electrolytic solu-
tion model which brings together these three factors. In this
model the soluted electrolyte, together with free ions, produces
units also which are equivalent to non-dissociated molecules in
equilibrium with them. The proportion of these units can change
between zero and one depending on the existing conditions and
the nature of the electrolyte. Furthermore, we admit that free
ions with mutual electrostatic action are in a hydratized state
caused by water molecules whose number depends on their na-
ture and that the hydration number does not change by con-
concentration.
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The reason for our thinking on such a model is not simply
to bring together the different characteristics in the models used
so far. 1t is possible also to explain by this model the abnorma-
lities noticed in the integral heat of dilution of many strong elect-
rolytes. The deviation from the theoretical slope in the curves
of the integral heat of dilution as well as the negative dilution
heats noticed in concentrated solutions lead one to think that
even some electrolytes which may be considered as model strong
electrolytes are not found in an entirely dissociated state [38-
40]. Electrolytes the dilution heat of which shows such abnor-
malities can be represented by a model much closer to reality
through their being attributed a dissociation constant capable
of explaining the abnormality.

An Equation That Can Also Express The

Incomplete Dissociation

In order to be able to test the correctness of the asspmption
that the dissociation of strong electrolytes whose integral heat
of dilution show abnormalities should not be complete, we chose
the way of calculating the activity coefficient of these strong
electrolytes, by an equation which takes in account also the in-
complete dissociation. If the values we shall calculate from this
equation would agree with the experimental results up to the
higher concentrations than those calculated for the state of com-
plete dissociation, we would than consider this fact as a strong
support of the idea which claims that the dissociation is not com-
plete. For this test, we have chosen the Robinson-Stokes equa-
tion [24] whose basic model is more or less close to the one we
have thought of and which has already given remarkably good
results for many electrolytes. We have modified this equation
initially conceived for complete dissociation in such a way as to
conform to incomplete dissociation. Because of the incomplete
dissociation the ion concentration in the solution will be less than
the stoichiometric concentration. The mean concentration of
the ions produced by an electrolyte which we solved in water
to obtain m stoichiometric molality would be not m but about
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ma. If we show by n the number of the total water molecules
which the ions produced by a single electrolyte molecule attach
to themselves, the water quantity attached by all the ions in
the solution should be about nma. If we deduct this attached
water from 55.51 mol which is the total amount of the solvent
we get the value of 55.51 - nma as the free water amount in the
solution. This means that the water amount which determines
the solution molality is not 55.51 mol but 55.51 - nma mol. So,
the exact molality of the solution will not be equivalent to m
or to moa but to a value like

55.51 ma mo
55.51-nme 1-0.018 nmu«

For the process of establishing the equation we used this con-
centration value. As a starting point we used the

n
log my = log m’y’ — — log a, B )]
v

equation obtained by Harned [41] from the equilibriums in the
aqueous solution of an electrolyte. In this equation m denotes
the stoichiometric molality; y the mean molal activity coeffici-
ent of electrolyte; m’ the real molality in the case of hydratized
ions; 7’ the mean molal activity coefficient of hydratized ions.
By re-establishing this equation we get the relation of

m n
logy = logy’ — log — - — log a, .3

m’ v
Now in this equation let us put the

m 1-0.018 nm«

m o
value:
1-0.018 nma n ‘
logy = logy’ - log ———————— - — log a,
« v '
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Instead of the molal activity coefficient of the hydratized ions »’
we can put the value
logy’ = logf’ - log (1+0. 018vm)
of the kind of the rational activity coefficient f’:
k ‘ - 1-0.018 nme n -
logy = logf’ - log (14-0. 018vm’) - log —————— - —loga,

-4 v

If we arrange the equation and instead of m’ we put its value
from relation (1), we get the equation of

n 1 .
logy = logf’ - — log a,-log [— - 0.018 (n-v)m]. 4)

v o

Instead of the water activity a, we find here we can put the value
log ayz = - 0,007824v m® i

which is of the kind of the osmotic coefficient of the solutmn

1
logy = logf’ +0.007824 nm® - log [— - 0.018 (n-v)m].
' o

Instead of the term on the right which is the logarithm of the
rational activity coefficient of hydratised ions we can put the
value

' 0.5092 7, z, 4/p
logf = -

1403286 & ./,

as also Stokes and Robinson by admitting that a°® parameter
is the nearest distance that hydratised ions can reach and thus
we can ensure the interionic electrostatic interaction also to be
represented in the equation:

0.5092 z, 7, v/

14 0.3286 & \/"f

logy = -

| 1
+ 0.007824nm® - log [— — 0,018 (av)m]. (5)
" :
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Equation Test

To test the equation (5) which we changed to conform to
the solution model we thought of we needed the dissociation
degrees of the various concentrations of the different’ electroly-
tes. At the same time we vanted that these dissociation degrees
could explain the course of the integral heat of dilution. Eigen
and Wicke [27] have determined the dissociation constants
conform to the course of dilution heats for NaCl, KCl, KBr,
CsCl and CsBr. We took these values as they were. We made
also use, for CsCl and RbCl, of dissociation degrees given by Da-
vies [42] on the basis of conductance measurements. Thus for
CsCl, we have compared the constant given by Eigen-Wicke
with the one given by Davies and in this way we have demonst-
rated that it is possible to get better results by slightly changing
the constants.

We have calculated the « values which we have used in
equation (5) with the help of the relation

cy’a’

1-«

of the dissociation constants we have mentioned. Then putting
these o values into the equation we have searched, for the con-
centrations up to 5 molals, the most convenient & which gives
the logy values conforming to the experimental results as well
as the n .parametres,

RESULTS

The values we have obtained for six electrolytes are seen
in the table and in the graphic. The result is really. good. For
the five electrolytes outside NaCl, it has been possible to obtain
activity coefficients conforming to experimental results in con-
centrated solutions up to 5 molals. For RbCl to which Stokes-
Robinson equatlon can correspond only up to 1.5 molals, equa--
tion (5) has given results suitable to experiments up to 5.0 mo-
lals. Again, in the case of CsCl and CsBr to which Stokes-Ro-
binson equation cannot be applied, it has been possible to get
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NaCl
(K = 6.0; & = 4.06; n = 5.20)
—logy
m (caled) (exp) Diff.
0.1 0.110 0.109 . 40.001
0.5 0.168 0.167 +-0.001
1.0 0.181 0.182 —0.001
2.0 0.171 ©0.175 —0.004
3.0 0.146 0.146 0.000
4.0 0.120 0.106 +0.014
5.0 0.093 0.058 +0.035
KCI
(K = 2.5; & = 4.33; n = 3.80)
—logy
m (Caled) (exp) Diff.
0.1 0.116 0.113 +0.003
0.5 0.189 0.188 +0.001
1.0 0.219 0.219 0.000
2.0 0.240 0.242 —0.002
3.0 0.243 0.245 —0.002
4.0 0.240 0.239 -+0.001
4.5 0.238 0.234 -+0.004
) KBr
(K = 2.5; & = 4.62; n = 4.20)
—logy
m | (caled) | (exp) Diff.
0.1 0.114 ~0.112 +0.002
0.5 0.181 0.182 —0.001
1.0 0.207 0.210 —0.003
2.0 2.223 0.227 —0.004
3.0 0.223 0.225 —0.002
4.0 0.219 0.216 +-0.003
5.0 0.206 0.203 +0.003
CsCl
(K = 2.0; 4= 3.21; n = 3.20)
—log vy
m } (caled) | (exp) Diff.
0.1 0.129 0.121 +0.008
0.5 0.222 1 0.217 -+0.005
1.0 0.265 0.264 +0.001
2.0 0.302 0.304 —0.002
3.0 0.318 0.320 —0.002
4.0 0.325 0.324 +-0.001
5.0 0.327 0.323 +0.004
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CsCl
(K = 2.97; 4 = 2.93; n = 3.00)

. —logy
m (caled) (exp) Diff.
0.1 0.127 0.121 --0.006
0.5 0.222 0.217 +0.005
1.0 0.265 0.264 +0.001
2.0 0.303 0.304 —0.001
3.0 0.317 0.320 —0.003
4.0 0.323 0.324 —0.001
5.0 0.325 0.323 +0.002
CsBr
(K = 0.9; & = 4.28; n = 3.40)
—logy
m (caled) (exp) Diff.
0.1 0.131 0.123 +0.008
0.5 0.226 0.220 ‘ -+0.006
1.0 0.271 0.269 +0.002
2.0 0.311 0.313 —0.002
3.0 0.330 0.332 —0.002
4.0 0.341 0.340 +0.001
5.0 0.345 0.344 +0.001
Rb(Cl
(K = 5.75; 4 = 3.42; n = 2.87)
—Jogy
m (caled) (exp) Diff.
0.1 0.119 0.117 -+0.002
0.5 0.200 0.198 +0.002
1.0 0.235 0.234 +0.001
2.0 0.261 0.263 —0.002
3.0 0.268 0.271 —0.003
4.0 0.270 0.269 +0.001
5.0 0.265 0.263 -+4-0.002
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logy . L.NaCl

K = 6,0
g e 2,06
-0,100 n o= 5.20
IE.EC1
K'e 2,5
8« 4,33
n = 3.80

IT.RbC1
= 5,75
= 3,42
= 2,87

-0,200 A

1V.CsCl

-0.7300
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C 1.0 2.0 o
0,100 /m
tog ¥ V.KBr
K= 2,5
8- 4,62
n=4,20
VI.CsCl
-0.,200 K - 2,97
8 - 2,93
n = 3,00
VII.CeBr
K= 0,9
g = 4,28
0,300 n = 3,40

results that can be considered as very good up to 5.0 molals.
As regard KCl and KBr, while Stokes-Robinson equation has
given good results up to 4.0 molals the equation (5) has given
good results up to 4.5 and 5.0 molals. Altough Stokes-Robinson
equation has given good result up to 5.0 molals only in the case
of NaCl equation (5) has shown deviations after 3.5 molals. This
result shows that NaCl is dissociated in an amount different
from that calculated by Eigen-Wicke.

Comparison of Maximum Concentrations where Stokes-

Robinson and (5) equation can be applied

Stokes-Robinson Equation (5)

NaCl molals
Kl
KBr
’ RbCl

{ CsCl -

[l ]
Noo o

CsBr -
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Thus we have shown that the degrees of dissociation ob-
tained from the integral heat of dilution as well as from the con-
ductance measurements ensures the obtainment of better results
in the computation of the activity coefficient. Therefore, the
thought that there are un-dissociated units in the solutions of
the mentioned strong electrolytes gains strength. But have these
undissociated units been brought about by incomplete disso-
ciation or by ion association. For 1-1 electrolytes critical Bjer-
rum distance is 3.57 A in water (25° C). In exchange, the &
values which ensure the equation (5), are greater than this dis-
tance for those other than CsCl and RbCl. Then it is more rea- -
sopable to speak, not of ion pair formation but- of incomplete
dissociation.

REFERENCES

[ 1] G. N. Lewis, G. A. Linhart, J. Am. Chem. Soc. 41, 1951 (1919)
[ 2] G. N. Lewis, M. Randall, J. Am. Chem. Soc. 43, 1112 (1921)

-
[ 3] N.. Bjerrum, Medd. vetensk Akad. Nobelinst. 5, No. 16.(1919)
Z. anorg. Chem. 109, 275 (1920)

[ 4] H. S. Harned, J. Am. Chem. Soc. 42, 1808 (1920)

[ 5] H. 5. Harned, J. Am. Chem. Soc. 44, 252 (1922)

[ 6] J. N. Bronsted, J. Am. Chem. Soc. 44, 938 (1922)

[ 71 J. N. Brongted, J. Am. Chem. Soc. 45, 2898 (1923)

[ 8] P. Debye, E. Hiickel, Phys. Z. 24, 185 (1923)

[ 9] E. Hiickel, Phys. Z. 26, 93 (1925)

[10] G. Scatchard, J. Am. Chem. Soc. 47, 648 (1925)

[11] E. Gintelberg, Z. Phys. Chem. 123, 199 (1926)

[12] N. Bjerrum, Kgl. Danske Vidensk. Selskab. 7, No. 9 (1926)

[13] T. H. Gronwall, V. K. Lamer, K. Sandvec!, Physik. Z. 29, 358 (1929)

[14] V. K. Lamer, T. H. Gronwall, L. J. Greiff, J. Physical Chem. 35, 2245 (1931)
[15] R. M. Fuoss. C. A. Kraus, J. Am. Chem. Soc. 55, 1019, 2387 (1933) 57, 1 (1935)
[16] E. A. Guggenheim, Phil. Mag. 19, 583 (1935)

(17} E. A. Guggenheim, J. C. Turgeon, Trans. Faraday Soc. 51, 747 (1955)
[18] A. S. Brown, D. A. Macinnes, J. Am. Chem. Soc. 57, 1356 (1935)



90 A. ZEREN AND S. AYBAR

{191 T. Shedlovsky, D. A. MacInnes, J. Am. Chem. Soc. 58, 1970 (1936)
[20] G. Scatchard, Chem. Revs. 19, 309 (1936)

{21] G. Scatchard, Structure of Electrolytic Solutions (Hamer), John Wiley
(1959), p. 9

[22] C. W. Davies, J. Chem. Soc. 2093 (1938)
[23] H. S. Frank, J. Am. Chem. Soc. 63, 1789 (1941)
[24] R. H. Stokes, R. A. Robinson, J. Am. Chem. Soc. 70, 1870 (1948)
[25] J. E. Mayer, J. Chem. Phys. 18, 1426 (1950)
[26] J. C. Poirier, J. Chem. Phys. 21, 965 (1953)
[27] E. Wicke, M. Eigen, Naturwisseﬁschaften, 38, 453 (1951), 39, 545 (1952)
Z. Elektrochem. 56, 551 (1952), 57, 319‘ (1953)
. J. Phys. Chem. 58. 702 (1954)
[28] H. Falkenhagen, G. Kelbz, Ann. d. Physik 6, 11 (1952)
[29] H. Falkenhagen, E. Schmutzer, Naturwissenschaften, 40, 314 (1953)
[30] E. Schmutzer, Z. Physik. Chem. (Leipzig) 203, 292 (1954)
[31] E. Glueckauf, Trans. Faraday Soc. 51, 1235 (1955)
[32] R. H. Stokes, R. A. Robinson, Trans. Faraday Sos. 53, 301 (1957)
[33] M. Sengupta, Proc. Natl. Inst. Sci. India, 22 A, 13 (1956)

[34] F. Cernuschi, M. Giambiagi, M. Segre, Notas Fis. Centro Brasil Presquias Fis. 9
(8), 145 (1962) :
[35] V. G. Lewich, V. A. Kir yanov, Zh. Fiz. Khim. 36, 1646 (1962)

[36] J. E. Degnoyers, B. E. Conway, J. Phys. Chem. 68, 2305 (1964)
[37] D. Leskovsek, Z. Physik. Chem. (Frankfurt) 46, 3 /4, 251 (1965)
[38] W. Nernst. Z. Elektrochem. 33, 428 (1927)

[39] W. Orthmann, Ergeb. exakt. Naturw. VI, 155 (1927)

[40] S. M. Naude, Z. physik. Chem. 135, 209 (1928)

[41] H. S. Harned, The Physical Chemistry of Electrolytic Solutions, Rein-
hold (1950), p. 606 ’

[42] €. W. Davies, Trans. Faraday Soc. 23, 355 (1927)

OZET

Kuvvetli elektrolitlerin aktiflik katsayilarmin hesabinda, séyrelme isilarinmn gi-
disine uygun disosiasyon dereceleri kullanarak, deneylere daha yiiksek konsantrasyon-
lara kadar uygun degerler elde edilebilecegi gosterilmigtir. Dolaysiyle, s6z konusu kuv-
vetli elektrolitlerin cozeltilerinde disosiye olmamis birimlerin bulundugu diigiiﬁcesi
kuvvetlenmektedir,
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