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 A Note on the Theory of Solution of Hydrated systems 

By Toshio IKEDA 

(Received July 12, 1950)

 The Solution of Electrolytes 

It is well-known that the Debye-Huckel's 
theory of solution of strong electrolytes does 
not hold good any longer for the solutions of 
the concentration greater than 0.01 mols per 
litre. But taking the hydration of solute into 
account we can interpret the experimental 
results almost up to the concentration of 
saturation for any sort of solution. 

 Fundamental Equations.-Now, this theory 
is based on the following three assumptions: 
 1. The complete dissociation of electrolyte 

is assumed for simplicity. 
 2. The second, the most essential of this 

theory, is that the hydration water attached 
to an ion in a co-ordinated position by its 
strong field can not play the role of solvent 
in an ordinary sense; hence the number of 
molecules of free solvent in an aqueous solution 
of the concentration m represented in molality, 
namely mols of solute per 1000 g. of solvent, 
may be reduced to

where v+ and v- are the number of positive 

and negative ions created by the dissociation

of one molecule of salt, while α+ and α-_

being the hydration number of positive and 
negative ions respectively and assumed to be 
constants at a given temperature characteristic 
of the sorts of ion and solvent throughout the 
whole range of concentration. 

 3. The third is that the water outside of 
hydration shell, within which the dielectric 
saturation takes place, behaves normal. Fur-
thermore, for simplicity it is assumed that the 
interactions between hydrated ion and mole-
cules around it are independent of concentra-
tion. In this model, therefore, the solution is 
composed of the hydrated ions and of the 
free water molecules bearing themselves quasi-
ideal, if the electrostatic interactions were 
ignored. 
 Upon taking the hydration into consideration 

the partial molal free energy of solute, FF, can 
be expressed in the following form:

(1)

where F1° and F1°' are the standard free

energies, which differ from the ordinary ones

owing to hydration, R, gas constant, T, absolute

temperature, f±, Debye-Huckel's mean activity

coefficient of salt(in which only the interionic

aLttractiona are taken ihto accoiuht),and γ±,

stoichiometrical mean activity coefficient of

salt(in which both effects of interionic attrac-

Lions and of hydration are taken into con-

sideration).

Upon introducing into Eq. (1) the usual

convention of,f±=γ ±=1 at infinite dilution

i.e., m→0, the relations

(2)

may be obtained. According to Debye and 

Hiickel,

(3)

where z+ and z- are the ionic valencies of 

positive and negative ions respectively, e, the 
electronic charge, D, the dielectric constant of 

solvent in solution, k, Boltzmann's constant, 

a, the mean distance of approach of two 

hydrated ions, N, Avogadro's number, and w, 

the ionic strength. 

 In a similar way we can define the partial 

molal free energy F0 of free solvent in aqueous 

solution of a single sort of salt as.

(4)
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where F0° is the standard free energy of

solvent, and α0 is the activity of free solvent.

And f0 is the electrostatic activity coefficient

of the free solvent of the following formula

(5)

where V0 is the molecular volume of solvent.

Itmay easily'be shown that the hydration

has strictly ho effect upOh F0°.

NOW the praCtiCal OSmOtiC coefficient, φ,

may be defined as follows:

(6)

Table l

The Activity Coefficients of Sodium

CLIoride and the Logarithms of

Activity of Water at 25℃.(1),(2),(3)

*α=4 .32A.,α+十 α-=6.0

** α=4 .32A., α++α-=3.

If the hydration does not exist, i. e., in the

case of α+=α-=0, all the equations cited

above may be reduced to the ordinarily known

formulae.

However, these equations contain two con-

stahts, α and v+α++v-α-, of which exact

values are not obtainable at present by purely 

theoretical bases. Therefore, they must be 

determined at present as parameters so as to 

give agreements between the observed and 
calculated values. It is evident, however, 

that they are in the closest relation with each 

other and must be reduced ultimately to one. 

The CamnariRan between the Calculated

and Observed Values of γ± and φ at 25°.

-The calculations for about 31 electrolytic

aqueous solutions at 25° were made by the

writer. Some of these results axe compared in

Table 1, Fig.1 ahd Fig.2.

Fig.1.-The activity coefficients of 1-1,2-1

and 3-1 electrolytes at 25℃.Observed

values: ○, LiCl;○, SrCl2;Q,: PrCl3. Full

line is calculated by Eqs,(2)and(3)

 curve 1 (LiCl),α==5.26 A.,α+十 α-=11;

Curve 2(SrCl2),a=4.68 A., a++2α-=18;

 curve 3(PrCl3), a=6.149., a++3α-=28.

 The agreements between calculated and 
observed values are satisfactorily excellent over 
the wide range of concentration: the deviations 
being within 1 % for most uni-uni valent salts 
of the concentration up to 4 M (but to 3 M 
in case of HCl and LiCl) and for CaCl2 type

(1) Landolt, Bornstein, -Physic. Chem. Tabellen," 
Erg. Bd. III, Berlin, 1936, p. 2153. 

(2) G. 8catcliard, W. Hamer and S. E. Wood, ibid., 60, 
3061 (1938). 

(3) Landolt, Bornstein, •" Physik. Chem. Tabellen," 
Erg. Bd. II, 1931, p. 1126.
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Fig.2.-The osmotic coefficieht of NaCl at

 25℃.: ○,observation. Full line is calculated

 by Eqs.(5)ahd(6):a=4.32 A., α++α-=3.

saIts of the concehtration up to 2 M(but to

0.5 M in case of ZnCl2), and the deviations

being within 2%for: LaCl3 type salts of the

cohcentratioh up to 1.6 M. The best fit values

of a and v+α++v-α-for activiもy coeMcients

are tabulated in Table 2, in which the fourth

row refers to the literatures with which the

values are compared.

For all nitrates, sulphates and for a few of

chlorides such as ZnCl2 and CdCl2, both the

α values and v+α++v-α- value8 re either

exceedingly small or not satisfactorily obtain-
able. This probably might be due to the fact 
the ions of these salts, as compared with the 
other salts, are so liable to associate or to form 
the complexes even in the dilute solution that 
the apparent concentration of these ions be-
comes small enough to cancel the effects of 
hydration on the activity coefficients. If these 
contributions are taken into consideration the 
values in Table 2 might slightly be altered. 
And in addition to them the effects of the 
change of the dielectric constants of solution 
by varying the concentration (6) must be taken 
into consideration in order to make the theory 
more complete. 

Considering the sizes of molecules and ions 
the hydration number of an ion would pro-
bably be less than 12 for most monovalent 
simple ions. According to Bernal and Fowler(7), 
it must be 4 for all the monovalent simple 
ions, and 6 or 8 for divalent ions. But from 
the lowering of the dielectric constant of 
aqueous salt solutions, Hasted, Ritson and 
Collie(8) have estimated the minimum hvdra-
tion number of positive ions at 10 for H+,6

for Li+,4 for Na+, K+ ahd Rb+; 14 for Mg++

and Ba++; and 22 La+++.

Finally, however, it is not yet understood

why the mosもfavorable values of a and V+α+

+V-α-for γ± and for φ do not agree with

each other.

 Table2

The Values of the Mean Distance of Approach of Ions, and of the Molecular

Hydration Dumber.(4)(5)

 (4) Landolt, Bornstein, "hysik. Chem. Tabellen," 
Erg. Bd. III. 1936, p. 2138. 

(5) R. A. Robinson and H. S. Harned, Chem. Rev., 28, 
419 (1941).

(6) E. Huickel, Physik. Zeits., 26, 93 (1925). 
(7) J. D. Bernal and R. H. Fowler, J. Chem. Phys., 1, 

515 (1933). 
(8) J. B. Hasted, D. M. Ritson and C. H. Collie, J. 

Chem. Phys., 16, 1 (1948).
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 The Solution of Non-Electrolytes 

 The van't Hoff's theory of dilute solution 
does-not hold good any longer for the con-
centration higher than 0.1 mol per liter, while 
the hydration theory is applicable also for 
the interpretation of the properties of the 
solutions of non-electrolytes. The mechanism 
of hydration of non-electrolytes, different from 
that of . electrolytes, is due chiefly to the 
hydrogen bond formation between solute and 
water molecules. As the strength of the 
hydrogen bond between water and hydroxyl 
radicals of organic compounds is assumed, in 
many cases, to be somewhat stronger than that 
of water(9), the function of water as solvent 
might be somewhat diminished when the 
hydration occurs. Thus the activity coefficient

γ and the osmotic coefTicient φ of the aqueous

solution on the molality (mols of solute per 
1000g. of solvent) scale can be calculated by 
the following equations (cf. Eqs. (2) and (6)),

(7) 

(8)

by adjusting only one parameter α, the number

of hydrated water molecules per one molecule

of solute.

Some of the results are shown in Fig.3and

Table 3. The agreements between calculated

and observed values are excellent up to 2 M

with each characteristic α value, but unsatis-

factory in the region of high concentration, as

is seen in Fig.3. It seems here that α value

decreases with increasing concentration, sug-

gesting that the association of the solute begins

to play some roles. The behaviors of solutes

 Table 3

 The Osmotic Coefficients of Aqueous

Solution of Sucrose at 25℃.(2)

such as urea,(10)urethane,(10)aoetamide,(10)
acetone, (11)methyl-and ethyl-alcohols(11) are

Fig.3.-The activity coefficients of non-elec-

 trolytea at 25Q℃. ○,  Sucrose; ●, GIycerol;

+,Urea. Full line is calculated by Eq.(7).

Table 4 

The Hydration Numbers of Some Organic 
Compounds.

(Fr...Freezing point depression; p...Vapor 

pressure; P...Osmotic pressure.)

 (9) I.PaUlingP"The Nature of the Ghelnical Bohd,"
 

Cornell Univer8ity Press, New York, 1940, PP.284-334.

(10) H. M. Chadwell and F. W. PoIiti, J. Am. Chem. S
oc., 60, 1292 (1938). 

(11) Landolt, Bbrnsteln, " Physik. Chem. Tabellen," E
rg. Bd. II, Berlin, 1931, p. 1130. 
(12) —International Critical Table," Bd. III, p. 293. 

 (13) ibid.. Bd. IV, p. 429. 
 (14) Landolt, Bornstein, " Physik. Chem. Tabellen " 

Erg. Bd: 111, 1936, p. 2495. 
 (15) ibid., Erg. Bd. III, 1936, p. 2664.
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exceptional in that their activity coefficients 
are, even in dilute solution, always below the 
ideal line. Therefore, such solutes must always 
be in associated states, because the activity 
coefficient is diminished by association. 

 The Hydration Number and the Struc-
ture of Solute.-In order to get the most 

probable value of the hydration number, we 
must determine it from the activity observed 
in the solution as dilute as possible, in which
the association of the solute can be neglected.

The best fit values of α are tabulated in Table

4.Here, it is possible to imagine a certain

relation between a and the structural con-

figuration of the solute molecule: a rough

correspondence exists between a and the

number of hydrogen-bond-forming radicals in

the molecule of solute, although some exceptions

such as mannit exist.

It is inexplicable in this case too, the reason

why-some of the values of α estimated from

γ are approximately two times of those

estimated from φ.

 Summary 

(1) Upon taking the hydration into con-
sideration the thermodynamical properties of 
solutions of electrolytes and non-electrolytes 
can be well represented over the wide range 
of concentration. 

 (2) The values of hydration number of 
non-electrolytes seem to be related to the 
configuration of solute molecules. The hydra -
tion number was determined for 37 solutes. 

Laboratory of Chemistry, Liberal Arts Fuculty, 
Shizuolca University, Shizuoka,


