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OF ELECTROLYTES IN A WIDE RANGE 

OF SOLUTE CONCENTRATIONS 

By 

A. K. Ly ASHCHENKO* 

(Received November 14, 1977) 

Abstract 

It is proposed an ice-like model of the structure of aqueous solutions of electrolytes 

over a wide range of concentrations of the solute. According to the model, ions, hydrate 

and ionic complexes are located in the ice-like framework of water with the formation of 

substitutional and interstitial structures. Geometrical models of inclusion more than 60 

ions into water are constructed. The analysis also gives coordination numbers of ions 

and the forms of surrounding of ions by water molecules. 

Volume properties of solutions of electrolytes can be calculated from the ice-like model 

of solutions. Theoretical dependences are in a good quantitative agreement with those 

obtained from density measurements. Apparent molar volumes of ions are calculated. 

On the basis of the model we analyse the temperature dependence of solubility of 

electrolytes, molecular mechanisms of dissolution of non-polar gases in water and aqueous 

solutions of electrolytes and salting-out of gases. It is proposed the molecular model of 

the hydrophobic hydration of non-polar molecules and non-polar groups of molecules. 

Anomalous behaviour of water as against other liquids is well-known 
at present. It has been recently demonstrated in the course of studies of 
solutions of electrolytes that physico-chemical properties of aqueous solutions 
also possess a number of specific features not peculiar to most of other 
systems (this refers not only to diluted solutions but also to more concen
trated solutions in a wide range of concentrations of solute). We can note 
temperature variation in hydration of ions,l,2) specific hydrophobic hydration 
of tetraalkyl ammonium salts,S-5) change in dissolution heats of electrolytes 
with concentration and temperature,5,6) the existence of stabilization of water 
structure in solutions of electrolytes/-g) the presence of maxima and minima 
on the curves of temperature dependence of solubilities of electrolytes,lO,w 
minima on the curves of temperature dependence of solubilities of gases in 

* N. s. KURNAKOV Institute of General and Inorganic Chemistry of the USSR, 
Academy of Sciences, Moscow, USSR. 
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solutions of electrolytes,12) a different behaviour of viscosity of these solutions 
as against non-aqueous systems,13) changes in dielectric relaxation time at 
higher concentrations of electrolyte opposite to those observed in non-struc
tured liquids (e_ g_, dimethylformamide), J4) etc. 

The specific properties of water are known to result from its structure 
described in the best way in the model of SAMOILOV. 15) On the other hand, 
the properties of aqueous solutions of electrolytes in a wide range of con
centrations have been until recently described in most of works on a different 
basis without any allowance for the role of water structure in the solutions 
of "real" concentrations. 

The structure of aqueous solutions of electrolytes 

The process of hydration and formation of structure of a solution in 
accordance with different models is shown schematically in Fig. 1. Originally, 
hydration was understood as the formation of multilayer hydrate shells around 
ions. This process is illustrated by Scheme 1 which is still being used in 
textbooks. According to the Scheme, ions bring about the ordering of water 
consisting of free dipoles not combined with each other. This means that 
the system of bonds in the solution is determined by ions, the solvent serving 
only as a supplier of polar molecules of water. 

The change of concepts in the science of aqueous solutions is due to 
two major reasons. Firstly, direct experiments have shown that liquids 
(water to the greatest degree) are structured system. However, since the 
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Fig. 1. Four schemes of hydration of ions and of formation 

of a system of bonds in a solution: a-orientation 
defects. 



State and Role of Water in Solutions of Electrolytes 

energy of bonds in water is relatively small compared to the energy of ion 
-water bonds, so in the case of usual comparison of total interaction en
ergies the picture of hydration and formation of a bounds system in the 
solution did not undergo any essential change although later it took into 
account the contribution of the energy of breakdown of the structure of 
the initial solvent in the course of formation of a solution (Scheme 2, 
Fig. 1;. A three-layer model of FRANK and WEN16) which can be easily 
represented by Scheme 3 can be regarded as an improved modification of 
the previous picture. In passing from diluted solutions to solutions of me
dium concentrations, this model is inevitably reduced to the model of the 
system of hydrate spheres (i. e. to Scheme 2) since the solution does not 
have enough water molecules for the formation of three-layer shells a

round ions. Along with this, IR spectra of aqueous solutions of electrolytes 
did not reveal any water molecules free of hydrogen bonds. 17,lS) (These 
molecules would have corresponded to the intermediate layer). A sharp 
division into hydrate water strongly bound by the ion and free water is 
a necessary requirement of the FRANK and WEN model as well because 
otherwise it loses sense. A direct experimental confirmation of negative 
hydration19) shows that this idea is erroneous. Negative hydration, as it 
follows mainly from the works of SAMOILOV,1,15) is related to the second 
circumstance changing considerably our concepts of solutions, viz. the state 

of particles in solutions is determined not by total energies of ion-water 
and water-water interactions but primarily by local gradients of these en
ergies at distances of the order of the diameter of particles. With this 
approach, interactions between water molecules turn out to be equivalent 
to ion-dipole interactions. Therefore, the answer to the question which 
particles form a system of bonds in a solution, ions or water molecules, is 
ambiguous. 

A model different from those described by Schemes 1-3 is represented 
by Scheme 4 in Fig. 1. We propose20,2J) an ice-like model of structure of 
solutions common for solutions of electrolytes in a wide range of concen
trations. According to the model, ions, hydrate and ionic complexes are 
located in the ice-like network of water with the formation of substitutional 
and interstitial structures. In the case of weak hydration, ions can substitute 
water molecules in points and cavities of water structure, i. e., a determinative 
influence on water surrounding an ion is exerted by the structure of water. 
In the case of strong hydraton, we may speak of the most important role 

of the ion itself in the development of its immediate structural encirclement. 
Here the formation of substitutional and interstitial solutions involves the 
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arrangement of hydrated complexes (formed by ions) on water matrix instead 
of the arrangement of individual ions. This model of structure of solutions 
takes into account to a great extent the properties of ions and water mole
cules in the surrounding ice-like water network. 

Let us consider two principal problems determining the existence of this 
model: 

1) the possibility of arrangement of ions and complexes in tetrahedral 
configurations of water structure without significant steric distortions; 

2) the effect of the field of ions on the areas of free water, i. e., the 
effect of electrostriction beyond the limits of the first sphere of an ion; an 
analysis of this factor can be made in the course of detailed examination of 
bulk properties of solutions. 

In order to elucidate the first problem and construct the schemes of 
short-range order around any particular ion, geometric models can be used. 
It can be shown with the help of these models that ions or complexes of 
different geometric configurations made, in particular, of particles near in 
size to water molecules are located in the water structure practically without 
steric distortions. Ions of almost the same size as water molecules (such as 
K+, Rb+, Ba2+, F-, OH- etc.) can be located in points or cavities of water 
network (the cavities are accessible to particles with radius smaller than 
1.56 A). Fig. 2 represents a model of arrangement of tetrahedral oxygen
containing ions such as SO~-, CIO;, etc. This arrangement may take place 
given that two oxygen atoms of this tetrahedral ion substitute two water 

Fig. 2. A model of arrangement 
of tetrahedral oxygen complexes 
SO~-, ClO4" type and a hydrate 
Be (HzO)i+ complex in the ice
like structure of an aqueous so
lution (a=2 b=2). 

Fig. 3. A model of arrangement of 
complexes of the SzO~-, CrzO~
type in the ice-like structure of 
an aqueous solution (a=3 b=4). 
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molecules of equivalent size in points and two other oxygen atoms are located 
in two adjacent cavities. The same shape and similar sizes are peculiar to 
a hydrate complex Be (H20W and some other complex ions. All these ions 
are characterised by a similar arrangement. Complexes of the S20~-, Cr20~
type occupy four cavities and three points of the ice·like network (Fig. 3). 
Arrangements of a number of ions are discussed in more detail in other 
works. 20- 23) 

The arrangement of 50 ions in the water structure found on the basis 
of geometric models is shown in Table 1 where a is the number of points 
of the ice·like network occupied by an entered ion or a complex, b is the 
number of occupied cavities. For some of the ions two arrangements equiva
lent from geometric considerations are possible. Hydrate complexes are 
regarded as independent structure units. 

TABLE 1 Arrangement of Ions and Complexes 
m the Solution Structure 

Ions and complexes 

K+, NHt, Rb+, Ba2+, Tl+, Na+, F-, OH
H+ 

Cs+, Cl

Be2+***) 

Be(H20)~+ 

Mg2+ Zn2+ Cu2+ Co2+ 
Ni2+,' Cr3+,'Fe3+, 'AI3+ 

Mg (H20)~+, Zn (HO)~+, Fe (H20)~+, etc. 
Fe2+, Cd2+, Mn2+ (diluted solution) 
Ca2+, Sr2+, La3+ 

Ca (H20)~+, Sr (H20)~+ 
UO~+ 

SOi-, HS04', SeOi-, PO~-, HPO~-, H2P04', ClO4', 
MnOi-, WO~-, MoOi-, SiO!-, GeOr, AsO~-, BF4 

Cr20~-, S20?-

N03', BO~-, CO~-, HC03' 

H 3B03 

KOH 

(U02N03)- (bidentate complex) 

Arrangement 

a=l b=O or a=O b= 1 

a=O b=O 

a=l b=O 

a= -2 b=2*) 

a=2 b=2 

a=-3b=3*) 

a=3b=3 

a=-3b=3*) 

a=-2b=2*) 

a=6b=2 

a=O b=2 

a=2b=2 

a=3 b=4 

a=l b=2 or a=2 b=l 

a=l b=2**) or a=2 b=l 

a=l b=l or a=2 b=O**) 

a=2 b=3**) 

*) Hydrate complexes of water molecules of the solution without allowance for 
their dissociation. 

**) Associations and complexes. 
***) Due to hydrolysis, the nearest surroundings of some of ions and complexes 

include OH- groups but this does not lead to structural changes since H20, 
OH-, and 0 2- are almost of the same size. 
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If they are built of molecules of solution water, Table 1 gIves a and 
b values corresponding to the summary redistribution of the number of points 
since for the formation of complexes water molecules from the ice-like network 
of water are taken. 

Thus, the geometric analysis shows that the packing of particles (ions, 
complexes, and molecular groupings) in a solution can be sterically materialised 
in the form of the same structural configurations as those existing in liquid 
water. 

Turning from the models made of wooden spheres to liquid systems, 
we must specify which structures in a liquid are covered by our analysis. 
First, we deal with elements of the surroundings of particles at a distance 
of 5-10 A, i. e., with short-range orderliness existing in liquid state. Sec
ond, we consider configurations in a solution where the "lifetime" of particles 
is generally comparable to the "lifetime" of water molecules in water con
figurations. 

Third, we consider the most probable configurations. In the proposed 
model of the structure of electrolyte solutions we identify them with ice-like 

configurations, that may be described by geometric models. Thus, at first 
approximation, we do not consider the distribution of configurations around 
their average values. 

In this context, it seems to be expedient (as it is done for solids17l
) to 

single out so called structure-insensitive properties of solutions (volume, radial 
distribution curve (RDC) from X-ray data, dielectric constant, heat conduc
tivity, IR spectrum in the region of frequencies of stretching vibrations of 
water molecules, etc.) primarily related to the existence of a network of 
hydrogen bonds in a solution and structure-sensitive properties (electrical 
conductivity, relaxation, diffusion, characteristics of chemical equilibrium, etc.) 

related to the degree of perfection or the defects of the network. Although 

in liquid state this division is not so distinct as in solids and the transition 
region should be more and more smeared with temperature, it can be done 
quite well. Indeed, in accordance with the ice-like model of solutions, the 
properties of a system which are a function of the presence of a structure 
do not differ strongly, within a rather broad range of concentrations, from 
the properties of pure water or an infinitely dilute solution. Thus, it can 
be seen from X-ray studies conducted by BRADy28,29l that RDC of concentrated 
KOH solutions is close to RDC of water. According to F ALK,18l in the region 
of frequencies of stretching vibrations of water molecule, IR spectrum changes 
insignificantly in going from HDO to a 1.7 M NaCI solution in HDO and 
the spectrum of a 2.7 M solution in HDO still can be regarded as a distorted 
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spectrum of water. It is known that the large value of dielectric constant 
of water is due to the existence of a structured network of hydrogen bonds. 
Comparing the values of dielectric constant of water and 1-1.5 M solutions 
of electrolytes obtained by means of high frequency dielectric measurements, 
one can see that they are not very much far apart from each other. Thus, 
at 25°C c=78 for water, c~70 for 1 M solutions of NaCl and NH4CI (see 
refs. 25, 26), and c~64 for 1 M solutions of LiCl,21J BeSO~7), Et4NCI,26J and 
Me4NCJ.26J For 2 M solutions of LiCl and Me4NCI c equals 52 and 65, respec
tively, for a 2.3 M NH4Cl solution c=67 (see ref. 26). This means that 
even for 2 M solutions c values are much closer to that of water than to c 
values for weakly structured solvents. 

Let us discuss in more detail bulk properties of solutions of electrolytes. 
Average molar volume (VM) of a solution can be expressed as follows: 

( 1 ) 

where Vo is molar volume of solvent, VI is apparent molar volume of solute, 
N is molar fraction of solute. If a structured system consists only of mole
cules in points of the network, then Vo= Vr where Vr is molar volume of 
the framework when it is composed of solvent particles and VI = a Vi where 
a is the number of sites in the positions of the structure occupied by the 
intruding molecule, Vi is volume per molecule or its part occupying a struc
tural position of a solvent molecule. In water some molecules are located 
III cavities ;15) therefore, 

Vo= Vr(l-x) ( 2 ) 

where x is molar fraction of molecules in cavities. The degree of filling of 
cavities, r, equals 2x/(1- x). In the case of interstitial solutions, the particles 
of solute entering the cavities displace from these cavities the portion of 
water molecules which corresponds to the occupied cavities number (if b is 
the number of cavities occupied by the intruding molecule, the number of 
displaced water molecules is b r N). If the distribution of water molecules 
(displaced into "free water" from points and cavities) between the two states 
and the distribution in the structure of "free water" are the same as in 
water, then VI can be found2o ,21,30) from the relationship: 

VI = (a+br) 2!r Vi. ( 3 ) 

However, this equality cannot be accepted beforehand for the solutions of 
electrolytes since it does not take into account the effect of long-range in
teractions between water molecules and ions (these interactions can lead to 
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the shift of equilibrium between water molecules in cavities and in the frame 
work or to a bulk change in the solution). In the general case, the values 
r' and :x! (substituting r and x for water) varying at different concentrations, 
will reflect all additional changes in the volume of the solution. If a geometric 
entity (a molecule or its part) substituting a water molecule in the frame

work is almost of the same size (as it has been demonstrated for a large 
number of ions with the help of geometric models), then Vf ~ Vi and rela
tionships (1) -(3) make it possible to show that, as a first approximation, 
r~r' in a certain temperature range. Calculations show that at O°C a large 
variety of solutions of electrolytes have r~r' (see refs. 20, 21). Thus, long
range forces in solutions at low temperatures do not lead to substantial 
changes of water structure beyond the limits of the first sphere, i. e., as 
a first approximation, no electrostriction occurs in "free water" of solutions. 
The equality of r values of water and solutions at O°C makes it quite possible 

to suggest that, as a first approximation, r ~r' within a certain temperature 
range where the initial structure has not undergone strong changes. The 
values of r of different electrolytes at the same temperatures fall close to
gether and have a common temperature dependence.20) Here r values are 
used for the calculations of bulk properties of solutions of electrolytes. At 
a fixed temperature, Vo=const. and the bulk properties of solutions of elec
trolytes (VI and VM) undergo changes as a function of a and b, i. e., can 
be calculated on the basis of a correct choice of structure units and their 
arrangement from geometric models using the relationships: VM =(1- N) 
Vo+(a+br)VoN, VI=(a+br)Vo. 

Calculated VI values of ions are given 
in Table 2 together with experimental 
values at infinite dilution.31) Both sets of 
data are in a good agreement. The
oretical dependences of VM on electro
lyte concentration were calculated for 
100 electrolytes20- 23) on the basis of the 
proposed models of structural ordering 
of solutions and are given in Table 3. 
As it can be seen from Figs. 4, 5 and the 
Figures in the works referred to,20-23) the

oretical VM values are in a good quantita
tive agreement with those obtained expe
rimentally from density measurements.32,33) 
For about 30 electrolytes, the model of 

V(cm3)O I 

~2 

21 ~ ~ .5 
06 

20 .7 

19 

17 

6 • 
• 9 

I 2 3 4 5 6 7 Mol Of. 

Fig. 4. Molar volumes of solutions 
of some electrolytes at 0°C: 

!-(NH4)2S04; 2-H3P04; 3-HCI04; 
4-NH4N03; 5-RbN03 ; 6-HN03; 
7-KOH; 8-ZnS04; 9-MgS04' 

Straight lines represent theoretical 
dependences. 



02 
20 .3 

19 

-4 
"'5 
46 

State and Role of lVater in Solutions of Electrolytes 

0=5, b=4 

2 3 , 7'------'-----!---=-~4:---=---=6--=-7 Mcco-'--, .OC-Y• 

(a) (b) 

Fig. 5. Molar volumes of solutions of some electrolytes 
at different temperatures: 

a) 1-(NH4)2Cr207 (12°), 2-BeS04 (25°), 3-(NH4)2Cr04 (13°), 4-K2S20 7 
(15°), 5-Rb2S04 (0°), 6-Mg (N03Jz (0°). 

Straight lines represent theoretical dependences. 

b) 1-TI(OH), (W); 2-Rb(OH), (lS0); 3-KF, (15.2°); 4-NH4F, (lS0); 
5-Ni(N03!2, (lS0); 6-H2Se04' (20°); 7-KzCr04' (lS0); S-Be(N03Jz, 
(lS0); 9-NH4Cl04, (15°); 10-Fe(N03h, (17.5°); ll-Ba(Cl04)z, (25°). 

Straight lines represent theoretical dependences. 

TABLE 2. Apparent Molar Volumes of Ions and 
Complexes in Solution 

Ions and complexes Vi Vi cm3 

(ref. 31) 
Temperature 

H+ 

NHt 
Rb + in framework 

in cavities 
Cs+ 
Tl+ in framework 

in cavities 
Mg2+ 

Mg(HzOW 
Ca2+ 
Fe3+ 

A13+ 

UO~+ 
(UOZN03)- (bidentate complex) 
U02 (N03)R (bidentate complex) 
F- in cavities 
Cl-
Br-

( theoretical) 

0 
lS 
lS 

-5 
lS or >lS 

lS 
4.9 

-39.4*) 
6S.5*) 

-26.3*) 
-39.4*) 
-39.4*) 

9.S 
50.6 
91.4 
4.9 

lS 
>lS 

0.1 
lS.l 
14.3 

21.1 
9.4 

-21.4 

-19 
-30 
-42.9 

1.S 
lS.l 
25.3 

(0C) 

35 
35 
35 

25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
35 
35 
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Ions and complexes VI VI cm3 Temperature 
(theoretical) (ref. 31) 

I- >18 37.2 

CI04" 46.1 45.6 

HC03" 27.7 22.3 

Mn04" 45.7 42 

Cr2O¥- 73.4 73.4 

SO~- 45.7 15.4 

N03" 27 25 

* Without allowance for dissociation of hydrate complexes. 

TABLE 3. Electrolytes Whose Aqueous Solutions Have 
Been Described by Means of Models of 
Structural Orderliness 

(0C) 

35 

35 

25 

25 

25 

25 

20 

CsCI, RbCI, NH4CI, KCI, NaCI, TICI, HCI, HBr, HF, KF, NH4F, RbF, TIF, 

NaOH, KOH, RbOH, TIOH, HCI04, HBF4, HMn04, H2Se04, H2W04, H3P04, 

H3As04, NH4CI04, NH4Mn04, NH4BF4, NH4H2As04, NH4HS04, KCI04, KMn04, 

NH4H2P04, KH2As04, KHS04, KH2P04, CS2S04, CS2Se04, (NH4lzS04. (NH4)zCr04, 
(NH4)2HP04, Rb2Se04, Rb2S04, TIzS04, K2S04, K2Cr04, K2Se04, K2HP04, K2W04, 

K2Mo04, K2HAs04, BeS04, BeS04'4H20, MgS04, MgS04,6H20, ZnS04, NiS04, 

CUS04, CoS04, CdS04, FeS04, MnS04, MgCr04, Fe2(S04h, Crz(S04h, Cr(CI04)3, 

CaS04, CaCr04, Ba (CI04)z, Ca (OHb Ba (OH)z, (NH4)2CrZ07, K2Cr207, K2S20 7, 
(NH4)3As04, (NH4hP04, HN03, H3B03, NH4N03, CsN03, RbN03, TIN03, KN03, 

KHC03, Be (N03)2, Ca(N03)2, Sr(N03)z, Ba(N03)z, Mg(N03)z, Zn(N03)z, Cu(N03)z, 

Co(N03b Ni(No3)z, Mn(N03)2, Cd(N03)2, Fe(N03)z, Fe(N03)3, Cr(N03)s, AI(N03)3, 

La (N03h. 

arrangement of both ions is ascertained unequivocally from geometric models. 
The agreement between nror and V~xp in this case is the evidence of the 
correctness of the general approach and the individual models of the 
surroundings of ions. In cases when ions may have different locations in 
the ice-like structure (Table 1), the real arrangement is determined by the 
correspondence of Vi.xp with one of two theoretical dependences. In particular, 
a comparison of different models of the nearest surroundings of Li+ ion in 
LiCl, NiNOs LiCl04, and LiOH solutions and of experimental VM and VI 
values shows that Li+ ions do not form octahedral hydrate complexes in 
structures of these aqueous solutions (to 5-7 mol%). 

On the basis of the analysed scheme a general classification of bulk 
properties of solutions of electrolytes is being developed. An accordance 
between theoretical and experimental dependences for VM of solutions is 
observed in a number of case at electrolyte concentrations up to 7 -10 mol% ; 
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for some other salts experimental curves exhibit deviations at these concen
trations. It is quite understandable since the solutions enter a transitional 
region on the way to aqueous melts where we cannot speak of the deter
minative influence of water structure on the properties of solutions. V M of 
about ten electrolytes is quantitatively described by theoretical dependences 
only at concentrations less than 1-2 mol%. For four electrolytes (FeC13, 
CoC12, MgC12, CaC12) there has been found no quantitative agreement even 
at lower concentrations. It can be shown23,24) that the observed deviations 
may be related to the emergence of new structural groupings in solution35,36) 
and the dissociation of hydrate complexes. 

There can be made an analysis of geometrically possible structures in 
aqueous solutions of concrete electrolytes, the formation of the structures 
allowing bulk properties of solutions to be calculated. The analysis gives 
coordination numbers (c. n.) of ions and makes it possible to consider the 
character of the nearest water surroundings (Table 4). The most probable 
aqueous polyhedra of ions are shown in 
Fig. 6. A good agreement between ob
tained values of coordination numbers 
and c. n. values of strongly hydrated ions 
(Be2+, Mg2+, Cu2+, Ni2+, C02+, Al3+) de

termined quite unequivocally by physical 
methods36- 41) should be pointed out. On 
the basis of our data a conclusion can 
be drawn that if there exist several 
geometrically possible ways of arrange-

a 

~1YI0 
VV~ 

b d 

Fig. 6. Idealised aqueous polyhedra 
of ions in the ice-like structure 
of a solution: 

a-tetrahedron; b-octahedron; c-tri
hedral prism; d-rhombohedron. 

ment of ions in the ice-like structure, c. n. values of these ions may vary 
with temperature and electrolyte concentration and also with composition of 

a solution. The existing ambiguity in determination of c. n. values of 
weakly hydrated ions by experimental methods may be due, at least 
partially, to this feature. It should be noted that the presence of ions 
in cavities of the ice-like structure of solutions and the possibility of their 
distribution between points and cavities are confirmed by X-ray data for 
KF,42) NH4F,43) KOH,28,29) NaOH and NaC1.43) 

The possibility of application of a general model of structure of solutions 
assuming the formation of substitutional and interstitial structures on the 
basis of the initial structure of water at various concentrations of electrolyte 
makes feasible the expansion of the principle of least variation of water 
structure during the formation of a solution (formulated by SAMOILOV for 
diluted solutions15)) to a wide range of concentrations of solutions since just 
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TABLE 4. Coordination Numbers of Ions In 

Aqueous Solutions 

Ion c. n. Ion C.D. Ion c. n. 

Bez+ 4 Li+ ca. 4 SO~-, HS04" 6+2 water molecules 
Mg2+ 6 Na+ 4 and 6 POi-, HPOi- at a longer distance 
Caz+ 8 K+ 6 and 4 HzP04", ClO4" 
Srz+ 8 Rb+ 4 and 6 Mn04", SeOi-
Ba2+ 6 Cs+ 4 CrOi-, WOi-
Zn2+ 6 NHt 4 (sometimes 6) MoOi-, BF4" 
Co2+ 6 Tl+ 4 and 6 AsOl-, HzAs04" 
Ni2+ 6 F- 4 and 6 GeOi-, Si01-
Cu2+ 6 OH- 4 and 6 CrzO~- ca. 10 

Fe3+ 6 CI- 4 SzO¥- ca. 10 

Aj3+ 6 Fez+ 6*) NOs 4+2 at a longer 

Cr3+ 6 Mn2+ 6*) BO~- distance, or 6+1 

U02+ 6 Cd2+ 6*) CO~-

* In case of diluted solutions. 

at the arrangements under discussion the structure of water changes to the 
smallest degree. It can be asserted on 
the basis of the above analysis that it 
is the distorted structure of water which 
serves as a matrix where interactions 
in aqueous solutions of electrolytes occur 
within a wide range of concentrations. 

We shall analyse the consequences 
of application of this concept to the 
description of properties of water-electro
lyte systems by examining the effect of 
water structure in a solution: (1) on the 
characteristics of heterogeneous equili
brium electrolyte-solution in a broad 
temperature range and (2) on the char
acteristics of equilibrium non-polar gas
aqueous solution of electrolyte. Thus, 
we shall dwell upon two major problems, 
viz. temperature dependence of solubility 
of electrolytes and of salting-out of 
gases. 

a 

b 

Fig. 7. Four types of solubility 
poly terms of electrolytes in 
aqueous solutions: 

a-concentration of salt; 
b-temperature. 
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Temperature dependence of solulility of electrolytes 

It has been already noted that the temperature variation of solubility 
of electrolytes points out that heterogeneous equilibria in systems water
electrolyte are more complex than those in melts and organic mixtures. The 
changes in solubility of electrolytes with temperature can be represented by 
solubility poly terms of four types shown in Fig. 7. The shape of these poly
terms can be explained on the basis of studies of the relation between en
ergetic characteristics of dissolution figuring in thermodynamic equations 
determining temperature coefficient of solubility (t. c. s.) and interactions in 
a system. It is known that 

(
aNi) 
aT p,sat. ( 4) T(~) aNi p,T 

where Ni and gi are respectively the solubility and the partial free energy 

of the component i in a saturated solution. If dH>O, then aNtlaT>O and 

if dH<O, then aNt/aT<O since agt/aN> 0. Thus, the sign of t. c. s. is deter

mined by the sign of dH and the slope of solubility poly terms in various 

solutions should generally correspond to JH value. Assuming partial dissolu-

tion heat, dH, as a sum 

(5 ) 

where A~ is hypothetical heat of melting at temperature T and JHmx is heat 
of mixture of one mole of electrolyte and a large amount of a solution near 
saturation. We can see that in the ideal solution where the interactions 
between dissimilar particles do not differ from those between similar particles 

JHmx::::::;O. The specific features of poly terms of water-electrolyte systems 

are associated with dHmx, i. e., with similarity or difference in molecular 

interactions in equilibrium phases. dHmx determines the behaviour of JH 
since A~ is small and positive and its temperature variations are rather insig

nificant. dH and JHmx, as partial values, refer to electrolyte but it is evident 
that they reflect the whole set of changes in solution caused by dissolution 

of electrolyte. dHmx is equal to the sum of ehthalpies of the "products" 
of dissolution process less the sum of enthalpies of the "initial substances": 

( 6 ) 

On the basis of the discussed structural model of solutions there can be 
introduced a thermodynamic model reflecting the separation of contributions 
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of L1Hmx III solutions of electrolytes within a wide range of concentrations* : 

( 7 ) 

where JHion_ion corresponds to the endothermic effect of breakdown of bonds 

between ions of liquid electrolyte, L1 Hwater-water corresponds to the effect of 

breakdown of bonds between water molecules in solution, L1Hhydr. makes 
allowance for the formation of a new system of bonds in solution. The 

TABLE 5. Electrolytes with Different Types of 
Temperature Coefficient of Solubility** 

Negative t. c. s. 
(strong hydration 
of ions) 

Mg(OHh, 

Ca(OH2) 

Li2S04, 

Na2S04 (monoclinic) 

t. c. s. sign change 
from (+) into (-) 
with temperature 

LiF, NaF, CaF2, 

BaF2 

MgS04, CaS04, SrS04, BaS04 

ZnS04, MnS04 

CdS04, FeS04, 

CoS04, NiS04 

BeS04' HzO, 

FeS04,H20 

ZnSe04 

MgMoO'2HzO 

LizC03, NaZC03, 

NaZC03,HzO 
MgC03, CaCOa 
NaSP04, 

Na3P04' H 20 

t. c. s. sign change 
from (-) into (+-) 
with temperature 

LiOH 

Na2S04 (rhombic) 

Li2S04,H20 

Posi ti ve t. c. s. 
(weak hydration of 
ions and complexes) 

KF, RbF, TlF, 

NH4F, CsF,H20 

NaOH, KOH, RbOH, 

CsOH, LiOH,H20 

(NH 1lzS04, 

CS2S04, TIzS04, 

MgS04'6H20 

MnS04'7H20 

FeS04,7H20 

FeS04'4H20 

BeS04'4H20 

Na2Mo04, K zMo04 
NazMo04'2H20 
MgMo04 '5HzO 

Na2W04,2HzO, 

NazW04 ,10HzO 

K ZC03, 

Na2C03'10H20 

Ka3P04, (NH4)2HP04, 

Na3P04'8H20 

** The Table lists compounds for which data obtained at low and elevated 
temperatures and small pressures under the conditions of triphase equilibri
um are available. 

* It should be noted that a similar allowance for the contribution of the breakdown 
of water-water bonds with the formation of ion-water bonds in solutions of elec
trolytes within a wide range of concentrations seems to be needed also in analysing 
the components of other partial thermodynamic values. 
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following conclusions result from relationships (4) - (7) : 
1. If the exothermic contribution of heat of mixture IS large, then 

ilH<O and t. c. s. of electrolytes is negative. As it can be seen from relation
ship (7), the negative sign of t. c. s. results from a strong hydration of ions 
in solution which is due, in particular, to a large value of dielectric constant 
in solutions because of structure of free water (negative t. c. s. of electrolytes 
can be found not only for diluted solutions). In the absence of structured 
water when the same electrolytes can be dissolved in aqueous melts of other 
strongly soluble electrolytes, their t. c. s. should be positive. This is the case 
in experiment; thus, t. c. s. of Na2S04 in concentrated NaCl solutions,45) t. c. s. 
of Ca (OH)2 in NaNOg solutions, t. c. s. of Na3P04 in NaOH solutions,47l etc. 
is positive. 

2. Since the energy of ion-dipole or similar to it ion-water interaction 
in solutions is more strongly dependent on distance (and accordingly, on the 
size of ions) than the energy of ion-ion interaction in electrolyte, the exother

mic component of heat of mixture, ilHhydn should undergo a greater varia
tion in passing from one ion to another (in the case of essentially ionic com

pounds with large anions) than the endothermic contribution, ilHion.ion, in 

electrolyte. Thus, the differences in ilH and t. c. s. values between the series 
of electrolytes result from specific features of interactions in solution rather 
than in solid body. In general no expected correlation is observed between 
t. c. s. of electrolytes and energetic characteristics of solid phase (such as heat 
of melting, lattice energy or melting temperature). Temperature coefficient of 
solubility should been growing with the increase in lattice energy in series 
of electrolytes. However, in practice t. c. s. falls, as it can be seen from 
Tables 5-8. 

3. It follows from relationship (7) that the higher the degree of hydra
tion of ions in solution and the smaller the variation in structure of solvent 
during the intrusion of ions (or the smaller the fraction of structure in sol-

TABLE 6. Electrolytes with Different Values of 
Temperature Coefficient of Solubility 

Negative t. c. s. 

CaCr04, SrCr04 

LizSe03, NaZSe03 

Na2Se04, SrSe04 
LiHC03 
SrSe04, SrCr04 

Positive t. c. s. Temperature, °C 

BaCr04, KZCr04 25- 40 

KZSe03 30-100 

(NH4JzSe04, TlzSe04 < 100 
NaHC03, KHC03, CsHC03 <100 

Sr(CI03)z, Sr(N03Jz 25 -75 

<--increase of hydration of ions in solution 
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TABLE 7. Temperature Coefficient of Solubility 
Electrolytes in Water, 

_g.-mol of salt/lOOO g H2O 
degree 

t. c. s. of electrolyte 
Temperature, °C NaC] KC] RbC] 

10- 20 0.003 0.042 0.056 

20- 30 0.006 0.039 0.053 

80-100 0.011 0.033 0.047 

100-120 0.010 0.031 

NaI KBr KI 

10- 20 0.048*) 0.053 
0.051 

20- 30 0.049 0.047 
0.048 

80-100 0.019 0.036 0.045 

0.040 
100-120 0.027 0.042 0.045 

0.040 

* Data of various authors. 

TABLE 8. Temperature Solubility Coefficient of 
Electrolytes III Water, 

g.-mol/lOOO g H20 
degree 

of 

CsC] 

0.071 

0.063 

0.061 

0.060 

CsI 

0.069 

0.072 
0.065 
0.082 

(88-102°) 

0.089 
(100-110°) 

Li+ Na+ K+ Rb+ Cs+ Temperature, °c 
F- 0.002 0.013 0.248 60- 80 
N03" 0.129 0.130 0.272 0.410 0.115 60- 70 

(63-76°) (65-79°) 
0.113 0.160 0.311 70- 80 

OH- (-t. s. c.) 0.375 0.986 100-125 

vent), the lower ilHmx (since the contributions of electrolyte do not affect 
the process) and the lower should be t. c. s. of electrolyte. This conclusion 
(as it will be also evident from the further analysis of experimental data) 
can be regarded with good reasons as a general rule. For various ions the 

difference caused by the change of solvent (ilHwater.water) is small if a large 
number of structurally simple ions are intruding. Therefore, there should 

be seen a direct relationship between ilHmx and thereby t. c. s. of electrolytes, 
on the one hand, and hydration of ions of electrolytes in solutions, on the 
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other. This conclusion is confirmed by experimental values of t. c. s. given 
in Table 5. Table 5 contains compounds for which there are data available 
for temperatures from low to high (O~400°C) under the conditions of triphase 
equilibrium at small pressures. 1O,w Electrolytes whose ions are weakly hydrat
ed are characterized by positive t. c. s. and those strongly hydrated are 
characterized by negative t. c. s. values. A transitional region can be isolated 

when ilHrnx and its changes are comparable with ;.?;, (the second and third 
columns in Table 5). The change in t. c. s. sign for these compounds is 
due (as it will be demonstrated later) to the effect of temperature dependent 
degree of structure formation of solution. At 300°C, the boundary between 
compounds with positive and negative t. c. s. lies between the second and third 
columns of Table 5. Table 6 lists salts for which there are no experimental 
data within a wide temperature range. 1O,w It can be seen from Tables 7 ~8 
that the growth of t. c. s. with radius of ions (and the decrease of their 
hydration in solution) can be followed for electrolytes with the same t. c. s. 
sign (temperatures taken for consideration are determined by the region where 
all salts do not form crystallohydrates). 

The relationship between t. c. s. of electrolytes and hydration of ions 
is clearly confirmed in the series of crystallohydrates containing various am
ounts of water molecules. If number of water molecules in solid decrease, the 
hydration degree of electrolyte in solution grows and, t. c. s. should drop. 
This accounts for the specific shape of solubility diagrams for crystallohydrates 
with different numbers of water molecu-
les (Fig. 8), the crystallohydrates belong
ing to a large number of systems with 
strongly hydratable ions. 

Thus, the scheme discussed forms a 
a basis for a general classification of 
solubility temperature variations in series 
of electrolytes under the conditions of 
triphase equilibrium at temperatures 0 ~ 
400°C. 

4. The relationships discussed show 
clearly that if "free water" is structured, 
then the perturbation of water structure 
in solution (at saturation concentration) 
leads to the decrease of t. c. s. and the 
strengthening of the structure gives rise 
to higher t. c. s. values (since in the first 

b 

Fig. 8. Typical shape of solubility 
diagram of crystallohydrates: 

a-temperature; b-solubility of salt; 
c-ice. 
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case 11Hwater.water falls and in the second case it grows). The perturbation 
of water structure leads also to a certain increase in the degree of short

range hydration1•2) and, as a result, to a larger contribution of 11Hhydr into 
heat of mixture and hence to a more pronounced dependence. As it follows 
from refs. 1, 6, the portion of structure formed in water can be changed 
under the effect of temperature, pressure, stabilising and destructing addi
tives. The effect of stabilisation on t. c. s. of electrolytes can be seen from 
experimental data.7- 9) The growth of pressure at low temperatures leads 
to the breakdown of bonds in water and if the influence of pressure on 
other bonds in solution is weaker (what is quite probable), the increase in 
pressure at low temperatures should bring about reduction of t. c. s. The 
growth of pressure at high temperatures favours the development of 
a more structured system and the influence of pressure on t. c. s. should 
have an opposite sign. Indeed, as it follows from works of RAVICH et 
al.,48) the negative sign of t. c. s. at elevated temperatures changes into 
a positive one with pressure. Unfortunately, we have until now no informa
tion on the effect of pressure on t. c. s. at low temperatures because of lack 
of any experimental data. 

The effect of structure of solvent on t. c. s. of solution manifests itself 
quite clearly when aqueous and non-aqueous systems are compared (in systems 
where solvent is more structured than in aqueous solution t. c. s. should be 
lower). Solutions in D20 where the solvent is more structured than H 20, 
other properties being similar, have larger t. c. s. values (Table 7, 9). Liquid 
ammonia is known to be a considerably less structured polar solvent as 
against water. Endothermic value, 11 HSolvent, in relationship (7) should be 
essentially smaller in ammonia than in water. For this reason t. c. s. of 
alkali chorides in ammonia is negativelO) while in water these salts have 
positive t. c. s. values. Acetone is the least structured solvent in the series 
water -hydrazine- acetone and, accordingly, t. c. s. of CsI in acetone should 

have the smallest value. This prediction has been confirmed experimentally.49) 
CsI has a positive t. c. s. in water, t. c. s. near to zero in hydrazine, and a 
negative t. c. s. in acetone as well as in ammonia. Thus, varying the state 
of solvent in a solution (or changing the solvent), we can purposely modify 
the solubility diagram which is important for practice. 

Let us consider a complicated and interesting case of the change of 
shape of solubility poly terms of electrolytes with temperature. We shall 
analyse which parameters and in what directions undergo variation in elec
trolyte with temperature. First, energetic components of heat of dissolution 
change in diverse ways since they are determined by different types of in-



Electrolyte 

KCl 
KBr 

KI 

NaCl 

NaBr 

NaI 
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TABLE 9. Temperature Coefficient of Solubility 
of Electrolytes in D20, 

g.-mol of salt/55.51 mole D20 
degree 

Temperature, °C 

10-20 20-30 60-80 80-100 

0.048 0.043 0.037 0.036 

0.056 0.051 0.041 0.040 

0.061 0.055 0.049 0.049 

0.008 0.009 0.009 0.011 

crys tallohydrates 0.0135 

of NaBr and NaI are formed 0.0195 

100-120 

0.036 

0.040 

0.048 

0.011 

0.0165 

0.025 

teractions between particles. Average energy of water-water interaction de
creases with temperature most rapidly, that of ion-water interaction decreases 
slower, and that of ion-ion interaction remains practically constant. Second, 
different variations in interactions give rise to specific temperature changes 
in equilibria in solution, the equilibria being related to "lifetimes" of particles 
in temporary equilibrium positions with respect to one another and to the 
number of contacts of certain types in the solution. Short-range hydration 
of ions in solution should grow with temperature or fall at a reduced rate 
because of a more rapid weakening of bonds between water molecules com
pared to ion-water bonds. It can be shown on the basis of molecular kinetic 
relationships determining short-range hydration that the degree of hydration 
of strongly hydrated ions should decrease with temperature and that the 
degree of hydration of weakly hydrated ions should increase. Short-range 
hydration of ions in diluted solutions is known to be defined1•15) by the re
lationship TJrO-;::::' exp (JEd RT) where Ti is the average residence time of a 
water molecule in the nearest surroundings of an ion and To is the average 
residence time of a water molecule in the surroundings another water mole
cule. JEi=Ei-EO where Ei and Eo are energies required for the escape of 
a water molecule from the first sphere of ion or that of another water mole
cule. In solutions of electrolytes within a wide range of concentrations, 
short-range hydration will be described by a similar expression where To will 
be substituted by T~, "lifetime" of water molecules in temporary equilibrium 
positions in "free water" of a solution of a given concentration. In the 
presence of structured free water in a solution of electrolyte, T~ should be 
sufficiently large (it is clear, however, that T~ < To since ions perturb the ori
entation of water molecules). The relationship discussed shows that the degree 
of short-range hydration of negatively hydrated ions should grow with tem-
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perature (since LlEi < 0, the ratio TJro grows with temperature) and the degree 
of hydration of positively hydrated ions in the nearest surroundings should 
drop (since LlEi >0). Due to the Eo value, apparently, slightly decreasing 
with temperature24,50) and Ei remaining relatively constant, the boundary line 
determining the sign of temperature variation of hydration will be shifted 
towards more strongly hydratable ions. Thus, the growth of the degree 
of hydration of ions in solution with temperature results entirely from the 
existence of water structure in solutions of electrolytes and should not be 
observed in the studies of solvation in unstructured solvents. 

At elevated temperatures when bonds between water molecules are weak
ened to a large degree or a considerable portion of the bonds is broken, 
"free water" exerts practically no influence on the hydration of ions. At 
these temperatures the degree of short-range hydration should decrease es
sentially with temperature in all cases. It is possible that it is the reduction 
of the degree of short-range hydration of ions that is related with the ob
served endothermicity of the process of association and a considerable growth 
of association in aqueous solutions of 1-1 electrolytes at elevated tempera
tures.51l Thus, for aqueous solutions of electrolytes (primarily, electrolytes 
formed by weakly hydratable ions) there can be isolated two temperature 
existence regions of solution differing in specific features of interaction of 
particles, viz. the zone of primary destruction of bonds between water mole
cules in solution and the zone of primary decomposition of hydrate complexes. 
According to the data available,52,53) transition region for water exists at 
250-300°C at pressures near to the saturation pressure of water and, proba
bly, at higher temperatures under larger pressures. 

The change of state of solutions with temperature leads to the variation 
of dissolution heats and, accordingly, of solubility poly terms of electrolytes. 

In relationships (5)-(7) determining LlH, all contributions decrease with tem

perature. However, in the first temperature zone LlHwater-water drops faster 
than other components (A;;' and LlHion-lon, for a first approximation, are tem
perature-independent and the changes of water-water bonds are stronger 
than those of ion-water bonds). This results in the growth of exothermicity 
of dissolution. For weakly hydrated ions, a certain increase in short-range 
hydration with temperature should give rise to an enhancement of this de
pendence. In consequence, the negative t. c. s. of electrolytes should grow 
and the positive t. c. s. should fall. The difference in the extent of t. c. s. 
variation for different electrolytes should be determined by unlike changes 
in short-range hydration of ions with temperature (since LlHwater-water and 
aLlHwater_water/aT values for structurally simple ions fall close together). As 
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it follows from the discussed molecular kinetic relationships determining short
range hydration, the growth of hydration degree is the highest for ions with 
the most intense negative hydration. For this reason, t. c. s. should undergo 
stronger variations in the case of electrolytes with this sort of ions*). Thus, 
in the series NaCI- CsCI the drop of t. c. s. should be the strongest for 
CsCI which is the case in experiment10) at temperatures 1O~40°C (Table 7). 

If exothermic and endothermic contributions into LlH have similar values 

and LlH>O, then the growth of dissolution exothermicity with temperature 
will result in t. c. s. sign changing from plus into minus, i. e., a maximum 
on the graph of electrolyte solubility vs. temperature may appear because of 
primary destruction of bonds of structured water in solution with temperature. 
This contribution can be "eliminated" in two ways: 

1. By increase of temperature, i. e., by transfer of a solution to tem
peratures where structural perturbations of solvent during the intrusion of ions 
can be left out of account (transfer to the second temperature zone). 

2. By increase of solution concentration with the help of readily soluble 
electrolytes, i. e., by transfer to the region of aqueous melts where no "free 
water" exists (also in both ways together for compounds with positive t. c. s.). 

At elevated temperatures the contribution of LlHwater.water can be ne
glected; mostly a decrease of exothermic component of heat of dissolution 
occurs with temperature because ion-water bonds break down with tempera· 
ture faster than ion·ion bonds. As a result, the endothermicity of dissolution 
and t. c. s. of electrolytes grow and a change of t. c. s. sign from negative 
into positive should be observed, t. c. s. being slightly negative in the second 
temperature zone. Table 10 describes the behaviour of experimentally studied 
systems (see refs. 10, 11, etc.). The change of sign of t. c. s. of electrolytes 
with "intermediate" hydration of ions from plus into minus is indeed observed 
in the first temperature zone; in all experimentally studied cases, correspond
ing temperatures are lower than 280°C, i. e., belong to the region where 
structured solvent is contained in solution. In the second temperature zone 
the growth of t. c. s. is noted; for LiOR the change from negative into 
positive t. c. s. has been found at ca. 300°C. It is to be noted that the first 
temperature zone is smeared out for systems where the short-range hydration 
of ions is expressed sufficiently strongly (if hydration of ions decreases in 

the whole temperature range, the drop of LlHion.water superimposes over the 

variation of LlHwater.water). If this process determines the variation of heat 
of mixture with tempt:rature, t. c. s. grows in the whole temperature range 

* Some complications are introduced by the association of ions but it can be taken 
into account in the relationships under discussion. 
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First temperature zone 

change of t. c. s. 
from (+) into (-) 

LiF, NaF, K2S04, CaMo04, 

CaF2, BaF2, Ag2S04, SrS04, 

BaS04, CaS04·ZH20, 

CaSe04·ZH20 

TABLE 10. 

Second temperature zone 

decrease 
of (-) t. c. s. 

LiF, Na2S0a, 

Na2S04, Li2S04, 

NaaP04, SrS04, 
LiOH (change of 
t. c. s. sign from 

(-) into (+) 

Increase 
of (+) t. c. s. 

LiCI, NaCI, 
KCI, KF, 

NaBr, Ca(NOa)z, 

FeCla 

and the two temperature regions will not stand out clearly. 
In the case when free water is "eliminated" by the increase of con

centrations of other ions in solution, salts changing t. c. s. sign in water from 
plus into minus with temperature should not display such a change in strongly 
concentrated solutions of readily soluble electrolytes since there will be no 
preponderant decrease of endothermic component of heat of mixture with 
temperature (in the present case this is due to the absence of breaking water

water bonds and of the contribution of JHwater-water). Such systems have 
been studied experimentally54-58l (Table 11). 

Electrolytes changing 
t. c. s. sign in water 
from (+) into (-) 

K 2S04 

CaMo04 
NaF 

BaS04 
CaF2 

TABLE 11. 

Systems where t. c. s. sign 
does not change 

in concentrated solutions 

K2SOr KCI-H 20 

CaMoOrNaCI, KCI-H20 
NaF-NaCI, KCI-H20 

BaSOr NaCI-H20 
CaF2-LiCI-H20 

Thus, the changes of shape of solubility poly terms of electrolytes in 
aqueous solutions with temperature are related to the features of temperature 
variations of ion-ion, ion-water, and primarily water-water interactions; this 

confirms a general concept about the presence of strongly structured water 
in solutions of a wide range of concentrations. Therefore, hydrophilic hy
dration represents an interaction of ions with a network of hydrogen bonds 
in a solution of a given concentration. Hydrophobic hydration which we 
shall discuss for a simple gas-water system is also an interaction of particles 
of solute with a system of bound water molecules; however, molecular mech-
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anisms of interaction of particles in these two cases are different. 

Characteristics of heterogeneous equilibrium 
nonpolar gas-aqueous solution 

In order to describe the mechanism of dissolution of gases in water and 
solutions we shall use the ice-like model of water and solutions of electrolytes. 
We propose to consider the process of dissolution of gases on the basis of 
a scheme of interaction of inherent defects of the ice-like network (water 
molecules in interstices and vacancies in framework points) and impurity 
defects (gas molecules in interstices). As a quasi-chemical approximation, we 
shall consider a solution containing W K water molecules in points of the ice
like network, C cavities, We water molecules in cavities, Ge gas molecules 
in cavities, v vacancies, and Gv gas molecules occupying vacancies. The 
solution is in equilibrium with vapour containing molecules of admixture G 
(partial pressure of gas is Pi). In this case the following reactions in the 
system and corresponding expressions for the law of mass action should be 
taken into account: 

G+C<=±Ge, 
[Gel 

K3 = [G] [C] 

K' - [GeWK] 
4 - [G] [Wel ' 

G G K 
[Gv] 

+v<=± v, 6 = [G] [v] 

( 8) 

( 9 ) 

(10) 

[GeWK] . 
K2 ' 

Pi[C] Kl 
(11) 

K - [GeWK] 
5- K2 

Pi[C]K3 Kl 

(12) 

(13) 

It can be shown that K6 is very small and for this reason we do not take 
this particular process into account. Relationships (10)-(12) are not mutually 
independent and we can use any two equations of three. The total solubility 
of gas in water, esoh is 

(14) 
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i. e. Cso! IS small; C~cx where Cx is the total number of cavities in water. 
the cavities being free of water molecules. It follows from the previously 

d· d 1· h· h 1 - x Iscusse re atJons IpS t at Cx = -2- - x. 

cso! = CXPi( K3+ ~: K4). (15) 

K2 and K j in relationship (15) correspond to the concentration of defects of 
the FRENKEL and SCHOTTKY types in water and can be evaluated on the 
basis of the model of water structure. Ks can be found from the calculations 
of the energy of dispersion interaction of gas molecules with the fixed ice
like surroundings (in the case of gases located in the cavities of water struc
ture) or with the dodecahedral surroundings for gas molecules of larger 
SIzes. K4 (or more directly K5) reflects the effect of stabilisation of water 
structure by gas molecules in cavities. This effect can be evaluated from 
the data describing bulk properties of solutions of gases in water. The 
above scheme accounts for the anomalies of solutions of gases in water62,64) 

as against solutions in other liquids (in particular, anomalous heats and en
tropies of dissolution of gases). 

The salting-out of gases can be also considered on the basis of the ice
like model of solutions. In going from water to a solution of electrolyte, 
the ratio K2/ K j in relationship (15) is almost a constant value (since it has 
been demonstrated that r~r'), Ks reflecting the relationship of a gas mole
cule with the surroundings of a cavity should not vary in the presence of 
electrolyte, and Cx and K4 become variable. For gases whose molecules have 
room in the cavities of the ice-like structure, Cx can be found59) from the 
formula: 

I-x 
cX =-2--- x + N [a+br (1-x-ax+x-1] 

2 

-(b+ax)N+N[x+br(l-x)] . (16) 

Relationship (16) makes it possible to determine Cx values for solutions of 
salts provides the model of arrangement of ions is known. 

The variation of K4 in solutions of electrolytes represents the changes 
in substitution of water molecules in cavities by gas molecules in the presence 
of the field of ions. With electrolyte present, water molecules and gas mole
cules substituting them are not equivalant any more. Due to the orientation 
of polar molecules of water in the field of ions in cavities, these water mole
cules are in an energetically more favourable state than in pure water. At 
the same time, the state of gas molecules in cavities does not change, as 
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a first apporximation, in the presence of electrolyte. For this reason, K~l< 
K~'o and equilibrium (4) in going from water to a solution shifts towards 
the initial substances, i. e., the solubility of a gas in this case should decrease. 
Thus, the salting-out of gases is regarded as a wholly structural effect. In 
the present scheme (which is likely to hold true not only for gases but also 
for other molecules (with non-polar groups), salting-out can be explained by 
the influence of electrolyte on the stabilisation of water structure by non
polar molecules or on the hydrophobic hydration of nonpolar molecules). 
A more detailed analysis of the process requires also a consideration of the 
change in the state of the displaced water molecules in the ice-like struc
ture. The perturbations of the ice-like network in solutions should lead to 
a stronger manifestation of this relationship and the binding of the displaced 
water molecules by ions should result in a reverse change. 

The salting-out effect of electrolytes is usually characterised by the coeffi
cient Ss-o of the SECHENOV equation which can be represented as follows: 

1 0 1 [ 1+AK4H,O] 
S I Csol I CxRO I 
s-o=- og-- =- og--'-+ og l+AKt lo m Csol m Cx sol 

where A = K~Ks' and m molality. 

It follows from the scheme that: 

(17) 

1. The degree of salting-out a gas increases with the concentration of 
an electrolyte and the charge of ions in a solution; this has been indeed 
observed for the most of experimentally studied systems. 

2. The solubility of a gas in various solutions of electrolytes should 
correspond with the number of unoccupied cavities in the structure of solu
tions (at similar effective charges of ions in a solution). This conclusion is 
confirmed by experimental values of solubility of neon in aqueous electro
lytes09,60) for which Cx figures can be found on the basis of the model of struc
ture of solutions. Neon is a convenient subject of studies since its mono
atomic molecule can find room in a void of the ice-like network of water.59,611 

The larger is Cx (for the solutions studied, Cx NH,Cl =cx RbCl >cx KCl >CxKF > 

Cx KOH >cx MgSO) the smaller should be the salting-out of neon. The order of 
decrease of the degree of salting-out found in experimental studies of neon 
solubility is: NH4CI<RbCI<KCI<KF<KOH<MgS04• In another series 
CXMg(NO,),~CXCa(NO,l,~CXBa(NO.),>CXMgSO .. The degree of the salting-out of 
neon changes in the following way for these salts: Mg (NOS)2~Ca (NOS)2~Ba 
(NOS)2< < MgS04• 

3. If the proposed mechanism of dissolution of gases is correct. the 
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salting-out these gases should decrease with temperature since the effect of 
the field of ions on the orientation of water molecules in voids diminishes 
with temperature (accordingly, the variation of the constant K4 in passing 
from water to a solution will be smaller at a higher temperature). The 
temperature dependence of the coefficient S8-0 in the SECHENOV equation was 
calculated for neon from experimental values of solubility of the gas in solu
tions of electrolytes. 12) As it can be seen from Fig. 9, the salting-out of 
neon drops with temperature for all electrolytes. A decrease in the salting
out other gases in solutions of electrolytes with temperature has been found 

in other studies.62,63) Fig. 10 shows that the decrease of the salting-out of 
neon with temperature gives rise to an interesting phenomenon, viz. while 
in water and diluted solutions of electrolytes the solubility of neon drops 
with temperature (10-30°C), the solubility of the gas in electrolytes with 
concentrations increases with temperature. Minima of solubility are observed 
for solutions of intermediate concentrations. 

4. For a first approximation, pressure should not affect the salting-out 
of gases, as it follows from the scheme discussed, since the influence of 
a water molecule and that of a gas molecule in cavities are almost similar 

0.17 

0.14 

a 

O"~ 
0.05 

'-;'1~0-----:::2':::-0-----:::30=- , (oC) 

b 

Fig. 9. Temperature dependence 
of salting-out coefficient of the 
SECHENOV equation for the 
solutions of gaseous neon: 

I-NH4CI; 2-CsNOs ; 3-LiNOs; 
4-KNOs ; 5-KCI; 6-Mg(NOs)2. 

a-Ss-o; b-temperature, ·C. 

0.19 

a -----+ 0.18 
~ 

cm3 + 
mol 

~ 

0.13 ~ 
4 

x 5 
0.11 

0.09 6 

30 (OC) 

Fig. 10. Solubility of gaseous neon 
in water and 2 m solutions of 
electrolytes at different tem
peratures: 

I-H20; 2-LiNOs ; 3-KNOs; 4-KCI; 
5-NaNOs ; 6-Mg(NOslz. 

a-solubility, ems/mole; b-temper
ature, ·C. 
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and K4~const. Indeed, experimental studies have demonstrated that, for 
a first approximation, the dependence of the SECHENOV salting-out coefficient 
on pressure can be left out of account.62) 

The above analysis emphasizes once again the important role played 
by the initial structure of water and its effect on the structure and properties 
of such a complex system as an aqueous solution within a wide range of 
electrolyte concentrations and allows the large and diverse amount of experi
mental data to be decribed on a unified basis. 

References 

1) O. Ya. SAMOILOV, Water and Aqueous Solutions, R. A. HORNE ed., Wiley Inter

science, N. Y., L., 597 (1972). 

2) P. S. YASTREMSKII and O. Ya. SAMOILOV Zh. Strukturno Khimii, 4, 844 (1963). 
3) W. WEN, Water and Aqueous Solutions, R. A. HORNE ed., Wiley Interscience, 

N. Y., L., (1972). 

4) P. S. YASTREMSKII, et al., Zh. Fiz. Khimii, 49, 442 (1975). 

5) K. P. MISHCHENKO and G. M. POLTORATSKII, Problems of Thermodynamics and 

Structure of Aqueous and Non-Aqueous Solutions of Electrolytes, Leningrad, Khi

miya (1968). 

6) G. A. KRESTOV, Thermodynamics of Ionic Processes in Solutions, Leningard, Khi

miya (1973). 

7) V. 1. KLOPOV, M. V. KONDAKOV A and G. A. KRESTOV, Khimiya i Khim. 

Tekhno!., 15, 969 (1972). 

8) A. P. KRASNOPEROV A, Abstract of a Thesis of Candidate of Sciences, Kharkov, 

(1973). 

9) A. V. KRIZHANOVSKII and E. S. NENNO, Zh. Neorg. Khimii, 16, 1413 (1971). 

10) Handbook of Solubility of Salt Systems, Vo!' 3, 4. Goskhimizdat (1961). 

11) A. N. KIRGINTSEV et al., Solubility of Inorganic Substances in Water. A Hand

book, Khimiya (1972). 

12) A. K. LYASHCHENKO, Dokl. Acad. Nauk USSR, 217, 2, p. 380 (1974). 

13) N. V. PENKINA, Summaries of Papers of the 5th All-Union Conference on Electro

chemistry, Moscow (1974). 

14) E. S. VERSTAKOV, Abstract of a Thesis of Candidate of Sciences, Moscow (1975). 

15) O. Ya. SAMOILOV, Structure of Aqueous Solutions of Electrolytes and Hydration 

of Ions, Moscow, Publishing House of the USSR Academy of Sciences (1957). 

16) H. S. FRANK, Disc. Faraday Soc., W. 1. Wen., 24, 133 (1957). 

17) V AN BUEREN, Defects in Crystals (Russ. Trans!'), Moscow, Inostrannaya Literatura 

(1962). 

18) M. F ALK, Canad. J. Chem., 48, 607, p. 3020 (1970). 

19) R. K. MAZITOV, et al., Summaries of Papers of the 5th All-Union Conference on 

Electrochemistry, Moscow (1974). 

20) A. K. LY ASHCHENKO, Zh. Strukturno Khimii, 9, 782 (1968). 

155 



156 

A. K. L Y ASHCHENKO 

21) A. K. LYASHCHENKO, Izv. Acad. Nauk USSR, Ser. Khirn., 2, 287 (1973). 

22) A. K. L Y ASHCHENKO, Physical Chemistry of Solutions, Collected works, Moscow, 

p. 5 (1972). 

23) A. K. Ly ASCHENKO, Izv. Acad. Nauk USSR, Ser. Khirn., 12, 2631 (1975). 

24) D. EISENBERG and W. KAUZMANN, The Structure and Properties of Water, 

Oxford (1969). 

25) T. B. HASTED and 1. W. RODERICK, J. Chern. Phys., 29, 17 (1958). 

26) P. S, YASTREMSKII, et al., Zh. Strukturno Khirnii, 6 (1975). 

27) R. POTTEL, Chemical Physics of Ionic Solutions, John Wiley and Sons, Inc., N. 

Y., L. S. (1964). 

28) G. BRADY and 1. KRAUSE, J. Chern. Phys., 27, 304 (1957). 

29) G. BRADY, J. Chern. Phys., 28, 464 (1958). 

30) G. G. MALENKOV, Zh. Strukturno Khirnii, 7, 322 (1966). 

31) K. FAIANS and O. JOHNSON, J. Arner. Chern. Soc., 64, 668 (1942). 

32) Handbook of Chemical and Technological Values, a Supplement to Technical Ency

clopedia, Gostoptekhizdat, Vo!' 5 (1930). 

33) J. TIMERMANS, The Physico-Chemical Constants of Binary Systems in Concentrated 

Solutions, Vo!' 3-4, N. Y. (1960). 

34 ) A. K. L Y ASHCHENKO, Zh. Fiz. Khirnii 50, 2729 (1976). 

35) G. BRADY, J. Chern. Phys, 29, 1371 (1958). 

36) A. K. DOROSH, and A. F. SKRYSHEVSKlI, Zh. Strukturno Khirnii, 8, 348 (1967). 

37) R. CONNICK and D. FIAT, J. Chern. Phys., 39, 924 (1963). 

38) T. SWITT and W. SA YZE, J. Chern. Phys., 44, 3567 (1967). 

39) S. 1. ANDREEV, et al., Zh. Strukturno Khirnii, 2, 7 (1961). 

40) M. ALEI and J. JACKSON, J. Chern. Phys., 41, 3402 (1964). 

41) E. S. VAINSHTEIN and 1. 1. ANTIPOVA-KARATAEVA, Zh. Neorgan. Khirnii, 4, 783 
(1959). 

42) D. S. TEREKHOVA, Abstract of a Thesis of Candidate of Sciences, Dnepropetrovsk 

(1972). 

43) T. DANFORD, ORNL 4244 (1968). 

44) A. K. DOROSH and V. A. ORLOV, Summaries of Papers of the 5th All-Union 

Conference on Electrochemistry, Moscow (1974). 

45) M. 1. RA VICH, et al., Izv. SFKhA Acad. Nauk USSR, 22, 225 (1953). 

46) L. Roy, B. YEATTS and W. MARSHALL, J. Phys. Chern., 71, 2641 (1957). 

47) F. E. BOROV A Y A and M. 1. RAVICH, Zh. Neorgan. Khirnii, 12 (1968). 

48) M. 1. RAVICH, Water-Salt Systems at Elevated Temperatures and Pressures, 

Moscow, Nauka (1974). 

49) M. A. KLOCHKO and K. T. BATOV A, Zh. Neorgan. Khirnii, 5, 2325 (1960). 

50) A. 1. TORY ANIK and V. V. KISEL'NIK, Teor. i Eksperirn. Khirniya, 5, 2 (1969). 

51) G. HALCHESON, Complexing in Hydrothermal Solutions (Russ. Trans!'), Moscow, 

(1967). 

52) O. 1. MARTYNOV A, Zh. Fiz. Khirnii, 38, 1065 (1964). 

53) A. K. L Y ASHCHENKO, Thermodynamics and Structure of Solutions, Collected 

works, Ivanovo Institute of Chemical Technology, pt. 3 (1975). 



State and Role of Water in Solutions of Electrolytes 

54) M. I. RAVICH and V. M. VALYASHKO, Zh. Neorgan. Khimii, 20,204 (1965). 

55) L. F. YASTREBOVA, A. F. BORINA and M. 1. RA VICH, Zh. Neorgan. Khimii, 8, 

208 (1963). 

56) M. I. RA VICH, et al., Izv. SFKhA Acad. Nauk USSR, 22, 225 (1958). 

57) N. E. UCHEMISHVILI and S. D. MALININ, Geokhimiya, No. 10 (1966). 
58) V. M. VAL Y ASHKO, Geochemistry, Petrology, and Mineralogy of Alkaline Rocks, 

Collected works, Moscow, Nauka, 77 (1971). 

59) A. K. Ly ASHCHENKO and A. F. BORINA, Zh. Strukturno Khimii, 12, 964 (1971). 

60) A. K. LYASHCHENKO and A. F. BORINA, Zh. Strukturno Khimii, 14, 978 (1973). 

61) A. Yu. NAMIOT and E. B. BUKHGALTER, Zh. Strukturn Khimii, 6, 911 (1965). 

62) A. Yu. NAMIOT and M. M. BONDAREV A, Solubility of Gases in Water under 

Pressure, Gostoptekhizdat (1963). 

63) H. L. CLEVER and C. J. HOLLAND, J. Chem. and Engin. Data, 13, 411 (1968). 

64) A. Yu. NAMOT, Zh. Strukturno Khimii, 2, 408 (1961). 

157 


	1001314.tif
	1001315.tif
	1001316.tif
	1001317.tif
	1001318.tif
	1001319.tif
	1001320.tif
	1001321.tif
	1001322.tif
	1001323.tif
	1001324.tif
	1001325.tif
	1001326.tif
	1001327.tif
	1001328.tif
	1001329.tif
	1001330.tif
	1001331.tif
	1001332.tif
	1001333.tif
	1001334.tif
	1001335.tif
	1001336.tif
	1001337.tif
	1001338.tif
	1001339.tif
	1001340.tif
	1001341.tif
	1001342.tif

