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EUROPIUM RECOVERY BY
PHOTOCHEMICAL REDUCTION FROM Eu
AND Eu-Gd CHLORIDE SOLUTIONS
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Belo Horizonte, MG, Brazil
“Department of Metallurgical and Materials Engineering,
Universidade Federal de Minas Gerais, UFMG, Rua
Espirito Santo, 35, 30160-030, Belo Horizonte, MG, Brazil

ABSTRACT

The recovery of europium in aqueous chloride solution by photo-
chemical reduction/precipitation was evaluated in the presence of
sulfate ions and a radical scavenger. A commercial low-pressure
mercury lamp with an emission peak at 253.7 nm was used as an
irradiation source. The influencing factors were investigated in
detail with a pure europium (III) chloride solution and then
applied to a solution containing a Gd/Eu molar ratio of 27.
Europium recovery was shown to increase with an increase in
SO3~ /Eu molar ratio up to 7, which corresponds to a stoichio-
metric excess of 600%. Similarly, high scavenger requirements
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3306 DE MORAIS AND CIMINELLI

(formic acid/Eu ratio of 500) were needed to achieve high yields.
Faster reaction rate in the presence of formic acid, as compared
with 2-propanol (2 and 15 hr, respectively, at 99% Eu recovery),
used as scavengers, was observed. This was related to the
photoactivation of formic acid, demonstrated by a strong
absorption in the near-UV region, not observed with 2-propanol,
and a ready drop of the solution Eh. Measurements of redox
potential indicated the reducing character in the formic acid
system. This reducing character, that was not observed with
2-propanol, increases with the irradiation at 253.7nm. The
increase in rare earth concentration led to either Eu(III)
precipitation prior to irradiation, in pure Eu solutions, or Eu-
Gd coprecipitation, in multicomponent solutions. Europium
recovery reached 99% when the experiments were carried out
with pure, dilute europium chloride solutions. High yields could
not be achieved in the presence of high gadolinium concentration,
owing to the Eu—Gd coprecipitation.

Key Words: Europium; Europium reduction; Photochemical
reduction

INTRODUCTION

In recent years, the interest in the commercial utilization of lanthanide
compounds, such as those of europium, has significantly increased. With high
purity degree, europium oxide shows a high market value as a result of important
applications, such as red phosphors in color TV tubes and computer monitors,
laser materials, high-intensity mercury vapor lamps, X-ray screens, etc.

In an aqueous phase, the rare earth elements are stable as trivalent species;
among these elements, europium is the most easily reduced to the divalent form.
On the basis of this feature, the separation of europium from rare earth
concentrates is usually carried out by reduction of Eu(IIl) to Eu(Il), followed by
its precipitation as EuSOy. The reduction can be accomplished by (i) cementation
using Zn or Zn—Hg amalgams,!' ~! (ii) electrochemical reduction, using titanium
or graphite as cathode'®™'% or (iii) photochemical reduction, using a low-
pressure mercury lamp (LPML), high-pressure mercury lamp (HPML) or
excimer lasers.!'' =

The basic differences among the sources of irradiation mentioned in the
previous paragraph are the power and the region of wavelength emission. The
LPML is characterized by a lower power and higher energy photon emission,
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i.e., lower wavelength (for instance 184.9/253.7 nm) as compared to the HPML
source (3107365 nm).!"*?%21 The excimer (a notation based on the contraction of
the words excited and dimer) lasers are generally of high power and use
electronic transitions between an excited and the ground-state of a gas molecule.
The region of emission depends on the composition of the materials. Most
ultraviolet molecular gas lasers involve, in fact, a combination of two different
atoms, frequently a noble gas and a halogen: ArF (193 nm); KrCI (222 nm); KrF
(248 nm). These molecules, which are not dimers, should be called exciplex (a
contraction of excited with complex ) lasers.'**!

The photoreduction of Eu(IIl) to Eu(Il) takes place in the charge transfer
band (CT band), corresponding to the transfer of an electron from a complexing
ligand to the metal ion."'”'®** The reduction should be carried out in the
presence of a radical scavenger to avoid the reverse reaction of oxidation. The
radical scavenger, an alcohol, an ester, or an organic acid, may also participate in
the reduction of Eu(Ill), as it will be shown in this paper. The europium
photoreduction can be carried out in aqueous or organic phases, the source of
irradiation being dependent on the nature of the solvent. In aqueous solution,
LPML or excimer lasers have been tested.'® 2!

The chemical reduction of a Sm—-Eu-Gd mixture was previously
investigated by our group.””’ In that work, purity was no higher than 99.4%
Eu,03, this value being too low for more noble applications. As an attempt to
improve recovery and grades in less reduction/precipitation stages, samarium
was removed by solvent extraction. The combination of a more concentrated
solution in europium (Gd/Eu molar ratio of 27), less concentration of total rare-
earths with processing adjustments, resulted in grades higher than 99.99% Eu,0s3,
in two steps of reduction and precipitation.*> Despite the good results, the
environmental problems related to the disposal of Zn—Hg residues were a matter
of concern. The photochemical reduction appears as an attractive option from the
environmental point of view, since, in this case, the disposal of Hg-containing
residues can be avoided. The photoreduction of europium in aqueous solutions
has been previously studied in dilute, pure, or equimolar mixtures (binary or
ternary) of lanthanides"'®~?%! and, therefore, under experimental conditions that
may not reflect the actual composition of industrial solutions, such as the one
previously mentioned.”! In addition, some important information, such as the
influence of the redox potential, scavenger/europium and sulfate/europium molar
ratios on europium recovery, is not yet available.

In the present work, the photochemical reduction of europium is analyzed
with the objective of europium recovery from a commercial mixture of Eu—Gd.
As in the study of chemical reduction,'®! discussed above, samarium was
previously removed by solvent extraction. The effect of europium concentration
and other variables such as nature and amount of the radical scavenger and sulfate
salt, redox potential, total rare earth concentration, and irradiation time have been



10: 28 25 January 2011

Downl oaded At:

ﬂ MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE « NEW YORK, NY 10016

™
©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

3308 DE MORAIS AND CIMINELLI

at first evaluated in detail with a pure europium solution and then with a solution
containing high gadolinium concentrations (Gd/Eu molar ratio of 27).

EXPERIMENTAL
Reagents

Europium chloride solutions were prepared by dissolving the oxide (99.5%
Eu,O;3; supplied by Rhone-Poulenc) in a small volume of concentrated
hydrochloric acid, and these solutions were further diluted with distilled water
to a final concentration of 10.0gL~" Eu,05 and acidity of 0.003molL™" (pH
2.5).

The europium/gadolinium chloride solutions were prepared by dissolving
the respective carbonates (1.90% Eu,03; and 52.4% Gd,03) supplied by
“Industrias Nucleares do Brasil S.A.—INB” (RJ, Brazil) in an aqueous
hydrochloric acid solution (3.0 mol L™ 1. The concentration of Eu,O5 and Gd,05
in the commercial stock solution was 5.0 and 138.2gL ™", respectively, with
0.003mol L™ of acidity. The chemical composition of the Eu/Gd mixture is
shown in Table 1. All other chemicals were of analytical reagent grade; distilled
water was used throughout the experiments.

Experimental Procedure

The europium photoreduction and precipitation were carried out in a
beaker-type glass bottle with diameter 65 mm and height 70 mm, standing on a
magnetic stirrer and under an ultraviolet source, at 25°C. Two commercial LPML
of 15W (germicidal Lamp), supplied by General Electric—GE (USA), with
emission peak at 253.7 nm were used as source of irradiation. The distance from
the lamps to the europium solution surface was maintained at 80 mm. The solution
bed was 20 mm high and the irradiation area was 33 cm?. During irradiation, the
solution temperature was observed to increase by approximately 3°C.

The pure EuCl; stock solution (10 g L' Eu,05) was diluted to the desired
experimental level and the sulfate (H,SO4 or (NH,4),SO,4) was added to a final

Table 1. Chemical Composition of the Solid Europium and Gadolinium Carbonate Mixture

Species sm* Bt Gd** Tt co” a Fet H0

Content (%wt.) <0.005 1.64 454 <0.005 433 230 0.060 7.28
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volume 50mL, used in all the experiments. The radical scavengers were
introduced immediately before the beginning of the experiments in order to avoid
possible losses by degradation before europium reduction.

After precipitation, EuSO, was filtered in a Gooch-type crucible and washed
with 0.002 mol L™ ' ammonium sulfate solution. The precipitate was then dissolved
in a HCI solution (6molL™") with drops of hydrogen peroxide (H,0,),
reprecipitated as a carbonate salt through the addition of sodium carbonate and
finally submitted to calcination at 800°C to produce the oxide. The recovery was
calculated by measuring europium concentration in the feed and in the filtrate
solutions. The measurements were made in an energy-dispersive X-ray spectrometer
(Kevex system, Kevex, CA, USA), with a detection limit of 0.01 gL~ !

The Kevex system has a radioactive source of americium (Am~"") with
100 mCi of activity for the X-ray generation. The complete setup is built around a
Si(Li) detector X-ray spectrometer, with an energy resolution of 220eV at
5.94keV. The peaks observed in the X-ray fluorescence spectra are fitted with a
multicomponent spectrum analysis and the intensities of the characteristic X-ray
lines are extracted, for calculating the elemental concentrations. Analytical
sensitivities of the order of a few ug/g can be obtained for elements with atomic
numbers (Z) in the range 40 = Z = 68.1°7?% The analytical sensitivity was
shown to depend on the counting time. In the present work, it was adjusted to
400sec. A good performance of this method was shown in solid and liquid
samples. The experimental error including the analytical error was 3 at 95% of
confidence level.

The absorption spectra of aqueous solutions of the species involved in the
process were investigated using an UV-vis Perkin Elmer spectrophotometer
model Lambda 20, (Perkin Elmer, USA). The redox potential was measured with
a Pt electrode (Digimed pH-meter model DM 20, Digimed, SP, Brazil) under
mild stirring, using a saturated Ag—AgCl as the reference electrode.

241

RESULTS AND DISCUSSION

Among the lanthanides, Eu(IIl) is the most easily reduced to the divalent
state. The photoreduction (Eq. (1)) takes place in the charge transfer band (CT
band), corresponding to the transference of an electron from a complexing ligand
to the metal ion.!'7!824 [n europium (IIT) aqueous solution, a CT band from H,O
to Eu(IIl) occurs at 188 nm. In solutions containing sulfate, another CT band
appears around 240nm, corresponding to the charge-transfer transition from
SOZ_ to Eu(III). The hydroxyl radical (‘'OH) formed during europium reduction
(Eq. (1)) is removed by a scavenger, such as formic acid and 2-propanol, through
a reaction that produces an organic radical (Eqs. (2) and (3)). It has been
suggested that this radical may reduce a second molecule of Eu(Ill) ion to its
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divalent state:['~2!!
Eu’"(H,0), + hv = Eu** (H,0),_;, + OH+ H" (D)
HCOOH + "'OH = H,0 + 'COOH )
(CH3),CHOH + 'OH = H,0 + (CH3),COH (3)

As the Eu(Il) ions are formed they are precipitated as EuSO,4 according to the
equation:

Eu’* + HSO, = EuSO4 + H* 4)

The effect of process parameters on the reduction and precipitation of europium
was first studied with pure europium solutions. Figure 1 compares the influence
of formic acid and 2-propanol on europium reduction. It is important to
emphasize that recovery of europium as EuSO4 by photochemical process does
not occur in the absence of a radical scavenger, which is added to avoid the
reverse reaction (Eu(II) oxidation).“&zofzz] As shown by Fig. 1, relatively longer
irradiation time is needed with 2-propanol, as a result of significantly slower
reaction rates. In the presence of formic acid, 2 hr of irradiation were adequate to
achieve approximately 100% europium recovery, while for the 2-propanol 15 hr
of irradiation were required to achieve comparable conversion. Similar trend was
reported by Hirai and Komasawa,'?"! who explained their results in terms of the

100
X Formic acid
> 80
> 2-propanol
2
8 60r
o
E 40}
2
o}
S 20f
L

0 " 1 " 1 X 1 " 1 I 1 " 1 " 1

0 2 4 6 8 10 12 14 16
Time (h)
Figure 1. Influence of the radical scavenger on europium recovery: 7 X 10 > mol L™

Eu®™ (1.25 gLfl Eu,03), molar ratios: SO?[ /Eu = 35; HCOOH/Eu = 600;
CH;CH(OH)CH3/Eu = 730.
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formation of a ‘COOH radical through the photodecomposition of formic acid,
these species also being capable of reducing Eu(IIl):

Eu’t + 'COOH = Eu** + CO, + Ht (5)

The authors reported that 4 hr were needed to attain equilibrium with formic acid
and 24 hr with 2-propanol (irradiation wavelength at 253.7nm). The Sm-Gd
coprecipitation was reported.

In order to investigate the differences depicted in Fig. 1, the absorption and
the redox potentials of both systems were measured. The absorption spectra of the
solutions containing 2-propanol and formic acid are shown in Fig. 2. In pure
europium chloride solution (line A), only the charge-transfer band from H,O to
Eu(IIT) at 188 nm is observed. When SO?[ is introduced, a transition band at
approximately 240 nm, corresponding to the charge-transfer from SOﬁ_ to
Eu(III),“g’Zl] is identified (line B). Now, the europium/sulfate system in the
presence of 2-propanol and formic acid will be analyzed. The addition of
2-propanol to the solution containing EuCl; and H,SO, (line C) does not modify
the behavior depicted by the EuCl;/H,SO, solution (line B). The slightly lower
absorbance level observed in the presence of 2-propanol is related to the

2.0
1.8 - A :EuCly
B : EUCI5+ H,S0,
1.6 1 C : EUCl 3+ H,S0, + CHZCH(OH)CH5
14 D : EuCl3 + H,S04 + HCOOH
o 7
3 E : HCOOH + HCI
c ]
o 1.2
£
5 1.0
8 0.8
g0
0.6 1
0.4 1
0.2 4
0.0 - __
200 240 280 320 360 400

Wavelength (nm)

Figure 2. Absorption spectra of aqueous solutions (reference: air, EuCls: 0.005 mol L™ ",
H,SO,: 0.25molL~', HCL: 0.005molL™', CH;CH(OH)CH;: 2molL"~', HCOOH:
2mol L7Y).
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relatively lower europium concentration caused by the addition of the scavenger.
Conversely, the presence of formic acid (line D) creates a broad absorption band
at around 260 nm. This band remains even in the absence of EuCl; (line E), thus
indicating that the absorption is not related to an interaction (charge-transfer)
involving this compound and europium. The excited electronic state of formic
acid created by the absorption at 260 nm, not observed with the 2-propanol, may
indirectly enhance Eu(IIl) reduction, thus justifying the high reactivity in the
presence of the formic acid, as indicated by Egs. (6)—(8).

HCOOH + hy = COOH + H )
H+H=H (7
H + OH = H,0 (8)

[29] [21]

Equations (6) and (7), discussed by Allmand and Reeve'=" and Hirai,"” ' explain
the photoactivation of formic acid at 260 nm, shown in Fig. 2. The reaction
depicted by Eq. (6) creates an additional source of formic radical to that of the
reaction of a hydroxyl radical with formic acid (Eq. (2)), favoring europium
reduction. On the other hand, it is shown by Eq. (8) that the formation of an H’
radical creates another pathway for scavenging the OH generated by Eq. (1),
which in turn also favors Eu(Ill) reduction. Summarizing, the enhanced europium
reduction in the presence of formic acid is related to its photoactivation, shown in
Fig. 2, which increases the reducing agent ((COOH) concentration and provides
an additional scavenger (H) to remove the hydroxyl radical (OH) formed by
Eq. (1).

The redox potential of the aqueous solutions containing formic acid and
2-propanol was measured, before and after UV light irradiation. The potentials as
a function of the irradiation time are shown in Fig. 3. Line A represents the
behavior of an aqueous europium chloride solution containing both sulfuric and
formic acids. Line B represents the aqueous solution without europium (H,O +
HCI + H,SO4 + HCOOH) and line C is the aqueous europium chloride solution
plus sulfuric acid and 2-propanol. The concentrations of the species were
maintained at the experimental levels shown in Fig. 1 (7 X 10 >mol L™ " Eu’™,
molar ratios: SOi_ /Eu = 35; HCOOH/Eu = 600; CH;CH(OH)CH3/Eu = 730).
Before light irradiation, the potential (Eh,og k) wWas approximately 0.30V in the
presence of formic acid, while 0.55V in the 2-propanol system. The stronger
reducing nature of pure formic acid solutions is magnified by the presence of the
irradiation source (Fig. 3, line B). With 5 min of irradiation, the potential reached
an Ehyog x of —0.05 V in the formic acid-Eu system (line A), while more than 4 hr
were needed for the potential to reach similar value with the 2-propanol-Eu
solution (line C).
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Figure 3. Variation of Eh,gg x With the irradiation time for the aqueous systems (EuCls,
H,S0O,4, HCOOH), (HCl, H,SO,, HCOOH), and (EuCl;, H,SO,4, (CH3),CHOH).

On the basis of its better performance, the study was continued with formic
acid. The important role of the HCOOH/Eu molar ratio on europium recovery,
not clearly addressed in previous studies, is depicted in Fig. 4. The recovery
increases slightly with the HCOOH/Eu ratio up to a level of approximately 500.
At this point, a sharp increase in recovery takes place, reaching levels of
approximately 100%.

100

40

20

Europium recovery (%)
3

0 " 1 L 1 " 1 " 1 L
300 400 500 600 700 800

HCOOH/Eu molar ratio

Figure 4. Influence of the molar ratio HCOOH/Eu on europium recovery:
8x 10 molL"! (1.25 gLfl) Eu,03, SO%’ /Eu molar ratio of 35, 2 hr of irradiation.
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Variations in HCOOH/Eu molar ratios from 370 to 600 did not affect the
redox potential; in both cases, the Eh followed the same trend depicted in Fig. 3,
stabilizing at —0.13 V.

In the recovery of europium by photochemical reduction, sulfate ions have
two important roles. The primary role of SO?[ is the removal of Eu(Il) as
insoluble europium(Il) sulfate (EuSO,), avoiding its reoxidation. In addition, the
sulfate ion is also important to create a charge-transfer band around 240 nm that
corresponds to the C-T from SO2™ to Eu". This band enables the use of the
commercial LPML with an emission peak of 253.7 nm. In the absence of sulfate,
the absorption takes place near 190 nm, in the C-T band from H,O to Eu’*.['?=21]
Nevertheless, the reduced Eu?" will be photooxidized in its f—d transition, which
occurs in the same wavelength of the charge-transfer transition of Eu(IIl) to

503‘7 the photoactivation acting as a catalyst in the oxidation reac-
tion.[12:18:21.22.30.31]

Eu’t + H,bO+hv=Eu’r +OH™ + H 9)

(NH4),SO4 and H,SO,4 were investigated as sulfate sources and led to similar
europium recoveries. Sulfuric acid was selected based on the comparatively
higher grade Eu,0; obtained in experiments of chemical reduction of solution
containing high gadolinium concentration.””! The better results were explained
by the lower pH of the medium as compared to the (NH4),SO,4 solution, which
helped to prevent gadolinium coprecipitation. The sulfate amount was then
varied from SOi_/Eu molar ratio of 1.5-35 (0.01-0.25 mol L! SOi_).
Europium recovery was shown to increase with an increase in SO7~ /Eu molar
ratio up to 7, which corresponds to a stoichiometric excess of 600% (Fig. 5).

The pH dependence on the Eu(Ill) photoreduction was investigated by
Haas et al.,'*?) who reported a maximum reduction between pH 1 and 1.5.
Nevertheless, in that study, europium reduction was studied in terms of H,
evolution and the authors did not make clear how the effects of pH on H,
evolution and europium reduction were separated. In the present study, the pH
varied from 0.8 to 0.3 as a result of varying sulfuric acid concentration. When
ammonium sulfate was used as SO?[ source, the pH was maintained at 1.5. In
this relatively large interval (pH 0.3—1.5), no effect of pH on europium recovery
was detected.

When aiming at industrial applications, concentration becomes a key
factor, affecting product recovery, grade, and the overall process economics.
Haas et al.'*? studied the effect of concentration in the interval of 10~ *—
10" "'molL™" Eu". The results indicated that europium reduction yields
increased with concentration up to about 10 *mol L™ Eu** and then remained
constant. Nevertheless, rather than being associated with concentration, the
plateau may result from insufficient irradiation time and scavenger amount,
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Figure 5. Influence of the SOi_/Eu molar ratio on europium recovery:
8% 10 *mol L' (1.25 gL™") Eu,05, molar ratio HCOOH/Eu = 600, 2 hr of irradiation.

which were maintained constant when europium concentration was increased. In
other studies,"'*'*~?!1 europium concentrations were kept at 10”2 or
10 3 molL™". In the present work, concentrations were varied from 6 X 1073
t05.7%x 10 2mol L' Eu®*. As expected, the irradiation time needed for a given
europium recovery increases with concentration. Two hours of irradiation were
sufficient to achieve approximately 99% europium recovery from a solution
containing 1.25 g L™ ! Eu,05 (7 X 10 > mol L™ ! Eu®>"). When concentration was
doubled, 4 hr were required to achieve the same recovery (Fig. 6). The relative
amount of formic acid should also be considered. For a fixed 1.5 hr of irradiation,
europium recovery attained 99% with a HCOOH/Eu molar ratio of 750, dropping
to 74% with a HCOOH/Eu molar ratio of 600.

When europium concentration was increased to 10.0gL™', the
precipitation of Eu,(SOy4); took place prior to irradiation. Considering the high
solubility of trivalent rare earth sulfate salts in water, the phenomenon can be
ascribed to the anti-solvent effect caused by the high concentration of scavenger
required to maintain an adequate HCOOH/Eu ratio. High concentrations of
organic compounds, such as formic acid and 2-propanol, decrease the dielectric
constant of the medium, thus increasing the electrostatic attraction between the
oppositely charged species (Eu”—SOAzf) and decreasing Eu,(SOy,); solubility.
The effect also depends on sulfate concentration, which again, in order to
maintain the ratio SO~ /Eu, should increase with europium concentration. The
previous results indicate difficulties in applying photochemical reduction to more
concentrated solutions. This conclusion will be supported by the results shown in
the following paragraphs.
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Figure 6. Effect of feed concentration on europium recovery. 8 X 10 >molL ™"
(1.25 gL_l) Eu,03, molar ratios: HCOOH/Eu = 600; SO?[ /Eu = 10.

The main goal of this work was to investigate the recovery of europium
from an Eu/Gd solution. Most of the previous studies were carried out with
equimolar, binary, or ternary lanthanide mixtures, which do not properly
represent the conditions found in many actual systems such as in ours. Now
europium reduction from a solution with a Gd/Eu molar ratio of 27 is investigated.
Tests were carried out varying sulfate, europium, and HCOOH concentrations
(Table 2). The irradiation time was fixed at 3 hr. Results with the pure europium
solution with HCOOH/Eu molar ratio of 560 and SO;~ /Eu of 7 and europium
concentration of 1.25gL ™" Eu,O5 indicated that over 98% europium can be
recovered as EuSOy in 2 hr of irradiation. Under similar conditions (HCOOH/Eu
molar ratio of 600 and SO?[ /Eu molar ratio of 10) no precipitation took place
with the Eu/Gd mixture. When SO~ /Eu was varied from 10 to 120 and
HCOOH/Eu was maintained at 600, solids were formed for SOi_ /Eu ratios above
60, but with no selectivity. In other series of experiments, the SO?[ /Eu molar
ratio was fixed at 30 (four times the one needed for maximum recovery with pure
europium solutions) while the HCOOH/Eu ratio was varied from 800 to 1400.
Precipitation took place for HCOOH/Eu ratios above 1200, but again with no
selectivity. As an attempt to achieve selectivity, europium and gadolinium
concentrations were reduced to half and 1/4, respectively, of the previous ones,
whereas SO}~ /Eu and HCOOH/Eu molar ratios were chosen above the threshold
for europium precipitation (Table 2). No precipitation was observed.

Measurements of the redox potentials indicated a final Eh,ogx similar to
that of the pure europium solution (— 0.13 V), thus suggesting that the difficulties
were not related to this variable. Aimed at favoring nucleation, further
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Table 2. Experiments Carried Out with Europium and Gadolinium Chloride Solution

Feed Solution Reagents and Quantities Recovery

EUQO3 GdzO'; SOZ‘;_ /Ell HCOOH/Eu Elleg GdzOg

Test # (gL™ (gL™ (mol/mol) (mol/mol) (%) (%)
1 1.0 27.6 10 600 0 0
2 1.0 27.6 20 600 0 0
3 1.0 27.6 30 600 0 0
4 1.0 27.6 60 600 8.7 6.3
5 1.0 27.6 100 600 15.3 11.7
6 1.0 27.6 120 600 75.5 68.5
7 1.0 27.6 30 800 0 0
8 1.0 27.6 30 1000 0 0
9 1.0 27.6 30 1200 7.0 7.2
10 1.0 27.6 30 1400 29.3 28.4
11 0.5 13.8 60 1400 0 0
12 0.25 6.9 120 2800 0 0
13% 1.0 27.6 10 600 21.6 14.1
14° 1.0 27.6 30 600 20.5 20.2
15% 1.0 27.6 10 1000 35.6 33.0
16° 1.0 27.6 30 1000 44.4 38.6

20.01 g of EuSO, added as seeds.

experiments were carried out using EuSO, seeds. The other variables were
maintained at HCOOH/Eu molar ratio of 600 and 1000, and SO;~ /Eu of 10 and
30. A comparison of the tests 1/13, 3/14, and 8/16 clearly indicates the role of the
sulfate seeds in favoring precipitation, but again with no selectivity.

In conclusion, the experiments with a europium solution with high
gadolinium concentrations led to two undesirable situations. In one, europium
precipitation did not occur at all and in the other, europium and gadolinium were
both precipitated.

These results suggest that the use of photochemical reduction in aqueous
phase is limited to dilute and relatively pure solutions, conditions not usually
present in industrial application. The separation of Eu from a Sm/Eu/Gd mixture
was investigated by Hirai et al.”>*" with solutions containing equimolar
(0.005 molL_l) concentrations of SmCls, EuCls, and GdCls, which correspond
to only 2.66 gL~ " total rare earth oxide (approximately 10% of that indicated in
Table 2). For this very dilute system with formic acid, the coprecipitation of
Sm—Gd limited the purity of europium precipitates to 90%. Donohue!'”! also
worked with equimolar mixture (0.01 mol L™ ") of binary or ternary lanthanide
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combinations. The separation factor, 8, ([Eu/Ln](precipitated)/[Eu/Ln](initial)),
was less than 5 for the light rare earths, and less than 300 for the heavy rare earths,
thus showing the same lack of selectivity observed in the present work. A
comparison of these separation factors may indicate that the anti-solvent effect
caused by the presence of the scavenger is more accentuated for the light rare
earths. Turning to the lack of precipitation, a possible lowering of free sulfate
concentration, owing to its complexation with Gd is a possibility to be explored in
order to explain the results obtained here. It is clear that a better understanding of
the failure of photochemical reduction in Gd rich solutions should rely on a better
comprehension of the solution chemistry of the system under consideration.
Thermodynamic calculations together with activity coefficient determinations to
estimate speciation and stability in the medium of interest may help to understand
the cause of the failed separation.

The good results with dilute, relatively pure europium chloride solutions
found in this and other works indicate the possibility of some niche applications
for the photochemical reduction process in aqueous solution, such as the
treatment of dilute rare earth solution or the removal of europium radionuclides
from radioactive waste solutions. On the other hand, from the environmental
point of view, one has to consider the large consumption (and further disposal) of
organic compounds (scavengers) involved in the photochemical reduction of
Eu(III) solutions. This aspect minimizes potential advantages with respect to the
conventional process of europium reduction with zinc amalgam.

CONCLUSIONS

The factors influencing europium photoreduction/EuSO, precipitation
were investigated by using a LPML (germicidal lamp) with photon emissions
at 253.7nm as the light source. The main factors affecting europium recovery
by photochemical reduction/precipitation were shown to be the total rare earth
concentration, the sulfate/Eu molar ratio and the nature and the radical
scavenger/Eu molar ratio. Europium recovery was shown to increase with an
increase in SO?{ /Eu molar ratio up to 7. Similarly, high scavenger
requirements (Formic acid/Eu ratio of 500) were needed to achieve high
yields. A comparison between formic acid and 2-propanol used as scavengers
indicated a faster kinetic reaction of the former (2 and 15hr, respectively).
This was explained by photodecomposition of the formic acid, and the
consequent increase in the reducing agent concentration and a fast decrease in
Eh. The increase in europium concentration in the feed solution is limited by
the anti-solvent effect caused by the presence of the scavenger, which in turn
results in precipitation of this element as trivalent europium sulfate or the co-
precipitation of gadolinium.
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