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Abstract. Trivalent metal ions have a rdevant impact on
different kinds of industry; for example, indium(l1l) and
europium(l1) ions are of practical importance in the
development of new semiconductors and luminescent
probes, respectively. Transport properties of ions and salts
in agueous solutions are important physico-chemical
parameters alowing a better understanding of the
behaviour of these ions in the solution and so, helping to
describe better the mechanism of processes taking place in
their presence. However, the measurement of those
transport properties is complicated due to the occurrence of
hydrolysis; that may judtify the scarcity of eg. diffusion
data for agueous solutions of europium(I11) and indium(I11)
chlorides. In this study mutua diffusion coefficients for
agueous solutions of InCl; and EuCl; in a concentration
range from 0.002 mol>dm 2 to 0.01 molxdm 2 at 298.15 K
are reported. The open-ended conductometric capillary cdl
was used. The results are discussed on the basis of the
Onsager-Fuoss and Pikal models.

Keywords: diffusion coefficients, europium(lll), indi-
um(I11), agueous solutions.

1. Introduction

Europium(ll1) is a trivalent lanthanide ion with
dtractive and versatile spectroscopic and magnetic
properties[1, 2], which are an advantage for applicationsin
different fields such as biochemistry or materias. Eu(l11)
can be used as a luminescent probe of bioactive species
including metal ions, oxyanions and acidity of biological
environments [3-5]. Eu(lll) can also be applied for the
study of surfactant association in the solution [6]. The
luminescent properties of Eu(lll) have also been used for
the devdopment of light-emitting diodes (LED) with an
improved red emission [7, 8]. Recently, europium-quantum
dots and europium-fluorescein composite nanoparticles for
the metal ion detection have been developed [9]. Eu(lll)
spectroscopy has adso been used to characterize the

complicated structural evolution that takes place during the
gelation and densification of materias prepared by the sol-
gd process[10].

Indium(I1l) chloride is an efficient catalyst for
inducing various types of organic reactions, such as
synthesis of saccharides [11], Mukaiyama adal reactions
[12], Dids-Alder reactions [13, 14], aza-Michad reactions
[15], and also in microwave irradiation asssted synthesis
[16]; other practical applications of indium(lI1) chloride
includes, for example, its use as a condtituent of a photo-
sensitizer used as a photodynamic therapy agent for ocular
diseases [17]. However, one of the broadest application of
In(lll) is as indium tin oxide (ITO), a solid solution with
excellent dectrical and optical properties[18]. Inthelast few
years, the combined use of these metals has been attempted
in order to improve the properties of LEDs, by using Eu(lI1)
as a buffer layer on ITO [19] or introduce luminescent
propertiesto ITO films or nanoparticles[20, 21].

However, the use of Eu(lll) and In(lI1) in solids and
solutions requires an understanding of the factors affecting
the properties of the ion. In this paper we report about
diffuson coefficients of aqueous solutions of Eu(lll) and
In(I1) chlorides at 298.15 K contributing for better
knowledge of the behavior of thoseionsin the solution.

2. Experimental

2.1. Reagents

The solutes used in this study were indium chloride
and europium chloride (Aldrich, pro analys > 97 % and
pro analys > 999 %, respectively) without further
purification. Aqueous solutions were prepared using bi-
digilled water. All solutions were freshly prepared just
before each experiment.

2.2. Diffusion Measurements

The open-ended capillary cel used was constructed
in this laboratory and is essertialy the same as that
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previoudy reported [22]. The cdl has two vertica
capillaries, each closed a one end by a platinum dectrode
and positioned one above the other with the open ends
separated by ca. 14 mm.

The upper (top) and lower (bottom) tubes, initialy
filled with solutions of 0.75c and 1.25c concentrations,
respectively, were surrounded with a solution of
concentration ¢. This ambient solution was contained in a
200" 140" 60 mm glass tank, which wasimmersed in a bath
thermostatted at 298.15 K. The tank was divided internally
by Perspex sheets, whilea glass ftirrer created adow latera
flow of ambient solution across the open ends of the
capillaries. Experimental conditions were such that the
concentration at each of the open ends was equa to the
ambient solution value ¢, that is the physical length of the
capillary tube coincided with the diffusion path. This means
that the required boundary conditions described in literature
[22] to solve Fick’s second law of diffusion are applicable.
Therefore, the so-called Dl-effect [22] is reduced to
negligible proportions. In contrast to a manual apparatus,
where diffuson is followed by measuring the ratio of
resstances of the top and bottom tubes, w = Ri/Ry by an
aternating current transformer bridge, in our automatic
apparatus w was measured by a Solartron digital voltmeter
(DVM) 7061 with 6 1/2 digits. A Bradley Electronics Modd
232 power source supplied 30 V (stable to £0.1 mV) to a
potentia divider that applied a250 mV signal to the platinum
electrodes in the top and bottom capillaries. By rapidly
(<19 measuring the V' and V'’ valtages from the top and
bottom eectrodes relative to the central dectrode at ground
potentia the wwas then calculated from the DVM readings.

To measure the differential diffusion coefficient D at
a given concentration c, 2 dm® each of a“top” solution of
concentration 0.75c and a “bottom” solution 1.25¢c were
prepared. The “bulk” solution of concentration ¢ was
produced by mixing accurately the measured volumes
of 1dm®of the“top” solutionwith 1 dm® of the “ bottom”
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solution. The glass tank and the two capillaries were filled
with solution ¢ immersed in the thermostat, and were
allowed to come to therma equilibrium. The quantity

TRy = 104/(1 + W) was now measured very accurately
(where w = Ry/Rp is the dectrical resistance ratio for

solutions of concentration ¢ of the top (t) and bottom (b)
diffusion capillaries at infinitetime). TR= 104/(1 +w) isthe
equivaent at any timet.

The capillaries were then filled with “top” and
“bottom” solutions, which were alowed to diffuse into the
“bulk” solution. Resistance ratio readings were taken at
various times, beginning 1000 min after the start of an
experiment. The diffusion coefficient was evaluated using a
linear |least-sguares procedure to fit the data, followed by an
iterative process which uses 20 terms of the expansion
saries of the solution of the Fick's second law for the
present boundary conditions. The theory developed for this
cdl has been described previously [22].

3. Results and Discussion

Tables 1 and 2 show the experimental diffusion
coefficients D of EuCl; and InCl3 in agueous solutions at
298.15 K. These results are the average of 3 experiments
peformed on consecutive days. The experimenta
procedure shows good reproducibility, as shown by the
small standard deviations, Sa. The accuracy of the
systems (uncertainty 1-2 %) has been demonstrated by
measurements on other solutions of different eectrolytes
(e.g.[2-16]).

The following polynomia in ¢ was fitted to the data
by aleast squares procedure,

D=ay+aC+ac’

@

where the coefficients ay, a;, and a,; are adjustable para-
meters. Table 3 showsthe coefficients ag to a; of Eq. (1).

Table1

Diffusion coefficients D of EuCl;z in aqueous solutionsat different concentrationsc at 298.15 K

c, D? [S.9 [Dx?10°m>s*| Dg, 10°m>s* | DD/Do, DD/Dey?,
molxdm 10° 1P | 100 st | @=5620°m?) | (2=5640m%) | % %
2403 1216 0.010 1.180 1519 30 -19.9
340° 1.200 0.013 1.169 1.795 26 331
540 ° 1.179 0.020 1.158 2.205 18 -46.5
840° 1.160 0.011 1.153 3.009 0.6 —-61.4
1407 1.151 0.010 1.152 3.9% 0.1 712

Notes @ D is the meen diffusion coefficient of 3 experiments; ? s, isthe standard deviation; % Do and Dy represent the

calculated diffusion coefficients from Onsager-Fuoss and Pikal equations, respectively; ® Sum of hydrated ionic radii (diffraction
methods) [23] and ® DD/Dor and DD/Dgi. represent the relative deviations between D and Do and Dpiy Values, respectively.
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Table 2
Diffusion coefficients D of | nClsin aqueous solutions at different concentrationsc at 298.15 K
c, D2 S 9 | Dor? 10°m*s* | D, 10 mPs™ | DD/Doe”, | DD/Dgyc?,
MM | 109 st | 59 et (@=5:320°m?) | @=5340""m%) | % %
2x10°° 0.945 0.021 1.081 0.921 -12.6 2.6
340° 0.867 0.026 1.077 0.844 -195 2.7
5403 0.686 0.023 1.072 0.698 -36.0 =17
8403 0.622 0.020 1.067 0.477 -41.2 303
140° 0.619 0.011 1.067 0.370 -42.0 67.3

Notes @ D is the meen diffusion coefficient of 3 experiments; ? s, isthe standard deviation; % Do and Dy represent the

calculated diffusion coefficients from Onsager-Fuoss and Pikal equations, respectively; ® Sum of hydrated ionic radii (diffraction
methods) [23] and 9 DD/Dorand DD/Dgy represent the relative deviations between D and Dorand Dpy Val ues, respectively.

They may be used to caculate values of diffusion
coefficients at specified concentrations within the range of
the experimental data shown in Tables 1 and 2. The
goodness of the fit (obtained with a confidence interval of
98 %) can be assessed by the correlation coefficient, R%.

Table3

Fitting coefficients (ag-ap) of a polynomial equation
[D/(107° m?s %) = ag + & (c/molxdm™) + a, (¢/mobdm))?
to the mutual differential diffusion coefficients of
europium chloride and indium chloridein aqueous

Table4

Limiting diffusion coefficients D° for the systems
EuCl3/H,0 and InCly/H,0

D°e<pa)| DoNernsn ADO/ D,
Electrolyte 10°m?st | 10°mPst | %?
1.235" 0.9
BuCls | 1246 | 197 | o)
InCl5 1.196 1.150° 4.0

solutionsat 298.15 K

Electrolyte ao a a R
EuCl, 1.246 -17.06 766.7 0.997
InCl; 1.196 -1394 8228 0.990

3.1 Limiting Diffusion Coefficients

Extrgpolation of the fit of these eguations to
infinitesmal concentration gives the estimated diffusion
coefficients obtained (i.e. D° = a in Table 3), which
account for the diffusion of both the cation and the anion
under these conditions. As can be seen in Table 4 the
agreement between these values and those obtained by
Nernst equation [24, 25] (Eq. (2)) using different values for
equivalent conductance of europium and indium at
infinitesimal concentration isreasonable.

e

0,0
o= RT|zi*lzd 1713
F |azy 19+ 19
| i)and | 8repraent the equivalent conductance of the

caion and anion a infinitesma  concentration,
respectively, and z represents the algebraic valency of a
cation and z isthe algebraic valency of ananion.

Notes @ Limiting D% values were caculated by extra-
polating our experimental data, Deg (Tables1and 2) toc® 0
a 298.15 K; P Diffuson coeffidients estimated by Nernst’
equation (Eq. (2)), using | (Eu®) = 19240 * Sm?nal * and |

(Eu*™ = 203420* Sm>mol ™, respectively. These values
were obtained by using a Stokes-Einstein equation and experi-
mentd values, respectively [26]. © Diffusion coefficients eti-
mated by Nernst’ equation (Eq. (2)), using thevauel (In*" =
=168.940 * Sm>moal ' obtained by Campbell et al. [27].

3.2 Inter lonic Effects on Diffusion

Having in mind to understand the transport process
of this dectrolyte in agueous solutions, the experimental
mutual diffusion coefficients at 298.15 K were compared as
afirst approach with those estimated by the Onsager-Fuoss
and Pikal eguations (Egs. (5) and (10) [24, 28, 29]) (Tables
1and?2). Thefirst equationis expressed by:

3

where D is the mutual diffusion coefficient of the
dectrolyte, the firs term in parenthesis is the activity

factor, y, is the mean molar activity coefficient, c is the

concentration in mol dm 3, pO isthe Nernst limiting value
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of the diffuson coefficient (Eq. (2)), and ppare the
electrophoretic terms given by:

n
0
o1

n
lazda
where kg is the Boltzmann's constant; T is the absolute
temperature; p , are functions of the didectric constant, of

the solvent viscosity, of the temperature, and of the
dimensionless concentration-dependent quantity (ka), k
being the reciprocal of average radius of the ionic

atmosphere; t? and tg are the limiting transport numbers of

the cation and anion, respectively.

Since the expression for the eectrophoretic effect
has been derived on the bass of the expanson of the
exponential Boltzmann function, because that function is
consistent with the Poisson equation, we only would have
to take into account the eectrophoretic term of the first and
the second order (n =1 and n = 2). Thus, the experimental
data Dey, can be compared with the calculated Dor On the
basisof Eg. (5)

=S
c1t3+2

Dn=|(BTAne g

(4)

o=frc T 4000107 ®

The theory of mutual diffusion in binary electrolytes,
developed by Pika [28], includes the Onsager-Fuoss
equation, but it has new terms resulting from the application
of the Boltzmann exponentia function for the study of
diffuson. In other words, instead of approximating the
Boltzmann exponential by a truncated power series, the
calculations are performed retaining the full Boltzmann
exponential. As a result of this procedure, a term
representing the effect of ion-pair formation appears in the
theory as a naturad consequence of the eectrogatic
interactions. The dectrophoretic correction appears now as
the sum of two terms

Dv,=Dv; *DV; ©)

where DVF represents the effect of of long-range
]

electrostatic interactions, and Dy represents them as short-
]

range ones.

Designated by M = 102 Lic is the solute
thermodynamic mobility, where L is the thermodynamic
diffuson coefficient, AM can be represented by the
equation

1 1 6,-0[ AMQ

M MI% MOp
where M® is the value of M for infinitesimal concentration,
and

()

AM = AMF + AM; + AMo+AMp + AMy; +
+ AMpz+AMp3 (8)
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Thefirst term on the right hand in the above equation
AMF represents the Onsager-Fuoss term for the effect of
the concentration in the solute thermodynamic maobility M;
the second term AM, is a consequence of the approximation
applied on the ionic thermodynamic force; the other terms
result from the Boltzmann exponential function.

The relation between the solute thermodynamic
mobility and the mutual diffusion coefficient is given by:

D=L103RT §i+ MNY20 €)
(o fc
where R is the gas constant, and v is the number of ions
formed upon complete ionization of one solute “ molecule’.
From Egs. (7) and (9) we obtain a verson of the Pika’s
equation more useful for estimating the mutual diffusion
coefficients of eectrolytes Dpyg. Thet is,

103RTv ?_,_Cﬂl”)&?
1 AMO Tc o

MO& MOg

Both Onsager-Fuoss and Pikal’s theories introduce
the ion dze parameter a, the distance of the closest
approach from the Debye-Hucke and it is well known that
there is no direct method for measuring this parameter. In
this work, the values for a were estimated from Marcus
data (Table XIIl of Ref. [23]) using two approximations
(Table 5). Firdly, the a-values were estimated as the sum of
the ionic radii (Rq,) reported by Marcus [23]. The Ron
values were obtained as the difference between the mean
internuclear distance of a monoatomic ion or the central
atoms of polyatomic ions, and the oxygen atom of a water
moleculein its first hydration shells (dion-waer), and the half
of the mean intermolecular distance between two water
moleculesinaliquid water (Ruaer). Briefly,

Rion = Gion-weter — Rivater @d @ = Regtion + Rerion
In order to account for the effect of theion hydration
shdl on the a-vaues, a second approxi mation considers the
sum of the dion-waer Values reported by Markus [23]. In other

words, in this approach the a-values are determined as
a= Reation-water + Renion-water (TaDIE ).

10
DPikal = (10

Table5

Values of mean distances of the closest approach
(a/20*° m) of the systems EuCla/H,0 and I nCla/H,0
calculated by two methods

Electro- Sum of iopic radii Sum of mean ?on—water
Iyte in solutions® internuclear distances?
a = Reaion +Renion A = Jgtion -weter + arion -water
EuCl, 2.86 5.64
InCl; 2.56 534
Note: ? see[23]
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For EuCl;, we see that the agreement between
experimental data and Pikal calculations is not good (Table
1), eventuadly because of the full use of Boltzmann's
exponentia in Pikal’s development. However, Onsager-
Fuoss theory leads to calculated values close to the
experimental data (deviations £ 3 %, Table 1). In these
edimations, the choice of the parameter a was irrelevant,
within reasonable limits. We may use any value because
dight variations in this parameter a have little effect on the
final results of Dor and Dpiky. For InCl3 (Table 2), Pikd's
treatment gives better agreement with De,, than Onsager-
Fuoss for dilute solutions. However, in this case, the findl
result Dpyg IS strongly affected by the choice of this
parameter a. In fact, thereis a better agreement with Dpiy if
we use a value of parameter a equal to the sum of the
hydrated ionic radii. Despite the limitations of this theory
when applied to non symmetrical eectrolytes, this good
applicahility inthis case can lead us to admit that the effects
of short range interactions on the diffuson of this
electrolyte at those concentrations are relevant, contrary in
EuCls. The hydration of this sdlt, its hydrolysis[30] and the
eventuad formation of ion pairs, increasng with
concentration, can be responsible for those effects.

For ¢ > 0.008 M the results predicted from the above
model differ markedly from experimental observation (i.e.
30-67 %). Thisis nat surprising if we take into account the
change with concentration of parameters such as viscosity
[25, 31, 32], didectric congtant [25] and hydration [25, 31-
33], which are not taken into account in these models.

4. Conclusions

Experimental  values for mutual diffusion
coefficients for InCl; and EuCl; in a concentration range
from 0.002 mobxm ® to 0.01 mol>dm ® at 298.15 K were
determined using a conductimetric cell. The results were
discussed on the bass of the Onsager-Fuoss and Pikal
models. For EuCls, the reasonable agreement between the
two sets of D values thus found suggests that the ionic
species europium(lll) and chloride are the main ones
contributing to the transport properties and, therefore, the
hydrolysis effect can be neglected. However, we see that
the agreement between experimenta data and Pikal
calculations was not good, eventually because of the full
use of Boltzmann's exponential in Pikal’ s devel opment.

In contrast, for InCl;, we can conclude that the
behaviour of the diffuson of this dectrolyte depends
strongly on the viscosity change and the hydration factor in
the solution.
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I[IiIQ)Y3II>'IHA HOBEJAIHKA TPUBAJIEHTHUX
HMOHIB METAJIIB Y BOJHUX PO3YNHAX

Anomauin. Honmu  mpusanenmmozo  memany — maiomo
CYmmesuil NIUE HA Pi3HI 2aiy3i NPOMUCTIOBOCT, HANPUKIAO, UOHU
inoiro(I1l) ma esponiro(I1l) dyoice sacicausi npu po3pobnenni Hoeux
Hani6npoGIOHUKIG [ JIOMIHECYeHmMHUX 30HO0I8, 6i0nosiono. Tparc-
NopmHi  61acCmMu8oCcmi  1ioHi@ ma conell ¥ B0OHUX PO3UUHAX €
BANCIUBUMY  DIZUKO-XIMIYHUMU NAPAMEMPAMU, SIKI Oaiomb MOJIC-
JUGICMb Kpauye 3po3yMimu HO8eOIHKY Yux UOHIE Y PO3UUHI i MaKum
YUHOM OONOMA2aIOMb ONUCYEAMU MEXAHI3M NpoYecia, o Giooy-
saromucs y ix npucymnocmi. [Ipome, uMIploGanHs yux mpancnopm-
HUX 8lacmusocmell ympyoHeHe i3-3a noasu 2ioponisy, AKutl Modice
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6ymu nosiCHeHull Hecmauero, HAnpukiad, Ou@ysitiHux Oauux ons
600nux posuunie xnopuoie esponiro(Ill) ma inoio(Ill). B pobomi
BUBHAUEHO, WO KoeiyieHmu 63aeMHOI Ouy3ii 600Hux posuunis INCly
i BEuCl3 snaxoosmecs 6 oianazoni xonyenmpayiti ¢io 0,002 oo 0,01
Moo npu 298,15 K. [ust Qocnidorcent GUKOPUCIAHO HACKDIZHY

KOHOYKMOMEPUUHY —Kaniiapy Komipky. OOepoicani  pesynomamii
06pobreno na ochosi modeneti Onzacepa-Piooca i Iikans.

Kniouosi  cnoea:
inoit(I11), 600ui pozuunu.

Koeghiyicnmu

oughysii,

esponit(lll),





