
433 

ON THEORY OF IONIC VOLUMES IN DILUTE AQUEOUS SOLUTIONS 
OF ELECTROLYTES 

Jiii CELEDA 

Department of Nuclear Fuel Technology and Radiochemistry 
Prague Institute of Chemical Technology, 16628 Prague 6 

Received September 26th, 1986 

For purposes of calculation of densities of aqueous solutions of strong electrolytes and of their 
mixtures, theoretical substantiation of the formerly outlined empirical model of apparent molar 
ionic volumes'" in solution is presented. According to the model, the hydration sheaths of ions 
consisting of radially close-packed H20 molecules having effective molar volume V;" the same 
for all ions, are on their contact with the adjacent structure of liquid water surrounded by a layer 
of excess voids. This layer can be substituted in the model by a continuous "gap" of width do. 
which again is common to all the ions and is temperature-independent. Using experimental'" 
values of twenty-seven strong electrolytes together with the data on electrolytic transport of 
water on ions, V;" = 12 cm3 mol- 1 and dO = (40 ± 2) pm were found for mono- and divalent 
ions in 1 mol dm - 3 solutions, independently of ionic charges and crystallographic radii. The 
exception are small ions Li + and Na + , the volumes of which - if interpreted on the basis of the 
model - correspond to hydration sheaths formed by a cluster of voluminous ice-like structure. 
An anomaly in this respect has been encountered also in the case of NHt ion. 

In previous works1 ,2 the model of apparent molar volumes «Pi of ions in aqUeous 
solutions was outlined. Its applicability to theoretical calculation of densities of 
solutions of strong electrolytes was demonstrated not only for one electrolyte3 but 
also for the mixture of electrolytes4 • On the other hand, the model turned out to be 
applicable for determining chemical constitution of these solutions (formation of 
aqua2 •4 - 7 and acido complexesS - 7), particularly in high concentration range where 
the other methods fail. The present work attempts at forming theoretical basis for 
substantiation of model relations introduced. Experimental data needed for this 
purpose were taken from the literatures- 12• 

Starting from the definition of the apparent molar volume «P (dm3 mol- 1) of 
a solute in solution, we get for the density of its aqueous solution, e: 

e = eo + (M - eo«P) c , (1) 

where eo (kg dm- 3 ) is the density of the free liquid water at the given temperature, 
M (kg mol- 1) is the molar mass of the solute (electrolyte), and c (mol dm- 3) is 
solute concentration. Using this relation, the apparent volumes of electrolytes can 
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be calculated from experimental densities of solutions: 

qJ = -[(Q/Qo) - l]/c + M/Qo· (2) 

In the theory of apparent molar ion volumes in aqueous solutions, there are two 
basic concepts. One (in various modifications) is based on Born model13 of a conti
nuous increase of compression ("electrostriction") of water with decreasing distance 
from the electric centre of the ion due to its coulombic action on liquid water 
taken as a polarizable structureless continuum. The second theory, on the other 
hand, is based on Stokes and Robinson hypothesis14 - 16 that the assembly of water 
molecules closest to the ion is bound to the ion by ion-dipole forces to give a unit 
structurally different from the surrounding structure of liquid water. (For details 
see ref. 1 7). 

The large positive deviations of experimental qJ values from the above models 
were attempted to explain by the authors by introducing independent supplementary 
hypotheses. The attempt based on the idea of an expansion of ions on their passage 
from crystal to solution18 - 20, however, has been disproved by X-ray diffraction 
measurements of the ion-H2 0 distances in solution21 - 23 as weII as by calculations 
of the inner pressure in crystals24. On the other hand, the argument against the 
hypothesis about existence of additional contact voids at the ion-water contact14 - 16• 

25 - 29, supported by the results of macroscopic experiments with jarring balls2o •28 

(strongly influenced by their mutual friction) are the high values of volume dif
ference: Mukerjee30 reports 80 per cent of the proper crystallographic volume of 
ions, Hepler20 gives the values 85% for cations and up to 110% for anions, Couture 
and Laidler28 •29 found the reverse difference between cations and anions by about 
one order of magnitude. The most acceptable seem to be those concepts which 
localize the above volume difference to greater distances from the centre of the ion, 
i.e. in the outer lay~r of its hydration sheath, assuming either an "arching" (Aus
wolbung in original paper31) of this layer or a formation of a "fuzzy", unordered 
transition zone of H 20 molecules between the close-packed structure of the hydration 
sheaths of ions and the surrounding voluminous structure of liquid water32 • Both 
these hypotheses, however, are only qualitative. 

THEORETICAL 

The model proposed in the present work takes into account the following facts: 1) 
Taking plausible coefficient of the internal field (within layers of the radially oriented 
H20 dipoles with fully suppressed orientation polarization, only little smaller than 1, 
e.g. 0'7 up to 0'8), the coulombic orientation energy of H20 dipoles in ion sheaths 
exceeds the bonding energy of H20 molecules in the structure of liquid water (which 
amounts33 •34 to c. 40kJmol- 1) already at the distance of 300 up to 350 pm from 
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the electric centres for univalent ions, 420 up to 480 pm for divalent ones and from 
520 up to 600 pm for trivalent ions at ambient temperatures of aqueous solutions. 
2) Already small change in the distance within these values - by one order of magni
tude smaller than is van der Waals radius of H20 molecule - is enough to cause 
(at the known rigid structure of liquid water34) a discontinual structural trans
formation. Hence, we have introduced the concept of a sharp interface between 
the radially close-packed structure, in which water has the same molar volume V; in 
the hydration sheaths of all ions, and the structure of surrounding liquid water with 
the molar volume V~. Taking into account the rigidity and incompatibility of both 
structures, one should suppose - for purely geometrical (temperature-independent) 
reasons - the existence of contact voids, which are additional to those already 
present in the interior. The volume contribution of these voids can be substituted 
in the model by a continuous gap of width do which can be expected to be the same 
for all ions. In case of full rigidity of both structures and their inability to fit into 
each other, the limit of do would amount to the radius of the given particles, i.e. 
140 pm for water. At partial flexibility of one of them (here of the voluminous 
structure of surrounding liquid water common to all ions), this value would be 
smaller but again the same value can be taken for all ions, independently of con
centration c. As the gap mentioned is localized in greater distance from the centre 
of the ion than its "hard-body" radius ri' the observed volume differences between 
experiment and theory can be explained by using much smaller, from the physical 
point of view quite acceptable do value as compared to that which results from 
localization of voids on the proper "surface" of the ions. 

From definition of volume <Pi as the molar volume left for ions in solution after 
subtracting all the water bound in their hydration sheaths taken as the free liquid 
component, - ni V~, from the volume effectively occupied by the ions together with 
their hydration sheaths in solution, V:( eff), it follows that 

V:(eff) = <Pi + nY~ (3) 

(ni is the number of water molecules bound to the ion). In a similar way, the fol
lowing expression is obtained for the molar "hard-body" voluILe of ions together 
with the above hydration sheaths, V(, with no additional contact voids included: 

V( = Vi + nY;, (4) 

where Vi = (4/3) 1tNr~ is the volume of "naked" ion, the proper crystallographic 
(respectively van-der-waalsian, for polyatomic ions) radius of which is ri' Supposing 
that the electrostatic field of the given ion has a spherical symmetry, the radius of 
the whole hydrate inclusive additional contact voids, i.e. r;(eff), would - according 
to Eq. (4) - be equal to (3/41tN)1/3 (Vi + n i V~y/3 + do, whence we have, for the 
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effective volumes of ions in aqueous solution: 

(5) 

so that one obtains from Eq. (3) for the apparent volume of electrolyte cp (cp and V 
in dm3 mol- 1 and do in nm): 

cP = L[(Vi + njV~)1/3 + l'36dor - LnjV~, (6) 
I I 

where the sumation relates to all free ions in electrolyte formula in the given state 
of its dissociation in solution. (In the case of incomplete dissociation, for nj and V; 
the values corresponding to the dissociation degree should be taken.) 

On increasing concentration c, the volume fraction of water in solution decreases 
and thus, according to MGW, also nj values decrease. This according to Eq. (6) 
means that at V~ < V~ (as corresponds to the model) and constant do, the apparent 
volume cP increases. This finding can be, at least qualitatively, used to account for 
Masson empirical rule3s of linear increase of cP of strong electrolytes in aqueous 
solutions with c1/2, which was experimentally proved to be valid up to the highest 
concentrations possiblel2 ,36,37: 

from which, by putting into Eq. (1), one obtains 

e = eo + Ac - Bc3/2 , 

which is Root equation37 with the coefficients 

, 

(7) 

(8) 

(9) 

(10) 

the values of which can be determined experimentally from densities e measured at 
different concentrations c in using two-parameter adjustation to Eq. (8). From the 
so obtained coefficient A and Eq. (9), one can calculate the apparent volume of 
electrolyte cpo extrapolated to c = O. 

If in aqueous solution the electrolyte forms stable aqua complexes with naq H20 
ligands bonded with significantly higher energies than those of water molecules 
in the electrostatically bound sheath, the present model allows us to conclude that 
the effective molar volume ~C) of these ligands will involve voids at contact with the 
sheath to give (since we deal here with two spherically close-packed structures) 
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the same value V~ as has water in this sheath. Hence, in Eq. (6) total experimental 
values of nj can be used, without separating naq and without distinguishing between 
V!C) and V~, up to the limit where the splitting-off of hydration sheaths on increasing 
concentration starts to expose the coordination sphere of the aqua complex to direct 
contacts with the adjacent structure of free water, i.e. only in extrapolation to c = 0 
(or, in approximation, up to c = 1 mol dm- 3). 

RESULTS AND DISCUSSION 

If in the interface between the hydration sheaths of ions and the structure of sur
rounding water there exists a zone of additional voids, this will be the weakest point 
in which the most frequent shifts of H20 molecules bound in the hydration sheaths 
of ions against the molecules in the adjacent structure of liquid water will take place 
during migration of ions in the given solution. This makes it possible to determine 
experimentally nj from electrolytic transport of water on ions. Experiments thus 
performed on non-selective diaphragms38 - 48 gave (after the reduction of results 
to c = 1 mol dm- 3) nj values summarized in Tables I and II for univalent and 
divalent ions, respectively. 

The concept of the spherically close-packed hydration sheaths allows us to test 
independently these results. Assuming negligibly small compressibility as well as 
orientation polarizability of these hydration sheaths as compared to free liquid 
water, the total hydration number 7 was obtained from compressibility measure
ments on KCI solutions (1 mol dm- 3 )49-S1 and 6 from dielectric permittivity measu
rementsS2 ,S3; similar values resulted from entropy measurements on ions in solu
tions4. As an absolute rigidity of the sheaths cannot be expected in our model, the 
above hydration numbers of KCl thus represent rather the lower limit. On the other 
hand, the numbers obtained from the salting-out of non-electrolytes caused by the 
expulsion of their less polarizable molecules from the vicinity of ions by polar H20 
molecules (the action radius of which necessarily lies outside of the close-packed 
sheaths) will approach nl values "from above". Salting-out data obtained from 
solubiIitySS and cryoscopics6 measurements yield for the number of moles of water 
inaccessible for molecules of N20 (ref. sS) and pyrocatechols6 in aqueous solution 
of KCl (1 mol dm- 3) the value of 8·7 and 8'6, respectively. The approximate mean 
value between both limits agrees well with Remy38-40 and Baborovsky41-48 sums 
of cationic and anionic water transport numbers for KCl (1 mol dm- 3) being 7 up 
to 9 at 20°C. In this electrolytic method of experimental determination of nj> the 
results are affected to a different extent by electro osmotic entraining of water (de
pending on the method, especially on the membrane used) which grows with in
creasing dilution of the solution. However, the literature data on concentration 
limits under which this effect begins to play a significant role differ from each other 
by order of magnitude. On non-selective diaphragmsS7, electroosmotic entraining 
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of water ceases to interfere only above c = 1 mol dm - 3. The results reported by 
Rutgers and Hendrikxss for selective ion exchange membranes and obtained with 
the use of heavy water detection at c = 0·3 mol dm - 3 are markedly higher but 
preserve the proportionality to data reported by both previously mentioned au
thors3s - 4s. For univalent ions, these data can be reduced to the 1 mol dm- 3 level 
by using the coefficient 0·6 (see Table I). (It is worth mentioning that individual nj 

values of ions undergo incessant statistical fluctuations; experimental data in Tables I 
and II thus represent statistical quantities). 

TABLE I 

Crystallographic radii rj (pm), molar hard-sphere volumes Vj (cm3 mol-I) and hydration 
numbers nj of monoatomic univalent ions determined from water transport (c j = 1 mol dm - 3, 
20De) 
---. ---- -------- ---------------.--- - --~------------ --._--

rj 
Ton -- -- --------------- Vj n. b n.c n.d 0'6n j e aver. I I I 

limitsa aver. 
-------_. 

Li+ 60-70 65 0·7 12'6 13·0 13-5 13'0 
Na+ (90)-100 96 2·2 8·4 8'6 8'5 8'5 
K+ (122)-133 131 5·7 4'0 4·2 5'0 4·2 4'6 
Rb+ (140)-148 146 7·9 4'0 4·0 
Cs+ (161)-169 166 11'5 3'5 3·6 3'5 
CI- 181-181 181 14'9 3'0 3'0 4'0 3·0 3'3 
Br- 195-196 196 19·0 2·2 2'0 3·0 3·0 2'5 
1- 216-220 218 26·1 3'7 3'5 2'0 (2'5) 

a Refs59,6o; b ref.39; C ref.4o: d refs41-48 (aver.); e ref.58. 

TABLE II 

Crystallographic radii rj (pm), molar hard-sphere volumes Vj (cm3 mol-I), and hydration 
numbers nj of monoatomic divalent ions determined from water transport (cj = 1 mol dm - 3. 
20De) 

Ion rj a (aver.) Vj n. b 
I 0'7n j C 0'4njd aver. 

-----_.----- - ~-~----. 

Mg2 + 69 0·8 14 14 14 14 
Ca2 + 100 2'5 12 12 12 12 
Sr2 + 115 3-8 (8) 11 12 11-5 
Ba2 + 136 6·4 (4) (8) 11 11 

a Ref.59; b ref.40; C refs41-48 (averaged); d ref.5S. 
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In the case of divalent ions with rare-gas electron configuration (Table II), measu
rements with non-selective membranes are influenced by the effect of ion pairing, 
which increases with increasing ionic radii. These associates, too, penetrate through 
diaphragms and are markedly less hydrated compared to free M 2 + ions. Results 
which are evidently affected by this effect (as judged from their comparison with 
other data) are given in Table II in brackets. Measurements by Baborovsky44-48 

made at concentration 0·5 mol dm - 3 of the ion in question are affected by this 
association much less, but they are on the other hand influenced by electroosmosis. 
Comparison with non-associating Mg2+ and Ca2+ ions shows that to eliminate 
this effect, the use of the coefficient 0·7 appears as adequate. Measurements on selec
tive membranes58 at C(M2 +) = 0·15 mol dm - 3 are obviously not affected by such 
association effects but the reduction coefficient 0·4 is required to eliminate the strong 
participation of the interfering accessory phenomena. 

The average values of all results thus obtained (the last column of Table II) are 
in agreement with the sequence of crystallographic radii of ions (the left side of 
Table II). The uncertainty of ±0·5 unit in determination of nj (which according 
to Tables I and II seems to be roughly the true estimate) causes in Eq. (6) the error 
in calculated do values of ± 1· 5 pm, which is on the level of accuracy of the experi
mental determination of cP at c = 1 mol dm - 3. The present test of the model is valid 
within these limits. The do values (pm) calculated according to Eq. (6) (using nj 
and ~ from Tables I and II) from the apparent volumes cP(1) of strong electrolytes 
(taken - for purposes of consistence with experimental nj values - for densities 
of solutions at c = 1 mol dm - 3, 20cc) are represented graphically in Fig. 1. The 
volumes cP(l) were both interpolated from the cP values calculated from solution 
densities (ref8 - IO, 20c C) for different c according to Eq. (2) and evaluated from 

FIG. 1 

Effective width do (pm) of the layer of addi
tional contact voids on the surface of hydra
tion sheaths of ions, calculated from the 
apparent molar volumes «1>(1) (1'0 mol. 
. dm - 3, 20DC) of salts for different molar 
volumes of water, V~, in these hydration 
sheaths: 1 7'5, 2 10·0; 3 12·5; 4 15·0; 5 
17· 5 cm3 mol- l, in dependence on their 
experimental hydration numbers n j ; 0 1,1-
-valent electrolytes, CD 2, I-valent electrolytes 
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coefficients A and B adjusted 12 to these densities by using regression function (8) 
together with Eqs (7) and {lO), according to which 

<p(l) = <po + B/eo = (M - A + B)/eo , (11) 

where the term (M - A)/eo was substituted for <po. Calculation of do from Eq. (~ 
was made with the use of the averages of both values thus obtained. 

As it is seen from Fig. 1, within experimental errors, one can find one common 
value of V~ = 12 cm3 mol-t, for which the contact void width do is the same for 
all strong electrolytes investigated, independently of their hydration number, valence 
type and their ionic radii. This value agrees fairly well with the effective molar 
volume calculated for spherical particles having radius r w around 140 pm and close
-packed in "pole-to-pole" layers, where for V~ = 4Nr;.J3 one obtains 11·4 cm3 • 

. mol-t. Deviations of the do values calculated from experimental <p(t) and nl data 

TABLE III 

The width do (pm) of the contact "gap" between the hydration sheaths of ions and the adjacent 
structure of liquid water evaluated from Eq. (6) in using experimental 11>(1) (cm3 mol-t) volumes 
of salts and nj values of ions (cl = 1 mol dm- 3, 20°C, V'; = 12cm3 mol-t) 

11>(1 ) 11>(1 ) 

Salt Lnj do Salt Lnj do 
a b aver. a b aver. 

CsI 6·0 58·7 58·7 58·7 42 Bal2 16·0 65·5 66·2 65-9 40 
CsBr 6·0 47·5 47·5 47·5 41 BaBr2 16·0 47·5 48·0 47·8 41 
CsCl 6·8 40·8 40·5 40·7 41 BaCl2 17·6 34·0 30·3 32·2 40 
Rbi 6t5 51·5 50·9 51·2 41 SrI2 16·5 58·0 57·0 57·5 39 
RbBr 6·5 40·4 40·2 40·3 40 SrBr2 16·5 39·5 39·7 39·6 39 
RbCl 7·3 33-6 33·2 33·4 40 SrCl2 18·1 24·0 22·6 23-3 39 
KI 7·1 46·4 46·1 46·3 41 Cal 2 17·0 55·5 54·5 55·0 38 
KBr 7-l 35·2 34·7 35·0 39 CaBr2 17·0 37·5 37·1 37·3 40 
KCl 7·9 28·5 28·4 28·5 40 CaCl2 18·6 24·0 20·3 22·2 39 
Nal 11·0 35·9 35·7 35·8 (44) Mgl2 19·0 53·0 52·3 52·7 41 
NaBr 11·0 24-8 24·6 24·7 (43) MgBr2 19·0 32·5 31·8 32·2 41 
NaCl 11·8 18·2 17-8 18·0 (44) MgCl2 20·6 20·1 20·3 20·2 41 
Lil 15·5 35·9 36·5 36·2 (53) 1,1-electrolytes, average 40·3 
LiBr 15·5 25·8 26·7 26·3 (52) 2, I-electrolytes, average 39·9 
LiCI 16·3 19·1 19·4 19·3 (53) 

.. Volumes interpolated to c = 1 mol dm - 3 from volumes II> evaluated from experimental densi-
ties8 -11, Eq. (2), for different concentrations at 20°C; b values obtained from coefficients A, B 
(20°C, ref. 12), using Eq. (11). 
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for V~ = 12 cm3 mol- 1 (Table III) from the mean do = 40 pm lie within experi
mental errors. The higher values of the parameter do for sodium and lithium salts 
speak for a more voluminous structure of their hydration sheaths in the sense of 
Frank and Wen32 "iceberg" clusters. For that reason, lithium and sodium salts 
have not been included in Fig. 1. If for the contact gap width do of these ions the 
value do = 0 is accepted (as corresponds to a coalescence of the cluster with the 
structure of surrounding free water), then from experimental cP(1) one obtains the 
molar volume of water V~ of Li + ions close to the lower limit of 18 cm3 mol- 1 

for HlO molecules randomly bonded by hydrogen bonds. It seems likely that for 
both ions there is an equilibrium in solution between clusters and close-packed 
sheaths which is shifted from the former to the latter ones on increasing concentration 
(as indicated by deviations from Masson straight line toward lower cP values, quite 
striking in the case of lithium salts at high concentrations1). 

TABLE IV 

Ionic hydration numbers nj (c = 1 mol dm - 3, 20°C) evaluated from experimental volumes 
q,P) (cm3 mol- 1) according to Eq. (5) and (3) with V~ = 12 cm3 mol- 1 and do = 40 pm, and 
the so obtained effective molar volumes V{(eff) (cm3 mol- 1), Eq. (3), together with the effective 
radii ri(eff) (pm) in confrontation with limiting ionic conductances A?(S cm -1 mol- 1, 18°C) 

q,P) 
1 nj 

Ion Vj V{(eff) ri(eff) A?/Zj 
a b aver. calc. expo 

1- 26·1 38c 40c 39 2·3 2·0-3·5 81·0 318 66·9 
Br- 19·0 29·3" 2·5" 2·0-3·0 74·3e 30ge 68·3 
Cl- 14·9 22·1" 3·3" 3·0-4·0 81·5e 31ge 66·3 
Cs+ 11·5 18·2 18·6 18·4 3·0 3·5-3-6 72·4 307 66·8 
Rb+ 7·9 11·0 11·3 11·2 4·1 4·0 84·1 322 66·3 
K+ 5·7 5·7 6·4 6·1 5·0 4·0-5·0 95·5 336 63·7 
NHt 8·2 14·5 14·9 14·7 2·6 61·5 290 63-6 
F- 6·2 Oc 4c 2c 6·7 122·6 365 47-6 
Na+ 2·2 -4·6 -4·1 -4·3 8·5e 8·4-8·6 148·7e 390e 42·6 
Li+ 0·7 -3·0 -2·8 -2·9 13e 12·6-13·5 231·l e 451· 32·6 
Ba2 + 6·4 -10·8 -12·0 -11-4 11·1 11 188·2 421 27-2 
Sr2 + 3-8 -19·0 -20·9 -19·9 12·6 11-12 206·9 435 25·3 
ea2 + 2·5 -21-3 -22·0 -21-6 12·7 12 206·9 435 25·2 
Mg2 + 0·8 -26·4 -24·0 -25·2 13·1 14 210·6 438 22·3 

" Evaluated from experimental q,(1)(MBr), Table III; b evaluated from q,(1)(MC1) values; 
c evaluated from experimental q,(l)(MX), using cationic q,P) values; " evaluated from experi
mental nj values Table I, using Eq. (6); " evaluated from experimental nj values (c = 1 mol dm - 3, 

20°C), using Eq. (3). 
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The above do and V~ values make it possible to calculate for ions for which experi
mental nj values are known with minimal uncertainty (e.g. Cl- and Br- anions) 
their individual apparent molar volumes cP j in solution on the basis of Eqs (3) and 
(5), and by subtracting these values from experimental cP data to obtain thus the cPt 
values for counter-ions. By using the latter data the hydration numbers nj of these 
counter-ions can be calculated backwards from Eqs (3) and (5) again. The so ob
tained results for c = 1 mol dm - 3 are presented in Table IV, along with the calculated 
V;(eff) and r;(eff). A condition for such a calculation is that at the given concentra
tion, deviations from the additivity of cP j of ions (which exactly holds only for cP? 
in infinite dilution) do not yet playa significant role. This additivity test is shown 
in Table V. The standard deviation of ±O'6 cm3 mol- 1 is fully within the accuracy 
of measurements and the individual differences are randomly distributed. The so 

TABLE V 

Additivity test of ionic tPP) from Table IV (cm3 mol-i). Upper numbers: sums of cationic 
and anionic tPfl) values, lower numbers: mean experimental tPP) values of electrolytes from 
Table III (1 mol dm - 3, 20°C) 

1- Br- CI-
Ion 39·0 LI 29·3 LI 22·1 LI 

Cs+ 57·4 47·7 40'5 
18-4 58'7 +1'3 47'5 -0,2 40'7 +0·2 

Rb+ 50'2 40'5 33'3 
11·2 51'2 +1'0 40'3 -0'2 33·4 +0'1 

K+ 45·1 35-4 28·2 
6'1 46'3 +1·2 35'0 -0,4 28'5 +0'3 

Na+ 34'7 25'0 17-8 
-4'3 35'8 + 1·1 24'7 -0'3 18'0 +0'2 

Li+ 36·1 26·4 19'2 
-2'9 36'2 +0'1 26'3 -0'1 19'3 +0'1 

Ba2+ 66'4 47'0 32'6 
-11-6 65-9 -0'5 47-8 +0'8 32·2 -0,4 

Sr2+ 58'1 38'7 24'3 
-19,9 57'5 -0,6 39'6 +0'9 23-3 -1'0 

Ca2+ 56·4 37'0 22'6 
-21,6 55'0 -1,4 37'3 +0'3 22·2 -0,4 

Mg2+ 52-8 33'4 19'0 
-25'2 52·7 -0,1 32·2 -1,2 20·2 +1'2 
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obtained r;(eff) data correlate well with the limit molar ion conductances. A? (18°e), 
reduced to the same tractive force in the external electrostatic field, i.e. to A?/Zj' in 
agreement with Stokes law. We have intentionally chosen the correlation of r;(eff) 
at c = 1 mol dm - 3 with A? at c = 0 and not the correlations of both quantities at 
the same concentration, since - as already mentioned - below c = 1 mol dm - 3 

the electroosmotically conditioned uncertainty in experimental transport nj and 
thus also r;(eff) steeply increases (and other methods are here inapplicable because 
of their low sensitivity) and, at the same time, the molar conductance fastly decreases 
on going from c = 0 to c = 1 mol dm- 3 (for 1,1-valent electrolytes by 30 up to 
40 per cent, for polyvalent ions by one-half or even more) as the resultofretarding 
effect of neighbouring counter-ions which has nothing in common with the Stokes 
radii of their hydration sheaths. The decrease of the number of H2 0 molecules in 
these sheaths between c = 0 and c = 1 mol dm - 3 can exert significant effect only 
for 1,2-valent electrolytes, jUdging from the high slope of their Masson straight 
lines2 • This would explain relatively low conductances of divalent cations (Table IV) 
as the result of the significant increase of their hydration radii r;(eff) between c = 
= 1 mol dm - 3, where their hydration numbers nj were measured, and infinitely 
diluted solutions, to which the A? values are extrapolated. 

Of the fair degree of correlation of conductances A? with radii r;( eff) of the spherical 
domains which ions effectively occupy in aqueous solution according to our model, 
NH; ion represents a significant deviation. Using the value rj = 148 pm (ref. 59) 
we obtain, with do = 40 pm and V~ = 12 cm3 mol-l, a too low nj value (2'6) and 
the effective radius too small (290 pm), i.e. by 15 per cent smaller than found for 
K + ion (336 pm) with which NH; ion has approximately the same molar conduc
tance. This might indicate that in dilute solutions the hydration sheath of NH; 
ion is more voluminous and contains more H 20 molecules than are obtained from 
its experimental 4>~1) in using Eqs (3) and (5) with the same do and V~ as for the 
other ions. One might suggest here the existence of weak hydrogen bonding to four 
H 20 molecules in tetrahedral configuration, similarly to the structure of liquid 
water, with the molar volume corresponding to this state. With 4>~1) = 14·7 cm3 • 

. mol- 1 (Table IV) and nj = 4, from Eq. (3) one obtains for NH; ion the effective 
volume of the hydrate V:( eff) = 87 cm3 mol- 1 and the radius r;( eff) = 326 pm, 
only by 3 per cent lower than that of K + ion, with the contact gap on the interface 
with surrounding water reduced according to Eq. (6) to do = 8 up to 10 pm, which 
is the difference between van der Waals radii of NH; ions and H2 0 molecules, 
in accordance with the "electron isostery" of both these particles. This seems to be 
a similar case as with Na + and Li + ions, however, with the reserve that the nature 
of the bonds between the tetrahydrate of NH; and the adjacent water structure 
(as well as the hence arising answer to increased concentrations) might be different 
- as the result of much lower energies of the NH·· 'OH2 hydrogen bonds. 

Collection Czechoslovak Chern. Cornrnun. (Vol. 53) (1988) 



444 Celeda: 

REFERENCES 

1. Celeda J.: Sb. Vys. Sk. Chern.-Technol. Praze, Fac. Inorg. Org. Technol. 3, I, 15 (1959). 
2. Celeda J.: Sb. Vys. Sk. Chern.-Technol. Praze, Inorg. Technol. 5,17 (1964). 
3. Celeda J.: Collect. Czech. Chern. Cornrnun. 48, 1538 (1983). 
4. Celeda J.: Collect. Czech. Chern. Cornrnun. 48, 1680 (1983); 51, 982 (1986). 
5. Jediml.kova V., Celeda J.: Collect. Czech. Chern. Cornrnun. 32, 271, 1679 (1967); 36, 3071, 

3885 (1971); 39,1989 (1974); 41, 2829 (1976). 
6. Jedinakova V., Celeda J.: J. Inorg. Nucl. Chern. 30, 555 (1968); 31, 2793 (1969). 
7. Celeda J., Tuck D. G.: J. Inorg. Nucl. Chern. 36, 373 (1974). 
8. International Critical Tables, Vol. Ill, p. 51 If. McGraw-Hili, New York 1928. 
9. Landolt-Bornstein: Physikalisch-chemische Tabel/en, Eg. I, p. 202 If. (1927); Eg. IIa, p. 254 

If. (1931); Eg. lIla, p. 272 If. (1935). Springer, Berlin. 
10. Landolt-Bornstein: Zahlenwerte u. Funktionen, Vol. II, Part 1, p. 839 If. Springer, Berlin 1971. 
11. Lobo V. M. M., Quaresrna J. L.: Electrolyte Solutions (Literature Data on Thermodynamic 

Properties II.) Revista da Faculdade de Ciencias da Univ. de Coirnbra Vol. Ll. Coirnbra, 
Portugal 1981. 

12. Sohnel 0., Novotny P.: Tabulky hustot vodnych roztoku anorganickych lotek. Academia, 
Praha 1983. 

13. Born M.: Z. Phys. 1,45 (1920). 
14. Stokes R. H., Robinson R. A.: J. Am. Chern. Soc. 70, 1870 (1948). 
15. Stokes R. H., Robinson R. A.: Ann. N. Y. Acad. Sci. 51,593 (1949). 
16. Robinson R. A., Stokes R. H.: Electrolyte Solutions. Butterworths, London 1955. 
17. Burgess J.: Metal Ions in Solution (E. Harwood, Ed.). Wiley, New York 1978. 
18. Kapustinskii A. F., Sarnoilov O. Ya.: Zh. Fiz. Khirn. 26, 918 (1952). 
19. Kapustinskii A. F., Drakin S. I., Yakushevskii B. M.: Zh. Fiz. Khirn. 27, 433 (1953). 
20. Hepler L. G.: J. Phys. Chern. 61, 1426 (1957). 
21. Dorosh A. K., Skryshevskii A. F.: Zh. Strukt. Khirn. 5, 1 (1964). 
22. Skryshevskii A. F.: Rentgenografiya zhidkostei. Izd. Kiev. Univ., Kiev 1966. 
23. Shapovalov I. M., Radchenko I. V., Lesovickaya M. K.: Zh. Strukt. Khirn. 10, 921 (1969); 

13, 139 (1972). 
24. Benson S. W., Copeland C. S.: J. Phys. Chern. 67, 1194 (1963). 
25. Glueckauf E.: Trans. Faraday Soc. 60, 572, 1637 (1964); 61, 914 (1965). 
26. Conway B. E., Desnoyers J. E.: Philos. Trans. R. Soc. (London) 1965, 243. 
27. Conway B. E. in Eyring H., Christensen C. J., Johnston H. S.: Ann. Rev. Phys. Chern. 17, 

481 (1966). 
28. Couture A. M., Laidler K. J.: Can. J. Chern. 34, 1209 (1956); 35, 207 (1957). 
29. Laidler K. J.: Can. J. Chern. 34, n07 (1956). 
30. Mukerjee P.: J. Phys. Chern. 65, 744 (1961). 
31. Eucken A.: Z. Elektrochern. 52, 6, 255 (1948). 
32. Frank H. S., Wen-Yang Wen: Discuss. Faraday Soc. 24, 133,223 (1957). 
33. Briegleb G.: Naturwissenschaften 30, 436 (1942). 
34. Haggis G. H., Hasted J. B., Buchanan T. J.: J. Chern. Phys. 20, 1452 (1952). 
35. Masson 0.: Phil. Mag. (7) 8, 218 (1929). 
36. Gelfcken W.: Z. Phys. Chern., A 155, 1 (1931). 
37. Root C. W.: J. Am. Chern. Soc. 55, 850 (1933). 
38. Rerny H., Reisener H.: Z. Phys., Phys. Chern. 126, 171 (1927). 
39. Rerny H.: Fortschr. Chern. Phys. Chern. 19 A + B, 73 (1927). 
40. Rerny H.: Lehrbuch der anorganischen Chemie I, p. 75. Geest u. Portig, Leipzig 1954. 

Collection Czechoslovak Chern. Cornrnun. (Vol. 53) (1988) 



Ion Volurnes in Solutions of Electrolytes 

41. Baborovsky 1.: Rec. Trav. Chirn. Pays-Bas 42, 229 (1923). 
32. BaborovskY 1.: Z. Phys. Chern. 129, 129 (1927). 
43. Baborovsky 1., Velisek J., Wagner A.: J. Chirn. Phys. 25, 155 (1928). 

445 

44. Baborovsky J., Wagner A.: Z. Phys. Chern. 131, 129 (1928); A 163, 122 (1932); A 166, 320 
(1933). 

45. Baborovsky J.: Collect. Czech. Chern. Commun. 1, 315 (1929), 10, 542 (1938). 
46. Baborovsky J., Wagner A.: Collect. Czech. Chern. Commun. 3, 53 (1931). 
47. BaborovskY J., Viktorin 0.: Collect. Czech. Chern. Cornrnun. 4, 155 (1932); 5, 211, 518 

(1933). 
48. Baborovsky J., Viktorin 0., Wagner A.: Collect. Czech. Chern. Commun. 4, 200 (1932). 
49. Moesveld A. L. T., Hardon H. J.: Z. Phys. Chern., A 155, 238 (1931). 
50. Passynskii A. G.: Zh. Fiz. Khirn. 11, 601 (1938); 20, 981 (1946). 
51. Passynskii A. G.: Acta Physicochirn. (U.S.S.R.) 8,385 (1938). 
52. Hasted J. B., Ritson D. M., Collie C. H.: J. Chern. Phys. 16, I (1948). 
53. Pottel R. in: Chemical Physics of Ionic Solutions (B. E. Conway and R. G. Barradas, Eds), 

p. 581. Wiley, New York 1966. 
54. Ulich H.: Z. Elektrochern. 36, 497 (1930). 
55. Manchot W., Jahrstorfer M., Zepter H.: Z. Anorg. Allg. Chern. 141,45 (1924). 
56. Bourion F., Rouyer E., Hun 0.: C. R. Acad. Sci. 204, 1420 (1937). 
57. Rerny H., Niernitz W.: Z. Anorg. Allg. Chern. 258, 257 (1949). 
58. Rutgers A. J., Hendrikx Y.: Trans. Faraday Soc. 58, 2184 (1962). 
59. Landolt-Bornstein: Zahlenwerte u. Funktionen aus Phys., Chern., Astron., Geophys. u. Tech

nik, Vol. I: Atom- u. Molekularphys., Part 4 (Kristalle), p. 523 If. Springer, Berlin 1955. 
60. Hush N. S., Pryce M. H. L.: J. Chern. Phys. 26, 143 (1957). 

Translated by 1. Hetflej§. 

Collection Czechoslovak Chern. Commun. (Vol. 53) (1988) 




