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Special features of solubility isotherms of salt hydrates have been observed, from which the 
evidence of strong organization of saturated solutions of hydrates may be deduced. Often observed 
low contents of the non saturating component in the eutonic solution limiting the crystallization 
branch of hydrated salts is put into connection with this result. The composition of the respective 
eutonic solutions exhibits a correlation with the hydration entropy of the ions present in the ternary 
saturated solution.
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During the past decades, the combination o f  
diffraction studies [ 1] and large scale computational 
calculations [2 ] has brought a significant improve­
ment in our understanding o f the structure o f aqueous 
electrolyte solutions. The authors o f these investiga­
tions, however, stress [3] that there are several techni­
cal disadvantages in the practical implementation o f  
these direct methods, especially in the case o f con­
centrated solutions. Therefore the respective field is 
benefiting also from contributions o f indirect investi­
gations.

In recent years [4 - 7] we have tried to prove that 
information on the ionic processes in saturated aque­
ous electrolyte solutions is included in the solubility 
isotherms o f ternary systems consisting o f two elec­
trolytes with a common ion. Therefore w e started 
searching for a method o f computer analysis o f  sol­
ubility curves that would elucidate this information. 
The proposed method, called hydration analysis [4], 
permits the calculation and, for the required treat­
ment, use o f the amount o f water that attains different 
properties in the three component saturated solution 
from those in the saturated binary solution.

In hydration analysis, the amount o f water which 
preserved in ternary solution the properties o f water 
in binary saturated solution o f the uni-univalent elec­
trolyte M X (the effective water w eff) is calculated so

that

m l  = m MX(m MX +  m Mx)- ( 1)

This may be done by expressing the m olalities via 
mass %:
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where wo is the concentration in mass % (or molality 
mo) o f the binary saturated solution serving as our 
reference point, and (wH,o)o is the concentration o f  
water in that solution. From (2) follows

(w h ,o )o (M t)m x  /-------z------------------r
Weff -  --------------------------V  ^ M X (^ M X  +  ftM 'x) , (3)

w 0

where n* = w t / (M r)* is the amount o f substance of  
the component i in 100 g o f the saturated solution. 
Therefore, the amount o f water that attains different 
properties in the three component saturated solution

09 3 2 -0 7 8 4  /  01 /  1200-0865 $ 06.00 ©  Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



8 6 6 J. Eysseltovä et al. ■ Strongly Organized Saturated Solutions

from those in the saturated binary solution unhanged = 
u’HtO — Weff is expressed as the parameter P:

(Mr)  H20 ( n H20  +  ™MX +  ™M’x )

where iuh.o = 10 0  -  wmx — ^m’x answers to the con­
centration o f water in the ternary saturated solution  
under consideration (in mass %). For the sake o f  clar­
ity, the parameter P  is expressed relative to one mole 
o f the non-saturating component, i. e. P / x i .

From the values obtained by hydration analysis, 
the concentration dependence o f the relation P / x i  
and the total amount of water available per ion of 
salt components Aq  were found most suitable for the 
description o f ionic processes [4]. Therefore, only 
these dependences have been depicted on the relevant 
figures also in this paper. Further, the points depicting 
the values o f the variables have not been connected  
by curves, as no theory exists to describe the shape of 
the concentration dependence o f P / x 2 as yet.

It is also straightforward [5] to obtain the ratio 
7 ± / 7 o ( l ±  and 70  are, respectively, activity coeffi­
cients o f the solute in the ternary saturated solution 
and in its binary saturated solution in water under the 
same conditions), as

p  _ ____________________________ / j  _  To \

(M r)n 2o(nH 20  + n MX + ™M'x) '  7± '

= xH, o ( l - — ), (5)- V 7 ± J

where xh2o is the mole fraction o f water in the ternary 
saturated solution under consideration.

Recently [6 ] the quantity E  has been introduced as

E  = m \ R T  In 7 ± / 7 o- (6 )

Without detailed considerations o f the pertinent stan­
dard states, this quantity can be assigned the signifi­
cance o f the residual Gibbs energy for the transfer of 
m \  m oles o f electrolyte 1 from its saturated solution 
to a solution containing 1 kg o f water and a concen­
tration o f electrolyte 2 such that the ternary solution 
formed at the temperature T  is exactly saturated in 
electrolyte 1 .

It has been proven [7] that the dependence o f  the 
quantity E  on the composition along the branches of  
the solubility isotherm of a ternary system follow s  
the changes o f configuration o f the ternary saturated 
solution.

All these treatments are especially effective if ap­
plied to families o f homologous systems. In selecting 
such families o f systems, both by literature search 
and own measurement [7], special features of solubil­
ity isotherms o f salt hydrates have been observed.

Prior to the present considerations, some evidence 
of strong organization o f saturated solutions of hy­
drates was deduced directly from the results o f the 
hydration analysis. The 25 °C solubility isotherms in 
the systems M nCl2-M gCl2-H20  [8 ], CoCl2-M gCl2- 
H20  [9] and CuCl2-M gCl2-H20  [10] were analyzed. 
When magnesium chloride is added to saturated so­
lutions o f CoCl2 • 6 H20 ,  MnCl2 • 4 H20  and CuCl2
• 2 H20 ,  hydration o f the M g2+ ion added by the 
water m olecules available in the saturated solution 
proceeds. The parameter P / x i  giving a quantitative 
characterization o f the competition is approximately
3, 4, and 5.5, respectively. This sequence (CoCl2 • 6 
H20  < MnCl2 • 4 H20  < CuCl2 • 2 H20 )  does not 
reflect the amount o f water available in the respec­
tive saturated solutions which increases in the order 
MnCl2 • 4 H20  < CuCl2 • 2 H20  < CoCl2 • 6 H20 .  
Instead, the parameter P / x 2 seems to be the larger, 
the lower the water content in the hydrate at equilib­
rium. This means: the higher hydrate is present in the 
equilibrium solid phase, the less the respective satu­
rated solution is w illing to let the M g2+ ion build its 
hydration sphere.

However, in the systems with hydrated salts, quite 
often the solubility branches o f the hydrated com po­
nents are too short to meet the criteria established for 
the applicability o f hydration analysis [11]. The phe­
nomenon itself can be put into connection with the 
problem under discussion. Let us assume that a satu­
rated solution o f a hydrate has its own configuration, 
more or less related to the structure of the respective 
crystal hydrate. Such a relation between concentrated 
electrolyte solutions and solid crystal hydrate was as­
sumed earlier in some considerations of Mishchenko
[14] and was also reflected by using ionic radii based 
on solid hydrate data in attempts to use the Bom equa­
tion for the consideration o f ion hydration [15]. Such 
a configuration represents the minimum potential en­
ergy o f the system. Adding the other solute causes a 
perturbation o f this state and hence a potential energy 
increase. In the above systems with M gCl2 added to 
the liquid phase, the added component has the ability 
to organize the solution also due to the strong hydra­
tion o f the magnesium cation. Therefore, the respec­
tive hydration energy contributes to the compensation
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Fig. 1. Plot of the length of the crystallization branch of 
hydrates against the entropy of hydration of the alkaline 
earth cations in the systems LiCl-M nCl2-H20  and L iN 0 3- 
M ii(N 0 3)2-H 20 . • : L iN 0 3 • 3 H20  in solid phase3, M = 
Mg, Ca, Sr, Ba; o: LiCl • H 20  in solid phase [12, 13], M = 
Be, Mg, Sr, Ba.
a The two values for the calcium system are the boundaries 
of the area of the liquid phase observed on the respective 
solubility isotherm [7].

o f breaking the original configuration. In most other 
cases, the system maintains its potential energy by 
expelling the added component into the solid phase, 
regardless o f  whether in the pure form (forming an 
eutonic i. e. eutectic system  o f unsymmetrical shape) 
or as a double salt (often, e. g., in the case o f M gCl2 •
6 H20  in systems with alkali metal chlorides). Such a 
phenomenon is reflected in the shape o f the solubility 
isotherm under consideration as a low concentration 
o f the non-saturating com ponent in the respective eu­
tonic point, or, in other words, as a very short crystal­
lization branch o f  the hydrate.

From the thermodynamic point o f view, the entropy 
o f the system clearly reflects the phenomenon under 
discussion and should be examined. However, in the 
respective calculation a term characterizing the dif­
ference between a saturated solution o f the anhydrous 
salt and that o f the hydrate should be introduced, the 
derivation o f  which remains unclear. Nevertheless, 
our statements are supported by Figure 1. In Fig. 1, 
the concentration o f the added salt in the eutonic so­
lution limiting at 25 °C the crystallization branch of  
LiCl • H20 ,  and L iN 0 3 • 3 H20  in ternary systems 
consisting o f these solutes, the chlorides respectively 
nitrates o f alkaline earth metals and water is plotted 
against the entropy o f hydration o f the added ions. The 
entropy o f hydration was chosen as the independent

variable, as the literature yields a very reliable set o f  
data. The values used in this article were the “exper­
imental” ones taken from the book o f  Krestov [16]. 
Plots o f analogous shapes are found for other ther­
modynamic characteristics o f the hydration as well as 
for the viscosity parameter B ,  where the connection to 
the hydration sphere(s) o f the ions involved was sug­
gested [17]. Plots o f very similar shapes were found 
also when the respective eutonic concentrations were 
plotted against the water-structural contribution to the 
entropy and even for the AGHB values on the struc­
ture breaking and making scale given by Marcus [18]. 
However, only the plot against the hydration entropy 
has been demonstrated here, as a mutual correlation 
of the entropy o f  hydration and other characteristics 
of hydration was proved [18, 19].

The attempt to depict an analogous correlation for 
other families o f added ions, such as for transition 
metals, is less illustrative due to the close values o f  
their hydration entropies and lack o f  precise data. The 
longest crystallization branches o f  hydrated chlorides 
such as LiCl • H20  and M gCl2 • 6 H 20 ,  have been  
observed in solutions o f  zinc and mercury chlorides 
[ 1 2 , 2 0 ], where an energetic contribution o f com plex- 
ation may be expected. Nevertheless, involving com ­
plex formation in these considerations seems quite 
subtle and needs further material for comparison.

On the other hand, it should be stressed that it is not 
only the ion hydration in the saturated solution, but 
also the overall configuration o f the respective solu­
tion, involving packing o f its ions and water m olecules 
in space, which is responsible for the phenomena un­
der consideration. This may be illustrated by the fo l­
lowing example: as mentioned above, o f the chloride 
systems, M gCl2 • 6 H20  is the hydrate which exhibits 
very often a short crystallization branch due to Or­
ganization o f its saturated solution. However, in the 
CaBr2-MgBr2-H20  system at 25 °C [21], the solubil­
ity isotherm is highly unsymmetrical, with the eutonic 
point at 52.6 mass % MgBr2 • 6 H20  and 6.7 mass 
% CaBr2 • 6 H20 ,  in spite o f the fact that the solu­
bility o f  both salts does not differ much (MgBr2 • 6 
H20  50.8 mass %, i.e . 5.62 mol kg- 1 , CaBr2 • 6 H20
60.5 mass %, i.e . 7.66 mol kg- 1 ). This means that in 
this case CaBr2 • 6  H20  is the component which ex­
hibits the more organized saturated solution, expelling  
the added MgBr2 into the solid phase. This fact may 
be accepted and understood if we take into account 
the size o f the ions involved (rMg2+ = 65 pm, rCa:+ = 
99 pm, tqi-  = 181 pm and r Br-  = 196 pm). From
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Fig. 2. Hydration analysis of the solubility branch of MgBr2 
• 6 H 20  in the system M gBr2-CaBr2-H20  at 25 °C.

this point o f view, the dimensions o f M g2+ and Br~ 
ions differ too much to ensure a favorable filling o f the 
space, the situation being more favorable in the case of 
calcium.

The respective solubility isotherm was treated by 
hydration analysis; on the solubility branch depict­
ing the solubility o f M gBr2 • 6 H20  in CaBr2 so­
lutions, additional support for the above conclusions 
was found. In Fig. 2, the dependences o f the amount 
of available water Aq,  the hydration parameter P / x 2 
and the variable E  on the concentration o f  the added 
Ca2+ ion are presented. A s we can see, the ions o f the

[1] G. W. Neilson and J. E. Enderby, Adv. Inorg. Chem. 
(E d.G . Sykes) 24, 195 (1989).

[2] K. Heinzinger, Physica 131 B, 196 (1985).
[3] J. E. Enderby, S. Cummings, G. J. Herdman, G. W. 

Neilson, P. S. Salmon, and N. Skipper, J. Phys. Chem. 
91, 5851 (1987).

[4] J. Eysseltova, Collect. Czech. Chem. Commun. 59, 
126(1994).

[5] J. Eysseltova, Collect. Czech. Chem. Commun. 59, 
2351 (1994).

[6 ] J. Eysseltova and M. Ebert, Z. Naturforsch. 54a, 485 
(1999).

[7] V. Zbranek and J. Eysseltova, Monatsh. Chem. 132, 
1463 (2001).

[8 ] B. I. Zhelnin and G. I. Gorshtein, Zh. Neorg. Khim. 
16, 3143 (1971).

[9] T. Oykova, Zh. Neorg. Khim. 24, 219 (1979).
[10] Kh. Balarev andD . Spasov, Zh. Neorg. Khim. 25,2814 

(1980).
[11] J. Eysseltova, Collect. Czech. Chem. Commun. 6 6 . 89

(2001).

added electrolyte build their hydration spheres from 
the water available in a saturated solution o f the so­
lute. Moreover, a structure change characterized by 
a break on the concentration dependence o f E  is 
demonstrated. This may be understood as adaptation 
o f the structure to that one more related to the energet­
ically advantageous structure o f the saturated solution 
o f CaBr2 • 6 H20  as the calcium concentration in the 
solution grows. On the shorter solubility branch de­
picting the solubility o f CaBr2 • 6 H20  in MgBr2 
solutions, the added magnesium bromide is smoothly 
incorporated into the structure o f the binary saturated 
solution and soon expelled into the solid phase.

On the basis o f the above arguments, high orga­
nization in saturated solutions o f  hydrates is very 
probable and should be taken into account in discus­
sions of their physico-chem ical properties together 
with the structure and energetic considerations on the 
molecular level. In all probability, this organization is 
responsible for what is called “inter- and intramolec­
ular weak interactions” e. g. in the discussion o f crys­
tallization processes [22] performed by the Ohtaki 
group and should be considered as the medium, in 
which their nuclei are formed. In addition, the mu­
tual connection between the shape o f the solubility 
isotherm in a ternary system consisting o f two salts 
with a common ion and the degree o f organization o f  
the respective saturated solutions may be considered 
to be proven.

[12] V. P. Blidin and V. I. Gordyenko, Dokl. Akad. Nauk 
SSSR24, 1081 (1954).

[13] N. K. Voskresenskaya and O. K. Yanat’eva, Izv. AN 
SSSR, ser. khim. 1 ,97  (1937).

[14] K. P. Mishchenko and G. M. Poltoratskiy, Voprosy 
Termodinamiki i Stroeniya Vodnykh i Nevodnykh 
Rastvorov Elektrolitov, Khimiya, Leningrad 1968.

[15] N. E. Khomutov, Zh. Fiz. Khim. 39, 639 (1965).
[16] G. A. Krestov, Termodinamika Ionnykh Protsessov, 

Izd. Khimiya, Leningrad 1973.
[17] M. Kaminsky, Disc. Faraday Soc. 24, 171 (1957).
[18] Y. Marcus, J. Solution Chem. 23, 831 (1994).
[19] K. J. Nightingale, Jr., J. Phys. Chem. 63, 1381 (1959).
[20] H. Bassett, G. W. Barton, A. R. Foster, and C. R. J. 

Pateman, J. Chem. Soc. 2, 163 (1933).
[21] Kh. Balarev and R. Duhlev, Zh. Neorg. Khim. 28, 

2639 (1983).
[22] K. Waizumi, N. Fukushima, and H. Ohtaki in Crys­

tallization Processes, Wiley Series in Solution Chem­
istry, Vol. 3, (Ed. H. Ohtaki), John Wiley & Sons, 
Chichester 1998.


