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bstract

Separation of Eu(II) from trivalent rare earths was carried out in 0.01 mol dm−3 hydrochloric acid medium. Eu(III) was selectively reduced to
u(II) at glassy carbon cathode in flow type electrolyzer. For Eu(II) separation strong acid cation exchanger based on sulfonated polystyrene/DVB
opolymer impregnated into porous silica beads was used. Breakthrough and chromatography curves were measured. Eu(II) exhibited lower affinity

owards the sorbent than trivalent rare earths and therefore it was the first species to breakthrough the column. Excellent separation from middle
are earths was achieved while the separation from heavy rare earths was difficult. The back-oxidation of Eu(II) was a problem despite all the
easures that were taken to prevent oxidation by dissolved oxygen and photo-oxidation.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Mutual separation of rare earths (RE) is complicated because
f their similar chemical properties. They basically exist in aque-
us solution in stable trivalent state. Separation of Eu(III) from
iddle RE fraction (Sm, Eu, Gd, Tb) by solvent extraction

s complicated process [1]. However, in contrast to other rare
arths, Eu(III) can be relatively easily reduced to divalent state
E0 = −0.43 V). Chemical reduction of Eu(III) with zinc powder
ollowed by Eu(II) sulfate precipitation [2] is preferred way of Eu
eparation at an industrial scale. However, the presence of zinc
ould complicate Eu(II) separation by means of ion exchange or

olvent extraction. Also, the precipitation is generally inefficient
eparation process. In this case, electro-reduction in hydrochlo-
ic acid media is a better alternative. It has been thoroughly
tudied at different cathode materials including platinum [3],
itanium [4] graphite [5–7] and glassy-carbon [8,9]. At carbon
lectrodes, Eu(III) reduction proceeds selectively [6] at poten-
ials of −0.6 to −0.8 V (versus Ag/AgCl). Aquated monochloro
u(III) species are involved in the rate determining step [10] in

pite of their low stability [11]. The optimal conditions for reduc-
ion are limited not only by potential but also by pH. At pH 3
nd above, precipitation of Eu(III) was observed. Therefore, it is
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E-mail address: ludek@iri.or.jp (L. Jelinek).

d
c
e
(
d
fl
s

925-8388/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2007.04.139
ecessary to maintain the proper pH of catholyte because pH can
e shifted by hydrogen evolution reaction. Hydrogen evolution
verpotential at glassy carbon fibers decreases with increasing
cidity of solution [12]. Thus, at lower pH hydrogen evolution
revails over Eu(III) reduction.

The number of papers on Eu(II) separation by other processes
han sulfate precipitation is so far very limited. Electro-
eductive stripping of Eu(III) from loaded extractants (DP-18
nd D2EHPE) and its recovery as Eu(II) sulfate was investi-
ated [3]. Apart from solution chemistry, there is the method of
da et al. [13] based on selective reduction and vacuum distil-

ation of rare earths tri-halides/di-halides mixture. Though, this
ethod has been originally applied to Sm and Nd.
In this work, separation of Eu(II) from RE(III) was inves-

igated by means of electro-reduction of Eu(III) to Eu(II) at
lassy carbon cathode in hydrochloric acid media and subse-
uent cation exchange separation.

. Experimental

Electro-reduction of Eu(III) was carried out in a flow type electrolyzer,
escribed previously in Ref. [14], at three-dimensional cathode made of glassy-
arbon fibers in potentiostatic mode (−800 mV versus Ag/AgCl). Overall

xperimental setup is shown in Fig. 1. Potential was kept by potentio/galvanostat
HA-520G, Hokuto Denki). Concentration of Eu(II) was measured on-line by
iode array UV–vis spectrophotometer (MD-2015 Plus, Jasco) equipped with a
ow cell (path length = 1 cm). Flow rate in this branch was 7.5 cm3 min−1. In the
tudied concentration range 0.5–2.5 mmol dm−3 of Eu the wavelength 320 nm
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F on supply, (4) column pump, (5) circulating pump, (6) UV–vis spectrometer, (7)
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Fig. 2. The course of Eu(III) electro-reduction in the 1 mmol dm−3 rare earths
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ig. 1. Experimental setup: (1) catholyte storage, (2) magnetic stirrer, (3) arg
ow-type electrolyzer, (8) potentiostat, (9) column and (10) fraction collector.

as selected, in accordance with our previous study [9], for the measurement
f Eu(II) concentration. All experiments were carried out under protective Ar
tmosphere to prevent back-oxidation of Eu(II) to Eu(III). Argon (Ar) gas was
ubbled to the stirred stock solution container before and during the electrolysis
t a flow rate of 250 cm3 min−1. For the ion exchange separation a special sor-
ent based on polystyrene/DVB copolymer (30 wt.%) impregnated into porous
porosity 0.69, pore diameter 600 nm) silica beads (70 wt.%) of uniform particle
ize (37–74 �m) was used. Strong acid cation exchanger (denoted as SiSCE) was
reviously prepared by its sulfonation (total capacity 4 mequiv. g−1-resin). The
ilica support provides good mechanical strength, fast kinetics and small pres-
ure drop across the column. Sorption was carried out in a closed system directly
onnected to the electro-reduction system. The column of inner diameter 8 mm
nd bed height 100 mm (bed volume 5.3 cm3) was used. Flow rate was main-
ained at 1.1 cm3 min−1 (12 BV h−1). Concentration of metals was measured by
CP-OES.

. Results and discussion

In preliminary experiments, electro-reduction of Eu(III) was
arried out. At glassy carbon cathode, two-step reduction of
issolved oxygen ((1) and (2)) [15] proceeds preferably to the
u reduction (3). The extent of hydrogen evolution reaction (4)
epends on solution pH.

2 + 2H+ + 2e− → H2O2 E0 = 0.68 V (1)

2O2 + 2H+ 2e− → 2H2O E0 = 1.77 V (2)

u3+ + e− → Eu2+ E0 = −0.43 V (3)

H+ + 2e− → H2 E0 = 0.00 V (4)

It was found that at pH 2 (0.01 mol dm−3 HCl) and poten-
ial of glassy carbon cathode −800 mV versus Ag/AgCl, Eu(III)
eduction proceeds steadily without any visible hydrogen evo-
ution. In 0.1 mol dm−3 HCl, hydrogen evolution was clearly
isible and current efficiency of Eu(III) reduction was greatly
owered. Also, with decreasing pH, UV absorbance of Eu(II)
teeply decreased making its determination difficult [9]. There
as no adverse effect of accompanying RE(III) on Eu(II) reduc-
ion. The typical course of electro-reduction for RE(III) solution
s shown in Fig. 2. The current efficiency is relatively low
ecause of the initial presence of dissolved oxygen and possible
e-oxidation of Eu(II) during the process.

m
m
s
t

ixture.

Breakthrough curves were measured at column packed with
iSCI for RE(III) mixture before and after electro-reduction
Fig. 3). It can be seen that the affinity of Eu(II) towards strong
cid cation exchanger is lower than that of Re(III). Eu(II) was
he first species to breakthrough the column. There was also vis-
ble Eu peak at the point where Eu(III) broke through in the case
f solution before reduction. It was caused by re-oxidation of
u(II). It can be probably suppressed by shortening the contact

ime by means of increasing the flow rate. Complete separation
f Eu(II) from its adjacent middle RE (Sm, Gd) was achieved.
eparation of Eu(II) from heavy RE should be improved by
urther optimization of ion exchange process. The separation
f Eu(II)/RE(III) can be further improved by optimization of
olumn geometry and flow rate.

Although the promising results of breakthrough tests, chro-
atographic separation was not successful. Despite all the
easures taken to remove all the dissolved oxygen, it was impos-
ible to keep Eu in the reduced form throughout the course of
he experiment. Apart from oxidation by dissolved oxygen (5),
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ig. 3. Breakthrough curves during the sorption of reduced 1 mmol dm−3 rare
arths mixture.

hoto-oxidation (6) of Eu(II) may take place in aqueous solution.

u2+ + H+ + 1
4 O2 → Eu3+ + 1

2 H2O (5)

u2+ + H2O
hν−→Eu3+ + H• + OH− (6)

Thus, in contrast to break through experiment, no Eu(II)
eak was observed in chromatogram. Application of ascorbic
cid as a stabilizing agent did not cause any visible effect. In
urther attempt the experiment was carried in darkness to sup-
ress photo-oxidation (6) but no substantial improvement was
chieved so far.
. Conclusions

Eu(II) exhibited lower affinity towards the cation exchanger
han trivalent rare earths. Complete separation of Eu(II) from its

[
[

[
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djacent middle RE (Sm, Gd) was achieved. Separation of Eu(II)
rom heavy RE should be improved by further optimization of
on exchange process. The change of oxidation state in combi-
ation with ion exchange is a promising way for Eu separation
rom RE and especially middle RE for the applications where
igh Eu purity is needed. However, back-oxidation of Eu(II)
s a problem that imposes serious limitations to the available
eparation techniques.
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