DAEHAN HWAHAK HWOEJEE

%]ournal of the Korean Chemical Society)
ol. 14, No.2, 1970

Printed in Republic of Korea

Theoretical Calculation of Hydration Number and Activity

Coefficients of Salts in Concenirated Electrolyte Solutions

Yong Kil Sung - Mu Shik Jhon

Department of Chemistry, Dong Guk University and Korea Institute

of Science & Technology, Seoul, Korea

(Received Apr. 29, 1970)

Tig M

—_

ol

HE o Solix He| 32 HEX H =l

et 012Y EHF

FEA e FA AN 533 - AR gd T4 AASHA

4 & €

cH o2 A

(1970. 4. 29 A

ABSTRACT

The extension of the theory of the electrolyte solution to the calculation of the
hydration number and the mean activity coefficient of some 1 : 1 electrolytes in the

concentrated solutions has been made.

In this derivation, the hydration number has been calculated from the equation
of the dielectric constant proposed by Hobbs, Jhon, and Eyring, and the mean
activity coefficient from the theoretical formula developed by Jhon and Eyring.

The agreement between theory and experiment over a wide concentration range is

quite satisfactory.

INTRODUCTION

The theory of the activity coefficients of
salts in solutions was developed by Debye
& Hiickel(1) and extended by Bjerrum(2)
Guggenheim(3) Davies(4) and Fuoss &

Onsager(5).

Recently, Samoilov(6) studied theoretically
the hydration of ions in aquous solutions
and Khomutov(7) calculated the mean
activity coefficients of salts by a
semiempirical formula using the second
approximation of the Debye-Hiickel
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theory and the simple electrostatic theory
of solvation proposed by Born,

In this paper, we propose a equation of
dielectric constant for obtaining the hyd-
ration number of salts, and calculate the
mean activity coefhicients of salts in the
concentrated electrolyte solutions from the
theoretical formula which is based on the
statistical thermodynamical considerations.

THEORY

A) Hydration Number

According to the domain theory of the
dielectric constant of H-bonded Hhquids
proposed by Hobbs, Jhon, and Eyring(8)
the dielectric constant of water is given
by

(e—n*)(2e+n%) —dx N ( 7242 )2
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Here n is the refractive index approp-

_|_

riate to electronic and atomic polarizabi-
lity, ¢ is dielectric constant, N is Avog-
adro’s number, V,is the molar volume of
the solid, V is the molar volume of the
liquid at temperature T, k is the Boltzm-
ann constant, and y the value of the pe-
rmanent dipole moment characteristic of
the isolated molecule.

This theory is successfully extended to
mixtures(9)

Now, we apply the Eq(l) to the
electrolyte solutions.

When the solute (salts) are dissolved
into water, - the dielectric constants of sol-
utions are decreased.

These phenomena suggest us that the
hydration occurs between solute and solv-
ent in the electrolyte solutions, i e hyd-
ration in solution is the result of interact-
jons between solute (salts) and solvent
(water).

Salt hydration in solution has become
considered as a combination of a certain
number of water molecules with the salts,
and, for each salt, has been described in
terms of a so-called hydration number,.

The number of moles of hydrated water-
per each mole of solute in solution is

’ -

m

K;
55.51 -Z-l 1+ K;
number of site of the ion of i-th kind and

n; in which n; is the

K; is the equilibrium constant between
water adsorbed on site produced by the
ion of i-th kind and free water.

For the derivation of the dielectic co-
nstant of the electrolyte solutions, we
assume that the fraction of the hydrated
water in solution is not contributed to the
orientation polarizability calculation since:
these small islands with an ion are diffic-
ult to rotate to the field direction.

And actual molar volume of water in the:
solution is used in the equation.

Then, the dielectric constant of the
electrolyte solution is given by

p(l____ﬁe;ﬂi_).
(e—n®)(2e+n?) — 4N 1000+m'M
¥ 18. 016

3¢
( nt+2 )2[ V, . _pfcos’f
3 14 kT

V-V, g ]( w3
Ty g\ s A

K Ve ererieeenanaions e (O,
1+K; ”*) (2

Journal of the Korean Chemical Society



Theoretical Calculation of Hydration Number and Activity Coefficients of 187
Salts in Concentrated Electrolyte Solutions

where M is gram molecular weight of salt,

i=1

) —1—{-{-}(—'”" is the hydration number, p

is the density of the solution, and m’ is

molality, respectively.

B) Activity Coefficient

From statistical theories, ‘the concentrat-
ion dependence of the activity coefficients
of electrolytes is accordance with experime.-
ntal results only in dilute solution.

And the agreement between experime-
ntal and theoretical activity coefficients is
only for certain uni-univalent electrolytes
observed up to concentration 0.1-0.5M
10).

The auther propose a method of allow-
ing for the influence of salt hydration on
activity coefficients by introducing into
the statistical mechanical equations,

The energy effects caused by the elect-
rostatic interaction of salts and by their
hydration are considered independently,

The former effect is taken into account
by the theoretical term derived by Jjhon
and Eyring (11) from the Debye-Hiickel
theory.

The latter effect is regarded as resulting
from the change in hydration number with
variation in the electrolyte concentration.

In comformity with the proposed met-
hod of allowing for the two types of in-
teraction, the chemical potential g; of the
salt in solution at a mole fraction N; can
be expressed as follows:

#;=p; "+ RTLNf;

The mean activity coefficient, f;, of

salts is
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JiT=Fpop = fayrereerreororeevrniniiinn, (4)
The first term is given by Eq. (20) in
Appendix,

fo-u E:cp\ 8 [(1-{—&&)(53 )

+h5Q+a) - ELa+ ) ) e 5

The second hydration term is formulated
as follows:

K
f(SJr, H20+H20)=fH20(K1) I-II;KI ............ (6)
S o+ =FfH, 20( K, )T]'—T; ............ (7)

Where K, is the equilibrium constant
between water adsorbed on site produced
by cation and free water and K, is the eq-
uilibrium constant between water adsorbed
on site produced by anion and free water.

If we assume that n, and K, are equal
to n; and K, respectively, the hydration
term of hydrated water on the average is
given by

Srr=(KD

in which K, is the equilibrium constant
between water adsorbed on site produced
by salt and free water.

-—‘———-1 +}<; Zﬂ{m' ...................... (8)

Therefore, the mean activity coefficient
of the solution is given by as follows:

]
fi= (K '

- exp [—%{ (Tﬁ%j (53 - ‘]") + ali(l—f- ax)
—a“zgln(l+ax)]}

CALCULATIONS AND
RESULTS

A) Hydration Number

For convenience in actual calculations,
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the Eq. (2) may be rearranged to give
55. 51 1’1_ (e—n*)2¢+n%)
m' L 3e

2 K'.
EES A
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[t P\" T TT000F M ] ( n?-2 )2
18.016
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Putting the known values of ¢ (12,13)
72 (14), p (14,15,16) for electrolyte so-
lutions and V,, Vuo (17) for water at
a given temperature and molality into Eq.

. 2 K
(10), we obtain the values of ,-Zf‘l TK

the hydration number of the salts in sol-

Ry

utions.

In the calculation cos?d is taken as Q.
964(8) and u as 1.83 debye (18).

The results obtained are compared in
Table 1 with the esperimental values by
Robinson’s (19), Miller's (20),
Wada’s methods (21).

TABLE 1. The Comparision of the Hydra-
tion Numbers.

and

Caled Robinson’s Miller's Wada's

Salt (19 200 (2D

LiCI 892 65 123 12,0
NeCl 7.08 35 7.3 6.7
NaBr 7.43 4.15 8.2 7.7
Nal 771 505 89 9.1
RCI 560 L9 42 42
KI 605 245 51 4.8
RbCI 4,89 L2 35 4.0

B) Activity Coefficient

The mean activity coefficients of elect-

+ Mu Shik Jhon

rolyte solutions have been calculated by
means of Eq. (9) for concentrations of
0. 1-4M sodium chloride and 0. 1-2M with
the other halides.

In the calculation, we have to determ-
ine the values of x, Debye-Hiickel para-
meter and a, the ionic radii of hydrated
salt.

In order to determine the value of &#,
we used the equation described in the

Ref. (22),
i e
x=—é%%l’/e A-1 where Iz—%Zm;ZF.

And we assumed that the ionic radii of
hydrated salts are given as

i‘ Vm!t+( az."i]_!{_iTini )VH:D ]]1/3

—(_3 =
a—[ 4w \ 2 f
Putting the values of K n; and

the known values of V,,, (23,24) and
Vo (17), we obtain the value of a
And we determined the value of X; from.
the number of hydration. Thus, we have

tin
1.5 °

J s Experimental

é_—_; Calcuated
1'0\—/IJCI
Nl . NaCl. |

) t-\\\?\\ﬁ:_;f:' ._“—__::___}___C',_T ______

03 T R

0.5 1.0 15 2.0 25
CONCENTRATION (m’)

Fig. 1. Activity coefficients of alkali metal
chlorides at various concentration;
experimental data from ref. (19)
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calculated the mean activity coefficient of
salts in concentrated electrolyte solutions.

The calculated mean activity coefhcients
are compared with experimental values
(19) in Fig. 1 and 2.

fln
1.5
Experimental
== Calculated

10
Nﬂl/’/
- e ——RaBr -
R = 4 S

0.5r

05 1.0 1.5 20 2.5
CONCENTRATION (m")

fig. 2. Activity coefficients of alkali metel
bromide and iodides at various co-
ncentration; experimental data from
ref. (19).

DISCUSION

The above results for hydration number
and activity coefficients of salts in conce-
ntrated electrolyte solutions provide the
validity of Samoilos’s (6) and Hiickel's
view (25) that concentration dependence
of ¢ must be taken into account.

Combining the completed Debye-Hiickel
term proposed by Jhon and Eyring (11)
with the electrostatic theory of ionic hyd-
ration, we are able to deduce a formula
(9) for the dependence of ionic activity
coefficients on ionic strength, dielectric
constant, and ionic radii in solution.

Vean activity coefhcients calculated from

the theory proposed by authors agree with
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experimental values for sodium chloride
over the concentration range (. 1-4M and
for 0. 1-2M LiCl, NaBr, Nal, KCl, KI,
and RbhCL

And the significant deviation for the
activity coeflicient of LiCl in solution
between theory and experiment may be
explained as the remarkable difference be-
tween the size of the hydrated cation and
that of the hydrated anion.

Both two eifects of the electrostatic in-
teraction and the ionic hydration are ind-
ependently contributed to the activity coe-
{iicients of the salts.

From the Table I, we can correlate the
values of the hydration number of salts
one another-i e., the size of the hydrated
ionic radii of salts is LiCI>>Nal>NaBr>
NaCI>KI>KCI>RbCI, more precisely,
Li*>Na*>K*>Rh~ and Cl-=~Br I,

And our results obtained from Eq. (10)
of the dielectric constant of electrolyte
solution are quite satisfactory compared
with experimental results.

For further test of the validity of this
approach, consideration should be given
to1:2 and 2: 2 salt systems in aquous
solutions, if the experimental data of die-

lectric constants for such a system are pro-
vided.
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APPENDIX

Derivation of Helmholtz Free Ener-
gy Term from Debye-Hiickel’s theory
Gibb’s Free Energy is written as

D U
T R 2N ()

3
‘““%ZN;&T(I,,A o1

3
= ENs'lnA 0T Z Nil,r;

N, Zetx )

3
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Multiply above equation by dV/V and
integrate from p tc 0, and V to oo, ke-
ep N, T"constant

("]
fodp ‘r"__ V'2 dVEN
o &hT
* fv 167 (H a2y 4VaD

P
kT EO‘+ J v ]_br(l-f—ar:)zV av(i2)

£=0, as V=co0

Therefore,
P ¢ 3
7=t | YR
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Then, the extra term due to Debve-
Hiickel's theory is

Ap-g V(& 1 &

T 87 | 14ax +03T at
2 _ 1_“}
dgln(l—f'ﬂﬁ) ma,s(]_'%—a;\’)

............ vrereseeneee e (19)

And the partition function for the term
from Debye-Hiickel's theory is

son=Et g\ ( ) (2= 5)
L tan) - Z1,(1+ar) |] (20)

where 4 is the ionic radii.
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