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Experimental values for mutual diffusion coefficients (interdiffusion coefficients) for CaCl, aqueous solu-
tions at 298.15K and 310.15 K, not available in the literature, were experimentally determined between
0.005 moldm~3 and 0.1 moldm—3. The measurements were performed by using a conductimetric open-
ended capillary cell. Values at infinitesimal concentration, D° were also obtained. These data were
analysed using the Onsager-Fuoss and Gordon models. In addition, molar conductance data were mea-
sured at 310.15 K for CaCl, aqueous solutions at the same concentration range and the value at infinitesimal
concentration determined. Afterwards, it was split into the ionic limiting values. By replacing them into
the Nernst equation, diffusion coefficients at infinitesimal concentration were derived (1.335 x 1072 m2 s~!
and 1.659 x 10~ m2 s~1) at both temperatures (298.15 K and 310.15 K, respectively). They agree well with
the extrapolated experimental ones (1.312 x 107 m?s~' and 1.613 x 102 m? s~ 1).

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The interest in the transport properties of calcium chloride in
solution arises from the broad applications that this salt still has
nowadays.

Calcium ions take part in different engineering processes. Like-
wise, they play an important role in the health sciences because
they are present in many tissues (bones, teeth) and in physiological
processes (muscle functions). A calcium deficiency is accompa-
nied by adverse effects, being osteoporosis the most common bone
metabolic disorder and is aging dependent. Different commercial
preparations, usually containing calcium salts have been used as
nutritional supplements in therapies to minimize osteoporosis.
The development of new and more effective treatments concern-
ing osteoporosis, as well as to optimize the existing ones, needs
knowledge about the transport process of these ions in aqueous
solutions.
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Diffusion coefficients are one of the transport parameters which
give substantial information about this phenomenum in solution.
No data on mutual diffusion coefficients of calcium salts at phys-
iological temperature (37°C) are published in the literature. In
the present paper, experimental data in the concentration range
from 0.005 moldm—3 to 0.1 moldm~—3 at 298.15K and 310.15K, are
reported. To obtain these, an open-ended conductimetric capillary
cell, which has been proved to give precise and accurate results
[1-5], was used. The results obtained are analysed using both the
Onsager-Fuoss [6] and Gordon [7] models to elucidate if either the
ion pairs that this calcium salt originates in aqueous solutions, or
the viscosity of the solution, affect their diffusion in the solvent.

Transport data analysis involves the use of the structural a
parameter (the mean distance of closest approach between the
ions). As it is well known, a direct method to measure this is
not available. Hence, it must be estimated from some experimen-
tal thermodynamic and transport properties (activity coefficients,
conductances, etc) or from theoretical simulation computations. In
this paper, molecular mechanic calculi were performed and mean-
ingful numerical values for this a parameter were obtained.

Conductance measurements give complementary information
about the transport of calcium chloride in solution. In fact, Nernst
empirical equation [8] associates both parameters, diffusion and
conductance, at infinitesimal concentration. Because no conduc-
tivity values for calcium chloride at 37 °C are available in literature,
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they were measured and the limiting values estimated to be used
in the Nernst analysis.

2. Experimental
2.1. Reagents and solutions

Calcium chloride (Sigma-Aldrich, pro analysi >99.9%) was
used as supplied, without further purification. Potassium chlo-
ride (Sigma-Aldrich, reagent grade) was recrystallized and
afterwards dried in vacuo at 150°C. Millipore quality water
{k=(0.7-0.9) x 10~*Sm~1} was used as solvent.

All the solutions were freshly prepared before each experiment
(concentration uncertainty less than +0.1%). For diffusion stud-
ies, they were prepared by volume and de-aerated during 30 min,
approximately, before use. For conductimetric measurements, the
solute adding method was used.

2.2. Diffusion measurements

Mutual diffusion coefficients were obtained from the conduc-
timetric method developed by Lobo and co-workers [2,3]. This
method, profusely described in previous publications by this group
[4,5,9,10], has given accurate results for a wide variety of elec-
trolytes [1].

The measurements were carried out by using an automatic
equipment. The resistance ratio value, w = R;/R}, (R and Ry, being
the electrical resistances of the upper and lower capillary tubes in
the open-ended conductimetric capillary cell) was obtained using
a Solartron digital voltmeter (DVM) 7061 with 6 1/2 digits. This
calculates the w value from the voltage readings, V' and V’ mea-
sured between either the top or bottom Pt-electrodes, respectively,
and a central grounded Pt-electrode in the conductance cell (after
a250 mV sinusoidal signal at 4 kHz is applied to both the upper and
the lower electrodes).

For a given bulk solution at concentration c, the top and the
bottom solutions were prepared at concentrations 0.75 c and 1.25
¢, respectively and these solutions diffuse into the bulk solution
once the equipment is started. The resistance ratio values were
recorded at constant intervals (beginning 1000 min after start-
ing the experiment) to calculate the quantity T = 10%/(1 + w). The
value atinfinite time, 7o, = 104/(1 + Wy ), was determined by filling
the top and bottom capillaries of the cell with bulk solution.

The mutual diffusion coefficient values were calculated by firstly
using a linear least-squares procedure and, afterwards, an itera-
tive process involving 20 terms of a Fick’s second law expansion
series, considering the present boundary conditions. The theory
developed for this capillary cell has been described elsewhere [2].

In all measurements, the temperature was controlled with an
uncertainty of £0.01 °C in water thermostat baths.

2.3. Conductance measurements

A Wayne-Kerr, model 4265 Automatic LCR meter at 1kHz,
was used to measure the electrical resistances of the solutions. A
Shedlovsky-type cell was used. Its constant (0.1181+ 0.0002 cm™1)
was determined from conductivity measurements of KCl by using
the procedure and data of Barthel et al. [11].

In a typical experiment, 20 mL of water was placed into the con-
ductivity cell and its electrical resistance measured. Then, aliquots
of the calcium chloride solution (0.25 moldm~3) were consecu-
tively added, in a stepwise manner, with the help of a Metrohm
765 Dosimate micropipette. After each addition, the electrical resis-
tance of the solution was measured and its conductance calculated

Table 1

Experimental values for the diffusion coefficient, D?, of CaCl, in aqueous solutions
at various concentrations, ¢, and different temperatures and the standard deviations
of the means, S.D.P

c¢/moldm—3 298.15K
D/10°m2s~! SD./10°m?s~! D/10°m?s~! SD./10-9m2s"!

310.15K

0.005 1.260 0.020 1.601 0.017
0.008 1.237 0.019 1.600 0.013
0.010 1.215 0.022 1.590 0.011
0.05 1.115 0.012 1.530 0.017
0.10 1.110 0.008 1.440 0.001

2 D is the mean diffusion coefficient for three experiments.
b s.D. is the standard deviation of that mean.

using a home-made software. The values presented correspond to
the average of, at least, three values obtained.

2.4. Computational studies

The molecular mechanics simulations involved in this study
were performed on a 3.2 MHz Pentium 4 workstation with Hyper-
Chem v7.5. The MM+ molecular mechanics force field was used
with a Polak-Ribiere algorithm. The convergence limit of it was of
0.1 kcal/A mol. The Density Functional Theory (DFT) determinations
were made by using the base set Large (6-31G**).

3. Results and discussion

In Table 1, mean values of the mutual diffusion coefficients, D,
for CaCl, aqueous solutions at 298.15K and 310.15K are shown
together with standard deviations of the mean. These D values were
obtained from, at least, three independent runs. As it has been
shown in previous papers by our group, the uncertainty of these
values is not larger than 1-3%.

These D values were fitted, by using a least-squares procedure
(with a confidence interval of 98%), to the polynomial

D = ag + a;C + ac? (1)

the coefficients ag, a; and a, being adjustable parameters. The val-
ues for these coefficients, in the concentration range studied, are
givenin Table 2 together with the relevant standard deviations. This
equation can be used for interpolating purposes in the concentra-
tion range studied.

The experimental mutual diffusion coefficient values obtained
at 298.15K, were compared with those estimated from the
Onsager-Fuoss equation [6] (Table 3)

_—(lz11+ 122\ RT dln y.
Do =M (7|Z122| ) T (1 +C 3 (2)

where Dgf is the mutual diffusion coefficient of the electrolyte, in
m2s~1; R is the gas constant, in Jmol~1K-1; T, the absolute tem-
perature; z; and z, are the algebraic valences of cation and anion,
respectively; and the last term in parenthesis is the activity factor,
with y. being the mean molar activity coefficient; c, the concen-

Table 2

Fitting coefficients (ag-a,) of the polynomial equation [D/(m%s~1)=ag+a;
(c/moldm=3)+a; (c/moldm=3)2] to the mutual differential diffusion coefficients
for CaCl, in aqueous solutions at 298.15K and 310.15K, in the concentration range
from 0.005 moldm~3 to 0.10 mol dm—3

T/K ag x109 a; x109 ay x10° R?
298.15 1.273 + 0.010 ~4.79 + 0.67 317 + 6.4 0.971
310.15 1,608 + 0.003 —147 + 0.20 —22+19 0.997
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Table 3

Diffusion coefficients for CaCl, calculated from Onsager-Fuoss (Dor) and Gordon (Dg) models at 298.15K

(AD[Dy)/%P

Da/10-9 m2 s~ 1f

(AD[Dg)/%P

Dg/10-9 m2 s-1e

7 \jorb
Op)I%

(AD/D

F/(‘lU‘g m2s-1 )d
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1.335
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1.213
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1.335
1.234
1.218
1.210
1.168
1.172

D!

c/(moldm=3)

+1.78
+2.3

1.335
1.231
1.230
1.204
1.140
1.118

+1.78
+2.3

1.335
1.232
1.231
1.206
1.148
1.135

+1.78
+1.7

+1.78
+2.2

1.335
1.239
1.228
1.222
1.204
1.220

+1.78
+2.1

0.000

0.005

+0.6

+0.5

+0.7

+1.5

+1.6

0.008

+0.9
-2.2

+0.7
-29

-2.2

—0.6
7.4

-9.0

+0.2
-6.1
-6.2

+0.4
—45
53

0.010

1.182
1.184

0.050

-0.7

0.100

2.8 x 10~19 m, obtained from the sum of the ionic radii (from diffraction methods).

AD|Dg and AD/Dp represent the relative deviations between D (Table 1) and D

represents the diffusion coefficient of CaCl, calculated from the Onsager-Fuoss model, using a

* Doy

Dg and D, values, respectively.

7
OF’

D!

v
OF’

D

OF’
5.6 x 1019 m, obtained from the sum of hydrated ionic radii (from diffraction methods).

> AD/Dy, AD/D], AD/D,

¢p
dp

represents the diffusion coefficient of CaCl, calculated from the Onsager-Fuoss model with a=

v
OF
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4.0 x 10710 m, estimated by using MM+ and activity coefficients.

2.8x10"10m,

28x10"9mandh

/. represents the diffusion coefficient of CaCl, calculated from the Onsager-Fuoss model with a

/7
OF

€ D¢ represents the diffusion coefficient of CaCl, calculated from Gordon model, by using a
f Dy represents the diffusion coefficient of CaCl; calculated from Agar model using a

& Relative deviations between the value of D extrapolated without that for ¢

418].
1.312 x 10~ m in Table 2) and the Nernst value (equation (8)).

0.1 M (that is, D=

Table 4
Values obtained for the ionic distance in CaCl, from computational studies (A: dis-
tance Cl~ (1)-Ca?*; B: distance Ca%*-Cl~ (2))

Method A/10-1m B/10~10m Mean value a/10~1°m
Ab Initio (DFT) (in 327 327 327

vacuo)

Molecular Mechanics 3.70 3.75 3.72

MM+ (in vacuo)

Molecular Mechanics 4.14 3.94 4.05

MM+ (in water)

tration in molm~3, and M, in mol2 sm~3 kg1, is given by

050
_ 2019
Nﬁe% U2|Zz\)\,? + MV |Z]|)\g

>C+AM/+AM” (3)

being AM’ and AM” the first and second-order electrophoretic
terms, respectively, which are given by

487‘[2?70

2
A= S (122119 —1211A9) ( V113 ) ( K ) (@)
N (IZ1|V1XS+|22|U2)»?)2 V1tV 67no(1 + ka)

and
_ 25| A0 21119)? 4
AW — L lz2lAq 4 valz1135) 1 <'< ¢('<a)> (5)

2 2 2
NX (112110 + 12122119)" (V1 +12)

In these equations, 1o is the water viscosity, in Nsm=2; Ny,
the Avogadro’s constant; ey, the proton charge, in coulombs; 14
and v, are the stoichiometric coefficients; A? and )‘(2)' the lim-
iting molar conductivities of cation and anion, respectively, in
m?2 mol~! Q-1; k is the reciprocal average radius of the ionic atmo-
sphere, in m~!; a, the mean distance of closest approach of ions,
in m; ¢(ka)=|e2<?Ei(2«®)/(1+ka)| has been tabulated by Harned and
Owen [12] and the other symbols represent well-known quanti-
ties. Complexation and/or ion association phenomena [13,14] as
well as hydrolysis [15,16] are not taken into consideration in these
equations.

The use of equation (2) demands that a parameter values
(the mean distance of closest approach of ions) be available.
Because there is no any direct method for measuring this value,
it must be estimated [17]. Three different estimations were
done:

a) Two of them came from Marcus data (Table XIII in [18]) by using
two approximations.

al) By considering it as the sum of the ionic radii
(@a=Rcation * Ranion)- In this case, the Rj,, values were
obtained as the difference between the mean internuclear
distance from a monoatomic ion (or the central atoms of
polyatomic ions) to the oxygen atom of a water molecule in
its first hydration shell (djon_water)» and the half of the mean
intermolecular distance between two water molecules in
liquid water (Rwater), i-€., Rion =dion-water — Rwater. A mean
value of 2.8 x 10~19 m was thus found.

a.2) It was assumed as the sum of the hydrated ionic radii
(a=Rcation—water+Ranion—water)- This way, the effect of the
ion hydration shell on the a-values is taken into account
(Rion-water = Bion-water)- A mean value of 5.6 x 10~10m was
obtained.

b) The third estimation was done from computational studies per-
formed on the CaCl, system. The values calculated are shown in

Table 4.

As it can be seen, from the Density Functional Theory the values
obtained for A (distance between the left CI~ (1) ion and the central
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Fig. 1. Schematic representation of CaCl, in water from the MM+ simulation.

CaZ* ion) and B (distance between the central Ca2* ion and the right
Cl~ (2) ion) are equal, whereas differences appear between both
geometrical distances from the Molecular Mechanic Force Field
model (MM+). Nevertheless, the results reached from both meth-
ods, DFT and MM+ (by using a Polak-Ribiere algorithm and a final
RMS gradient of 0.1 kcal/(A mol)), are quite similar. The calculated
values are always in the range of the empirical ones.

When the calculation is performed in water (from the MM+
method, by considering a 256 water molecules square box, of
18.701 A wide, which creates a CaCl, concentration similar to
that of the experiments in the range of 0.01 M) greater differ-
ences appear to each geometrical A and B distances. In all cases,
the final mean value, which is identified with the a parameter
((3.3-4.1) x 1019 m), is in between those obtained from Marcus
data, which points out to some compression effect of the ionic
hydration shells. As a conclusion, despite the variations obtained
for A and B change in each calculation, they make possible to sus-
tain that some water molecules are placed between the Ca2* and
the Cl~ ions, asitisillustrated in Fig. 1. In this case, the values shown

in Table 4 (4.14 A and 3.94 A, for A and B, respectively) were found
by considering an average number of 2-3 water molecules between
Cl- (1) and Ca?* and of 1-2 water molecules between Ca2* and CI~
(2) (which, we think, is the most accurate and realistic picture for
this system).

Calculation with large amounts of water molecules (>1000) does
not affect significantly these A and B values. Less water (which is
equivalent to more concentrated solutions) results in a reduction
of the average A and B distances, less than 5%.

On the base of the above a results, empirical values for the
diffusion coefficient, Dog, were calculated. They are collected in
Table 3. As it can be observed in that Table, at 298.15 K, the results
predicted by the Onsager—-Fuoss model, by using any of the three
values found for the parameter a, show differences in between
—0.6% and 2.2%, with respect to the experimental ones (see Table 1),
when ¢ <0.01 moldm~3. A reasonable agreement is also observed
between our experimental data and those obtained by others
authors (<3%) [1].

Considering that those deviations are approximately of the same
order than the experimental uncertainty (within +1-3% for this
type of studies), and that phenomena like association and hydrol-
ysis are not considered by the Onsager-Fuoss model, it can be

Table 5

interpreted, from this agreement of results, that at concentrations
below 0.01 moldm~3 the predominant species responsible for the
behaviour of D are calcium and chloride ions.

The decrease of the diffusion coefficient, when the con-
centration increases, may be attributed to the non-ideality
thermodynamic behaviour which is regulated by the factor (1+9
Iny/dInc)(equation (2)) [6]. We may assume that other species, like
associated pairs, are present in solution in lower proportions, but
they do not influence significantly the behaviour of the diffusion of
this system.

Athigher concentrations (c >0.01 mol dm~3), greater differences
are observed between the results predicted by the Onsager-Fuoss
model and our experimental values (deviations between —4.5% and
—9%). This is understandable if we take into account that changes
for parameters such as viscosity, dielectric constant and hydration,
with the solution concentration, are not taken into account by the
Onsager-Fuoss model either. In this context, the consideration of
the viscosity effect on the diffusion of this electrolyte through the
Gordon equation [7]

D¢ = Dor (777;3) (6)

D¢ and 7 being the diffusion coefficient and solution viscosity,
respectively, gets to results at higher concentrations much closer
to our experimental data (deviations <3%) by using, for instance,
a=2.8 x 10719 m. Therefore, it can be concluded that, at higher con-
centrations, the behaviour of this electrolyte depends strongly on
the viscosity change in the solution.

The effect of the hydration on the diffusion has also been taken
into account using Agar’s model [8]

D
)

in which h=4 [8]. The results obtained are summarized in the last
two columns in Table 3. As it can be observed, at low and moderate
concentrations (c <0.01 moldm~3) the differences observed with
respect to the experimental values (ca 2%) are of the same order
than those found from the other models here used. Nevertheless,
in the range of higher concentrations, the results are much closer
the experimental data, which indicates that the hydration factor
seems to have a significant role on the diffusion of this salt when
the solution concentration increases.

Due to the absence of literature values for the parameters nec-
essary to estimate Dgr at temperatures different from 298.15K, it
was not possible to make a similar analysis at 310.15 K, which would
permit to infer the temperature effect on diffusion for this system.
Related to this, the only information possible to derive from our
data is an increase of the diffusion coefficient D when the temper-
ature increases, together with a decrease of this parameter when
the concentration increases, at a given temperature. Consequently,
diffusion coefficient values for calcium chloride at infinitesimal
concentration were obtained at both temperatures (the best val-
ues were obtained by using the more dilute solutions studied,
¢ <0.05moldm~3). These values are collected in Table 5.

Dp = Dg [1 1+0.036m (

Infinitesimal concentration values for conductivity and diffusion coefficient of CaCl, aqueous solutions at 298.15K and 310.15K

T/K A%/(10~4 m2 Q-1 mol-1) Agr /(10-4m2 Q1 mol-1) )Lgah/(lO*4 m? Q-1 mol-1) DO/(10°mZs-1) DOexp/(10-0 m2s~1)P
298.15 271.70¢ 76.35¢ 119.00¢ 1.335 1.312 £ 0.010
310.15 325.49+0.36 92.384 140.73 1.659 1.613 £ 0.012

2 These values have been calculated with equation (8).
b Obtained by extrapolating data at ¢ <0.05 moldm—3.
¢ From Ref. [8].

d value obtained from data in Ref. [19].
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The above diffusion limiting values can be compared with those
calculated by replacing limiting conductances into the Nernst equa-
tion [8]:

DY — E (IZC32+| + IZCl’ > ( ()"232+ )()\'glf) ) (8)
F2 \ I(zca2e Mzl ) \ (A2, )lze 1+ (A lzcqs |

z; and A? being, respectively, the algebraic valence and the molar

conductance at infinitesimal concentration of the i ion.

Limiting molar conductivity values at 298.15K for CaCl, aque-
ous solutions are found in the literature [8]. Nevertheless, at
310.15 K no data have been reported for this electrolyte and, hence,
we obtained them. The molar conductivity values performed are
shown in Appendix A. At this temperature (310.15K) these data
exhibit a linear relationship, with the concentration square root,
up to 7.3 x 10~3 moldm~3. Such a relationship enables to calcu-
late the molar conductivity at infinitesimal concentration for the
CaCl,, Ag, according to the Kohlrausch equation. This value was
splitinto both ionic contributions by estimating the value for )‘gr =

92.38 x 10~*2-1 m2 mol~! from the data in ref [19]. All these molar
conductivity values, at both temperatures (298.15K and 310.15 K),
are shown in Table 5.

Another way to obtain this limiting value at 310.15 K is from the
Walden product (or Walden rule): A%(T) n(T)=cte, being n(T) the
viscosity of the pure solvent at temperature T. Recently, Apelblat
has extensively illustrated, by using different electrolytic solutions
[20], the usefulness of this empirical relationship, which consid-
ers the changes of the solvent viscosity are the responsible of
the changes in the conductivity of the ions. From it, a value of
350.12 x 104 mZ mol~! Q-1 was estimated by using 0.8903 (cP)
and 0.6909 (cP) for the viscosity of pure water at 298.15K and
310.15K, respectively [21]. The value thus found appreciably differs
(more than 7%) with respect to the experimental one.

By inserting both limiting molar ionic conductivities into equa-
tion (8), limiting diffusion coefficients, D°, are estimated at both
temperatures. They are also shown in Table 5. As it can be ascer-
tained, the values thus derived agree quite well (with differences
<3%) with those calculated by extrapolating our experimental
data (given in the last column). As a consequence of that, it can
be inferred that the diffusion data here reported are acceptable
within the experimental error (<3%). In the same way, the limiting
molar conductivity value calculated for the calcium ion at 310.15 K
(140.73 x 10~* Q-1 m2 mol~1) can also be acceptable within a con-
fidence of 97%.

4. Conclusions

The experimental values for CaCl, diffusion coefficients fit
a second-order polynomial function in both the concentration
(0.005-0.1 moldm—3) and temperature (298.15K and 310.15K)
ranges studied. Consequently, accurate values at infinitesimal con-
centration, D%, were obtained.

Because these D results adjust properly the Onsager-Fuoss
model up to 0.01 moldm~3, it is possible to suggest that, in this
concentration range, the calcium and chloride ions are the predom-
inant species responsible for the transport and the ionic association
and the hydrolysis effect can be neglected. At higher concentra-
tion, the behaviour of this electrolyte strongly depends on both the
viscosity changes of the solution and on the hydration of the ions.

Limiting values, D, calculated from the Nernst equation agree
well with the extrapolated experimental ones and, consequently,
the }‘(c)a% value estimated for 310.15 K can be considered adequate.
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Appendix A. Experimental molar conductances for CaCl,
aqueous solutions at 310.15K

¢/(10-3 moldm—3) A/(1074 Q- Tm2 mol-1)

0.6234 297.70
1.244 286.47
1.861 278.19
2.475 271.14
3.086 26432
3.695 258.64
4300 253.54
4902 248.57
5.501 244.04
6.098 239.76
6.691 235.72
7.282 230.69
References

[1] V.M.M. Lobo, Handbook of Electrolyte Solutions, Elsevier, Amsterdam, 1990.

[2] J.N. Agar, V.M.M. Lobo, . Chem. Soc. Faraday Trans. I 71 (1975) 1659.

[3] V.M.M. Lobo, AJ.M. Valente, A.C.E. Ribeiro, in: G.E. Zaikov, V.M.M. Lobo, N. Guar-
rotxena (Eds.), Focus on Chemistry and Biochemistry, Nova Science Publishers,
New York, 2003.

[4] AJ.M. Valente, A.C.F. Ribeiro, V.M.M. Lobo, A. Jiménez, ]J. Mol. Liq. 111 (2004)
33.

[5] A.CE. Ribeiro, AJ.M. Valente, V.M.M. Lobo, E.E.G. Azevedo, A.M. Amado, A.M.A.
Costa, M.L. Ramos, H.D. Burrows, J. Mol. Struct. 703 (2004) 93.

[6] L. Onsager, R.M. Fuoss, J. Phys. Chem. 36 (1932) 2689.

[7] AR. Gordon, J. Am. Chem. Soc. 72 (1950) 4840.

[8] R.A.Robinson, R.H. Stokes, Electrolyte Solutions, second ed., Butterworths, Lon-
don, 1959.

[9] A.C.E. Ribeiro, M.A. Esteso, V.M.M. Lobo, A.J.M. Valente, S.M.N. Simdes, A.J.F.N.
Sobral, M.L. Ramos, H.D. Burrows, A.M. Amado, A.M. Amorim da Costa, J. Car-
bohydr. Chem. 25 (2006) 173.

[10] A.CE. Ribeiro, A.J.M. Valente, A.J.EN. Sobral, V.M.M. Lobo, H.D. Burrows, M.A.
Esteso, Electrochim. Acta 52 (2007) 6450.

[11] J. Barthel, F. Feuerlein, R. Neuder, R. Wachter, ]. Solution Chem. 9 (1980) 209.

[12] H.S. Harned, B.B. Owen, The Physical Chemistry of Electrolytic Solutions, third
ed., Reinhold Pub. Corp, New York, 1964.

[13] J.D. Lee, Concise Inorganic Chemistry, fourth ed., Chapman and Hall, London,
1992.

[14] V.M.M. Lobo, A.C.F. Ribeiro, Port. Electrochim. Acta 12 (1994) 29.

[15] C.E. Baes Jr., R.E. Mesmer, The Hydrolysis of Cations, John Wiley and Sons, New
York, 1976.

[16] J. Burgess, Metal lons in Solution, John Wiley & Sons, Chichester, Sussex, Eng-
land, 1978.

[17] A.C.E. Ribeiro, M.A. Esteso, V.M.M. Lobo, H.D. Burrows, A.M. Amado, A.M.
Amorim da Costa, AJ.EN. Sobral, E.F.G. Azevedo, M.A F. Ribeiro, ]. Mol. Liq. 128
(2006) 134.

[18] Y. Marcus, Chem. Rev. 88 (1988) 1475.

[19] D. Dobos, Electrochemical Data. A Handbook for Electrochemists in Industry
and Universities, Elsevier, New York, 1975;

R.K. Srour, M. McDonald, J. Chem. Eng. Data 53 (2008) 335.

[20] A. Apelblat, J. Phys. Chem. B 112 (2008) 7032.

[21] R.A. Robinson, R.H. Stokes, Electrolyte Solutions, second revised ed., Dover Pub.
Inc., Mineola, New York, 2002 (Appendix 1.1).



	Diffusion coefficients and electrical conductivities for calcium chloride aqueous solutions at 298.15K and 310.15K
	Introduction
	Experimental
	Reagents and solutions
	Diffusion measurements
	Conductance measurements
	Computational studies

	Results and discussion
	Conclusions
	Acknowledgements
	Experimental molar conductances for CaCl2 aqueous solutions at 310.15K
	References


