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Summary. The limiting transport properties,i.e. the limiting
ionic conductivity (λ◦) and the limiting diffusion coeffi-
cient (D◦), of lanthanide and actinide ions at 298.15 K have
been calculated by means of the microscopic version of the
Stokes–Einstein law involving (i) the effective charge and the
ionic radius of the ions and (ii) the ion micro-viscosity,i.e.
the viscosity of the hydrated water molecules in the vicinity
of the ion. The latter quantity was derived from the variation
of the dynamic properties of the water molecules in the first
hydration shell with the surface charge density of common
mono-atomic cations of various charges. The obtained results
were found to be consistent with the experimental data given
in the literature.

1. Introduction

Thermodynamic properties of trivalent lanthanide and ac-
tinide ions, such as the enthalpies and entropies of hydration
and the standard partial molar volumes, have been exten-
sively studied during the last decade.

Other thermodynamic quantities such as the limiting
transport properties,i.e. the limiting ionic conductivity (λ◦)
or the limiting diffusion coefficient (D◦), have not been ad-
equately investigated. However, they are particularly inter-
esting in the context of the understanding of the behavior of
lanthanide and actinide ions in solutions. They allow to de-
termine the volume of the aqua ions and the total hydration
numbers,i.e. the number of water molecules in the primary
and secondary hydration shells.

In this paper, a procedure is proposed to calculate the
limiting transport properties of lanthanide and actinide
ions in pure water atT = 298.15 K. The obtained re-
sults are compared with the experimental values of various
sources.

2. Calculational procedure

The conductivity of an ion in pure water, which is the limit-
ing ionic conductivity,λ◦ (m2 S eq−1), is related to the water
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viscosity by the Stokes–Einstein equation [1, 2]:

λ◦ = Fzie

6πη◦rs

, (1)

where F is the Faraday constant (9.64846·104 C mol−1),
e the elementary charge (1.6022·10−19 C), zi the charge
number of the ion,η◦ the viscosity of water (η◦ = 8.903·
10−4 kg m−1 s−1 at 298.15 K) andrs (m) the Stokes radius or
hydrodynamic radius. As the behavior of the limiting ionic
conductivity is generally difficult to interpret on the basis of
the Stokes radius, the Stokes–Einstein law may be expressed
as [3]

λ◦ = Fzie

6πη̃iri

, (2)

whereri is the ionic radius (m) and̃ηi (kg m−1 s−1) the ion
micro-viscosity (further denoted by the abbreviation i.m.v.).

According to the Nernst–Einstein relation, the limiting
diffusion coefficient of the ion,D◦ (m2 s−1), is given by anal-
ogy to Eq. (2) by

D◦ = kT

6πη̃iri

(3)

with k the Boltzmann constant (1.3807·10−23 J K−1) and
T the absolute temperature (K).

The i.m.v. reflects the effect of the central ion on the
structure of the surrounding water. It is thus related to the dy-
namic behavior of the water molecules in the first hydration
shell of the ion. One might interpret the i.m.v. as the viscos-
ity of the water molecules in the first hydration shell of the
ion.

The i.m.v. of common mono-atomic cations may be ob-
tained by means of Eq. (2) using well known experimentally
determinedλ◦-values [4] and the appropriate ionic radii [5]
(Table 1). For ions with low charge density (K+, Cs+, ...),
η̃i is found to be lower than the viscosity of water. This indi-
cates that the structure of the water in the vicinity of the ion
(first hydration shell) is more disordered than in the bulk sol-
vent, which explains the abnormally high ionic mobility of
these ions. Those ions are generally classified as structure-
breakers.

For the ions with a high charge density (Na+, Mg2+,
Co2+, ...) the i.m.v. is found to be higher than the viscosity

Bereitgestellt von | Johannes Gutenberg Universitaet Mainz
Angemeldet | 134.93.193.104

Heruntergeladen am | 07.07.14 14:55



474 E. Mauerhofer, K. Zhernosekov and F. Rösch

of water suggesting a gain of orientational order for the wa-
ter molecules close to the ion. These latter ions are referred
to as structure makers.

Consequently, the break-up of the first hydration shell is
initiated principally by the molecular reorientation of water
molecules. The number of water molecules,∆n, leaving the
hydration sphere over a period of time in which the outer
bulk water shell (second hydration shell) is renewed, may be
related to the i.m.v. by [6]:

∆n = N
(
1−e−η◦/η̃i

)
, (4)

whereN is the number of water molecules in the first hydra-
tion shell at the time zero,i.e. the coordination number. The
number of water molecules remaining in the hydration shell
during the exchange process is thusN∗ = N −∆n. It can
be seen from Eq. (4) that the relative exchange rate of wa-
ter molecules between the hydration sphere and the bulk,
∆n/N, is an important quantity for the exchange process.

As shown in Fig. 1,∆n/N decreases for increasing
values of the surface charge density of the ionσi = zie/4πr2

i

(C m−2) owing to the electrostatic interaction between the
ion and the surrounding water molecules. The value of
∆n/N may be obtained from the following analytical ex-
pression:

∆n

N
= a·e−bσi + c·e−dσi , (5)

wherea = 0.8704,b = 1.1453(m2 C−1), c = 0.2404 andd =
5.5544·10−2 (m2 C−1) are numerical parameters obtained
from the fit of the data plotted in Fig. 1 by means of Eq. (5).
Finally, from Eqs. (4) and (5) the i.m.v. of mono-atomic
cations may be expressed as follows

1

η̃i

= 2

η◦ Arc tanh

(
a·e−bσi + c·e−dσi

2−a·e−bσi − c·e−dσi

)
. (6)

The expression in brackets in Eq. (6) corresponds to the
ratio of the number of water molecules exchanged with
the bulk (∆n) to the sum of the water molecules coor-
dinated at the time zero (N) and of the water molecules

Ion ri [5] λ◦
exp [4] η̃i exp Eq. (2) η̃i cal Eq. (6) λ◦

cal Eq. (2) ∆

10−10 m 10−4 m2 S eq−1 10−4 kg m−1 s−1 10−4 kg m−1 s−1 10−4 m2 S eq−1 %

Cs+ 1.74 77.2 6.10 6.01 78.3 1.42
Tl+ 1.59 74.7 6.90 6.96 74.2 0.67
K+ 1.51 73.5 7.39 7.57 71.8 2.31
Ag+ 1.15 61.9 11.52 12.25 58.2 5.98
Na+ 1.02 50.0 16.07 15.43 52.1 4.20
Li+ 0.76 38.7 27.91 26.86 40.2 3.88
Sr2+ 1.18 59.4 23.40 22.73 61.1 2.87
Ca2+ 1.12 59.5 24.62 25.00 58.6 1.51
Cd2+ 0.95 54.0 31.97 32.49 53.1 1.67
Mn2+ 0.83 53.5 36.94 38.12 51.8 3.18
Zn2+ 0.74 52.8 41.98 42.30 52.4 0.76
Mg2+ 0.72 53.0 42.98 43.26 52.7 0.57
Co2+ 0.65 55.0 45.88 46.94 53.8 2.18
Fe2+ 0.61 54.0 49.79 49.50 54.3 0.56
Cu2+ 0.57 53.6 53.68 52.66 54.6 1.87
Sc3+ 0.75 64.7 50.70 49.33 66.5 2.78
Cr3+ 0.62 67.0 59.23 59.80 66.4 0.89

Table 1. Parameters of hydrated
common mono-atomic ions in
pure water (T = 298.15 K) for the
determination of the ion micro-
viscosity of lanthanide and ac-
tinide aquo-ions by means of
Eq. (6). ri is the ionic radius,
λ◦ the limiting ionic conductiv-
ity and η̃i the ion micro-viscosity,
∆ the deviation between experi-
mental and calculated data.

Fig. 1. Relative exchange rate of water molecules between the first hy-
dration sphere and the bulk,∆n/N , in pure water at 298.15 K versus
the surface charge densityσi of the common mono-atomic ions. The
solid line is the fit of the data based on Eq. (5).

translationally immobilized by the ion during the exchange
process (N∗).

The values of the i.m.v. and of the limiting ionic conduc-
tivity for the common mono-atomic cations calculated by
means of Eqs. (6) and (2), respectively, are in good agree-
ment with the experimental values used as initial data for
modeling (Table 1).

Thus Eq. (6) in combination with Eqs. (3) or (2) may be
used for the determination of the limiting transport proper-
ties of cations for which experimental data are missing. This
holds in particular for the lanthanide and actinide ions in the
valence state+4.

The limiting transport properties of lanthanide and ac-
tinide ions were calculated using the corresponding ionic
radii and effective charge numberszeff derived from the an-
alysis of their structural and thermodynamic properties [7]
(Tables 2 and 3). The effective charge numberzeff is some-
what lower than the formal charge of the ions and reflects the
contribution of 4f and 5f orbitals to the chemical bonding,
which might also lead to a certain extent to an affinity of the
dynamics of water molecules in the vicinity of the ion.
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3. Results and discussion

Transport properties of the lanthanide ions

The limiting transport properties of lanthanide ions cal-
culated according to Eqs. (2), (3), (6) are summarized in
Table 2. Table 2 also gives a comparison of the calculated
results to the individual experimental data available in the
literature. The variation ofλ◦- andD◦-values of the trivalent
lanthanide ions with the atomic numberZ is shown in Fig. 2.

The limiting ionic conductivities of trivalent lanthanide
ions obtained by Speddinget al. [8] from conductance meas-
urements of aqueous solutions of rare earth chlorides at
pH ≈ 6.5 and T = 298.15 K are generally used as refer-
ence values. However, as demonstrated by M’Halla and
David [9], these values appear to be overestimated since the
effect of the hydrolysis of the ions was initially neglected.
The hydrolysis phenomenon leads to an increase of the con-
ductivity of the electrolyte solution due to the appearance
of hydrogen ions of high mobility in the solution and to
a decrease of the ionic strength, affecting thus the relaxation
and electrophoretic effects. Taking into account the hydrol-
ysis phenomenon, M’Halla and David [9] found for La3+

a λ◦-value of 66.4±0.5·10−4 m2 S eq−1, which is 5% lower
than the value given by Speddinget al. [8], 69.7 cm2 S eq−1.
This corrected value is in excellent agreement with a re-
cent experimental value, 66.2±0.5 ·10−4 m2 S eq−1, based
on independent measurements of the absolute individual ion
mobility of La3+ at tracer scale in HClO4 and HNO3 elec-
trolytes by means of the electromigration technique [10].

Table 2. Calculated and experimental limiting transport properties of lanthanide ions (T = 298.15 K). ri is the ionic radius,zeff the effective charge
of the ion,η̃i the ion micro-viscosity,λ◦ the limiting ionic conductivity andD◦ the limiting diffusion coefficient.

Ion ri zeff η̃i cal Eq. (6) λ◦
cal Eq. (2) λ◦

exp D◦
cal Eq. (3) D◦

exp

10−10 m 10−4 kg m−1 s−1 10−4 m2 S eq−1 10−4 m2 S eq−1 10−10 m2 s−1 10−10 m2 s−1

La3+ 1.216 2.85 29.32 65.5 69.7a 6.12 −
66.4(5) b

66.2(5) c

Ce3+ 1.196 2.87 30.24 65.1 69.8a 6.04 6.20(5) e

65.0(9) d

Pr3+ 1.179 2.89 31.05 64.7 69.6a 5.96 −
Nd3+ 1.163 2.89 31.67 64.3 69.4a 5.93 −

65.2(4) d

Pm3+ 1.144 2.89 32.41 63.9 − 5.89 −
Sm3+ 1.133 2.92 33.07 63.9 68.5a 5.83 −
Eu3+ 1.113 2.98 34.29 64.0 67.8a 5.72 6.02(4) e

Gd3+ 1.069 2.96 35.84 63.3 67.3a 5.70 5.74(5) e

63.3(4) d 6.04(5) f

Tb3+ 1.042 2.98 37.02 63.3 62.1(7) d 5.66 5.79(5) e

Dy3+ 1.027 2.96 37.46 63.1 65.6a 5.67 −
Ho3+ 1.019 2.99 37.97 63.4 66.3a 5.64 −
Er3+ 1.006 2.99 38.46 63.4 65.9a 5.64 −
Tm3+ 0.992 3.00 38.93 63.3 65.4a 5.65 5.80(5) e

61(1) d 5.96(5) f

Yb3+ 0.984 3.00 39.35 63.5 65.6a 5.64 5.78(5) e

60.9(6)

Lu3+ 0.977 3.00 39.62 63.6 − 5.64 −
Ce4+ 1.149 3.74 37.69 70.9 − 5.05 −
a: from conductance data neglecting effect of hydrolysis [8];
b: data corrected for hydrolysis [9];
c: data from electromigation measurements in free electrolyte [10];
d: data from relative electromigration measurements to Eu3+ (paper electrophoresis) [11], withλ◦ (Eu3+) = 64.0×10−4 m2 S eq−1;
e,f: data determined by open-end-capillary method [12, 13].

Fig. 2. Limiting transport properties of trivalent lanthanide ions at
298.15 K versus the atomic numberZ. (a) limiting diffusion coeffi-
cient; (b) limiting ionic conductivity. Calculated data (squares); un-
corrected experimental data of Speddinget al. [7], (closed triangles),
corrected for hydrolysis (open triangles); mean values of other experi-
mental data given in Table 2 (circles).
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Table 3. Calculated and experimental limiting transport properties of actinide ions (T = 298.15 K). ri is the ionic radius,zeff the effective charge of
the ion,η̃i the ion micro-viscosity,λ◦ the limiting ionic conductivity andD◦ the limiting diffusion coefficient.

Ion ri zeff η̃i cal Eq. (6) λ◦
cal Eq. (2) λ◦

exp D◦
cal Eq. (3) D◦

exp

10−10 m 10−4 kg m−1 s−1 10−4 m2 S eq−1 10−4 m2 S eq−1 10−10 m2 s−1 10−10 m2 s−1

Ac3+ 1.330 2.82 25.00 69.5 − 6.57 −
Th3+ 1.290 2.84 26.53 68.0 − 6.38 −
Pa3+ 1.275 2.85 27.15 67.5 − 6.31 −
U3+ 1.226 2.87 29.10 66.0 − 6.12 −
Np3+ 1.206 2.88 29.94 65.4 − 6.05 −
Pu3+ 1.187 2.90 30.82 65.0 − 5.97 −
Am3+ 1.169 2.91 31.59 64.6 64(1) a 5.91 6.25(3) f

67(3) b 6.19(5) g

66(−) c

71(1) d

Cm3+ 1.154 2.92 32.25 64.3 64(3) b 5.87 6.12(6) f

6.00(5) h

Bk3+ 1.128 2.93 33.34 63.9 − 5.81 5.95(5) i

Cf3+ 1.091 2.95 34.92 63.5 64(3) a 5.73 5.87(4) f

59(3) b 6.17(5) g

Es3+ 1.058 2.96 36.27 63.2 59(3) b 5.69 5.77(5) f

6.17(5) g

Fm3+ 1.041 2.97 36.99 63.2 58(3) b 5.67 −
Md3+ 1.028 2.98 37.56 63.3 60(3) b 5.65 −
No3+ 1.017 2.99 38.04 63.4 − 5.64 −
Lr3+ 1.010 3.00 38.37 63.5 − 5.63 −
Th4+ 1.235 3.50 33.26 69.9 68(1) e 5.32 −

69(1) e

U4+ 1.128 3.87 39.01 72.1 68(1) e 4.96 −
Np4+ 1.102 3.91 40.06 72.6 − 4.95 −
Pu4+ 1.074 4.00 41.39 73.8 − 4.91 −
a: data from conductivity measurements [14];
b,c: data from electromigration measurements (paper electrophoresis) [15, 16];
d: data from electromigation measurements in free electrolyte [17];
e: data from conductivity measurements [21];
f,g,h,i: data determined by open-end-capillary method [12, 18–20].

Theλ◦-value of La3+ calculated in the present work, 65.5±
1.3·10−4 m2 S eq−1, is in good agreement with the latter ex-
perimental values. Interestingly, theλ◦-values calculated for
Ce3+, Nd3+, Gd3+, Tb3+, Tm3+ and Yb3+ agree well with the
more recent experimental data deduced from the measure-
ment of the electromigration velocities of the ions relative
to Eu3+ [11], keeping the calculatedλ◦-value, 64.0±1.3 ·
10−4 m2 S eq−1, for Eu3+ (circles in Fig. 2b).

Adopting a general reduction of 5% of the initial values
of Speddinget al. [8] (triangles in Fig. 2b), theλ◦-values
calculated for the other trivalent lanthanide ions (squares in
Fig. 2b) are close to the corrected experimental values.

The calculated diffusion coefficients of the trivalent lan-
thanide ions (squares in Fig. 2a) are close to theD◦-values
obtained from the correctedλ◦-values of Speddinget al. [8]
using the effective charge number of the ions,zeff, in the
Nernst–Einstein relation (triangles in Fig. 2a). TheD◦-values
calculated for Ce3+, Gd3+, Tb3+, Tm3+ and Yb3+ are about
2.6% lower than the mean values of the experimental data
(circles in Fig. 2a) determined by the open-end capillary
method [12, 13]. The difference observed between the cal-
culated and experimental data is higher than the uncertainty
of the experimental data. However, theD◦-values calculated
for Gd3+ and Tm3+, 5.70 and 5.65·10−10 m2 s−1 are in better
agreement with the experimental data of Fourestet al. [12]
(5.74 and 5.80· 10−10 m2 s−1) than with the data of Ouer-
felli et al. [13] (6.04 and 5.96·10−10 m2 s−1) respectively.

From our calculated data, we observe a transition in the
limiting transport properties of the trivalent lanthanide ions
around Eu3+, Gd3+ and Tb3+ which corresponds to the well
known change of the first hydration number from 9 to 8 with
an increasing atomic numberZ along the lanthanide series.

Cerium being the most stable tetravalent element among
the lanthanides, the dynamic parameters were only calcu-
lated for this element. The limiting ionic conductivity of
Ce4+ is found to be 9% higher than for Ce3+ while the lim-
iting diffusion coefficient is 16% lower.

Transport properties of the actinide ions

The calculated limiting transport properties of actinide ions
are compared to individual experimental data in Table 3. The
variation ofλ◦- andD◦-values of the trivalent and tetravalent
actinide ions with the atomic numberZ is shown in Fig. 3.

The experimentalλ◦-values of Am3+ determined by
various techniques [14–17] (Table 3) differ largely from
each other. Theλ◦-value calculated for Am3+, 64.6±1.3 ·
10−4 m2 S eq−1, is 5% lower than the mean value of the ex-
perimental data, 68±3·10−4 m2 S eq−1. For Cm3+ and Cf3+,
on the other hand, there is a good agreement between the cal-
culated and the mean value of the experimental data [14, 15].
In the case of Es3+, Fm3+ and Md3+ the calculated values are
about 7% higher than the experimental values obtained by
paper electrophoresis [15], but both the method under con-
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Fig. 3. Limiting transport properties of trivalent (squares) and tetrava-
lent (circles) actinide ions at 298.15 K versus the atomic numberZ.
(a) limiting diffusion coefficient; (b) limiting ionic conductivity. Cal-
culated data (open symbols); mean values of experimental data listed
in Table 3 (closed symbols).

sideration and the difficulty to work on the heavier actinides
which are existing only in extremely small concentrations,
can explain such a difference.

The calculated limiting diffusion coefficients of Am3+,
Cm3+, Cf3+ and Es3+ are about 4 to 5% lower than
the mean values of the experimental data determined by
the open-end-capillary method [12, 18–20]. However, the
D◦-value calculated for Cm3+, 5.87·10−10 m2 s−1, is in bet-
ter agreement with the experimental value given by La-
trous et al. [19], 6.00·10−10 m2 s−1, than with the value
determined by Fourestet al. [12], 6.12·10−10 m2 s−1. In the
case of Cf3+ and Es3+, the calculatedD◦-values of 5.73
and 5.69·10−10 m2 s−1 are on the contrary closer to the ex-
perimental values of Fourestet al. [12], 5.87 and 5.77·
10−10 m2 s−1. Moreover, using the Nernst–Einstein relation
with the appropriatezeff-values, the latterD◦-values lead to
λ◦-values of 65 and 64 cm2 S eq−1 for Cf3+ and Es3+. These
values are about 9% higher than the experimental values de-
termined in [15]; however, they are close to our calculated
data.

From the calculated data, a transition in the limiting
transport properties of the trivalent actinide ions is observed
around Cm3+, Bk3+ and Cf3+. It could also correspond to
a change of the first hydration number from 9 to 8 with an
increasing atomic numberZ along the actinide series, as for
the trivalent lanthanide ions.

Since some actinides form stable ions in the tetravalent
state, their limiting transport properties were also calculated
for this oxidation state.

The limiting ionic conductivity obtained for Th4+, 69.9±
1.4 · 10−4 m2 S eq−1, is close to the mean value of the

experimental data, 68.5±0.7·10−4 m2 S eq−1, deduced from
independent conductivity measurements of aqueous solu-
tions of thorium nitrate and perchlorate salts [21]. The
λ◦-value found for U4+, 72.1±1.4·10−4 m2 S eq−1, appears
to be an overestimate with respect to the experimental value,
68±1·10−4 m2 S eq−1, obtained from conductivity measure-
ments of aqueous solutions of uranium chloride salts [21].
However, the comparison is limited because of the lack of
precise experimental values on the tetravalent actinides.

4. Conclusion

For most of the trivalent lanthanide and actinide ions, the re-
sults obtained by calculation are close to the experimental
values. However, the limiting transport properties of lan-
thanide and actinide ions should be remeasured using the
modern assortment of analytical techniques in order to check
the results of previous experiments. Moreover, independent
accurate determination of the limiting diffusion coefficient
and of the limiting ionic mobility could lead to an assess-
ment of the effective charge numberzeff which is an import-
ant parameter in the model used.

The physico-chemical approach developed in this study
can thus be interesting to evaluate some thermodynamic
data, specially in the case of the heaviest (radioactive) elem-
ents, when the typically available number of atoms for ex-
perimental studies is very low,i.e. insufficient for the appli-
cation of usual analytical methods.
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