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Investigation of the Ion-Solvent Interactions in Aqueous Solutions of
Some 3-1 Electrolytes by Ultraacoustic Method

B. Voleisiené, D. Rutkiiniené, G. Migliniene
Kaunas University of Technology, Lithuania

Abstract: The apparent molar compressibilities @ of aqueous solutions of aluminium, yttrium and lanthanum nitrates
have been determined from ultrasound velocity and density measurement at 20° C. The values of ¢ have been

extrapolated to infinite dilution and from the data @°

the total hydration numbers Zo for investigated solutions were

% . == - - p— : =7 €
determinated. The partial molar volumes V ”Me,m, were calculated for individual cations. The volume change V "oy

for water caused by ion-solvent interactions are discussed.

Keywords: acoustic and volumetric properties.

NOTATION

@x - apparent molar compresibility (m’/N-mol):
' Z, — total hydration number:
r — ionic radii (pm);
n — coordination number of the cation:
@y — partial molar volume (cm’/mol):
¥V it — partial molar volume of the cation (cm’/mol):
AVOM:,,”, — volume change for water caused by the ion-
solvent interaction.

1. INTRODUCTION

Application of acoustics methods have showed

extensive possibility in the fields of solution chemistry
particularly on study of structural properties of saits such as
their compressibility and volumetric parameters. It is also
possible to estimate the hydration numbers of the
electrolyte from the molar compressibility value at infinite
dilution.
The apparent molar compressibilities @ of aqueous
solutions of aluminum, yttrium, and lanthanum nitrates
have been determined from ultrasound velocity and density
measurements at 20°C. The measurements were carried out
with an ultrasonic interferometer and the density was
measured by a capillary pycnometer. All other
experimental details were described in our earlier works [1-
3]. In the present work the anion is common, so the
dependence of variation with concentration of the different
parameters of the solutions of these salts can be related to
the properties of the cation. Investigated cations are
representatives of inert- gas electron configuration, and in
this respect it is interesting to compare the AI(IID), Y(III),
and La(III) in common systems.

The Journal was received on 21 July 2000 and wasy
accepred for publication on 18 August 2000.

2. RESULTS AND DISCUSSION

The dependence of apparent molar compressibility g
on the square-root of concentration of AI(NO,);, Y(NO;);
and La(NO;); solutions is shown in Fig. 1.
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Fig.1. Variation of apparent molar compressibility
with square root of concentration.
According to Masson theory [4] g is linear function of

C'™ and the expression is

Pk=p'+Sk C'*, (1)
where ¢’ is the apparent molar compressibility of the
infinitely diluted solution and Sy is the slope. Sk can be
theoretically calculated for each valency type and for 3-1
electrolytes Sk=92.4x10"°m’.1"*/N-mol*>. The
experimental slopes for all studied solutions are much less
than the theoretical slope. Deviation from the theoretical
slope is due
to the ion-solvent interactions. In the case of aqueous
solutions of electrolytes the major effect of ion-solvent
interaction is the phenomenon of hydration and it involves
the attachment of the certain number of water molecules to
the positive and negative ions. In this investigation the
influence of anion is the same therefore compressibility
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reflects only cation-solvent interaction. The values of ¢k
have been extrapolated to infinite dilution and from the

data ¢ " the total hydration numbers Z, for investigated

solutions were determined:

W!\'”:vain ) (2)
where V" is the molar volume and [ is the adiabatic water
compressibility. Thus the hydration numbers were
obtained: Z, =15.8, 18,4 and 16,8 for aluminum, yttrium,
and lanthanum nitrates respectively. Three valency cations
not only influence the water molecules in the first
hydration sphere but also diminish the compressibility of
the farther water layers. So the hydration numbers
determined from ultrasound measurements data reflect not
only the influence of ions on the first hydration layer but
also the total change in compressibility due to solute-
solvent interactions. Therefore, the hydration numbers
determined from compressibility are higher than those
obtained by other methods, for example spectroscopic or
X-ray methods.

In common case two factors have influence on the
compressibility: the hydration and charge density. Ionic
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Fig.2. Dependence of apparent molar compressibility ai
concentration 0.4 mol/l against parameter z7/r.

8

radii

in aqueous solutions are following: r*"=53 pm, ry'"=90
pm and r , =122 pm [5]. Consequently the ionic potential
and charge density at the surface on these ions decreases
substantially on going from AI(III) to La(IIl). The variation
of apparent molar compressibility at concentration (.4
mol/l against parameter z*/r (z-valency of metal, r-radius of
cation} is shown in Fig. 2.

The value of 23/1' describes the ion- dipole interaction
between Al'", Y**, La™ and water molecules around these
cations. As seen, the dependence of apparent molar
compressibility against a parameter z*/r is nonlinear, so the
ion-solvent interaction cannot be explained simply by the
electric field strength.

In the region of diluted solutions the apparent molar

volume has proved to be useful in the studying the ion-

. . e R -0
solvent interactions. At infinite dilution ¢v=gp =1,
0

where Vo is the partial molar volume. The partial molar

236

volume for 3-1 electrolyte solutions may be given by the
expression: ’

=V 2 (Me(NO)y=V 2 (Me™) + 375 (NO)'  (3)

where 172 (Me™) and ‘72 (NO;); are the ionic partial
molar volumes of cations Me®* and anion NO;'
respectively. From our experiments ¢,"=43.0 cm’/mole for
AINO3; (1], @'=342 cm’/mole for Y(NO;); and
o'=48.9 cm’/mole for La(NOs); [3]. Partial molar volume
for NO5' is 34.4 cm’/mol [6]. Using these values, the
partial molar volumes were calculated for investigated
ions: V *qn=-38.9 cm'mole, V “yq =-69.0 cm’/mole

and V “Ln, =-54.3 cm’/mole. The absolute partial molar
volume of aqua ions in solution, in relation with their
coordination number and their ionic radii, can be estimated
using a semi-empirical model developed by Swaddle [7]:

V e, =2.523x107°(r+238.7)*-18.07xn-
417.5%x2%/r+238.7,(4)

where r is the effective ionic radius in pm and »n is the
coordination number of M* (1 is known from NMR or X-
ray diffraction studies of solutions). The number of solvent
molecules bound in the inner hydration shell is not exactly
known, but is likely to be 9 for La(Ill), 8 for Y(IIT) and 6
for AI(III). Thus the absolute partial molar volumes are:
V e aim =-58.68 cm’/mol, V “. yan=-66.4 cm’/mol and

i_/: “ubs..Lu(lll) =-54.6 ij’/mol.

The volume change AV'y.u, for water caused by the
ion-solvent  interactions can  be  expressed  as

9] = : b omn o w e
AV =V Meqmy =V, . where Vi, is the intrinsic

Me(Hl)
volume occupied by I mole of the ions in the solution. The
dependence of AV, against an atomic number N in the
periodic elements system is shown in Fig. 3.
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Fig.3. Dependence of the volume change AV“M:(I]I) against
an atomic number N of element in the periodic system.

Nonlinear dependence AV'yqn against an  atomic
number of element may be caused by various reasons. One
of them is the different coordination number of the
investigated 1ons. The volume difference for the two
coordinances. corresponding to the dissociation of one
water trom [Ce(H-0),]" to forn, |Ce(H.0)|"". has been
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calculated using a model developed by Swaddle [7]. this
volume is +12.8 cm’/mol and agrees well with the reaction
volume AV'=10.9 cm’/mol determined experimentally by
variable-pressure UV spectroscopy at 295 nm [8]. Solvent
exchange around some diamagnetic trivalent jons has been
studied by NMR [9]. The activation volume AV for solvent
exchange on Al(H,O)s'" was determined +5.7 cm’/mol.
The sign of AV* is a diagnostic of the activation step:
positive for bond stretching or negative for bond making.
So water exchange mechanism for AI** is characterized by
dissociative interchange I, mechanism. Moreover for Al**
in water the hydrolysis is kinetically important. The overall
rate constant will be therefore the sum of contributions
from the two reaction paths: the water exchange on the
hexaaqua species with rate constant k., and on its
hydrolysed form with rate constant kon. The difference
between both exchange paths may be due to the strong
electron donating capability of HO™'. The strong bonding
between the metal center and this group will weaken the
remaining metal — water bonds. The aqua complex thus
become more labile and dissociative activation is favorable
(more positive activation volume). Limiting volume of
activation for water exchange on aqua Y cation is — 12.9
-em’/mol [7], this is indicative of an associative activation
mode. For this reason such low value of AWy, is
obtained (Fig. 3). The activation volumes AV* for water
exchange on the heavy Ln(H-O)y" ions are all negative and
close to - 6 cm'/mol and associative interchange [,
mechanism is proposed [10]. The AV* values should be
regarded as the difference transfer to the first coordination
sphere, and a positive contribution due to the difference in
partial molar volume between the larger N+1 coordinated
transition state and the N coordinated aqua ion. If this
reaction volume is similar along the lanthanide series. then
the water exchange on the ion La™ occurs most probably
by a I, mechanism.

CONCLUSIONS

The acoustic and volumetric properties of agueous
solutions of aluminium, yttrium and lanthanum nitrates
depend on the nature of the cation. The total hydration
numbers Z, were obtained: Z,=15.8, 18.4 and 16.8 for Al’",
Y™ and La™ nitrates respectively. Ion-solvent interaction
cannot be explain simply by the electrostatic field theory.
The assumption is made that nonlinear dependence of the
volume change AW’y against an atomic number is
conditioned by the different water exchange mechanism for
individual cations, e.g. the dissociative interchange I
mechanism is associative A for Y**, and I, mechanism is
proposed for La®",
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