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Abstract—The influence of 5D, on the photo-reductive precipitation of Eflom a solution containing S EG*
and Gd was investigated. The solution contains isopropanol as a reduction agent, ammonium sulfate as a precipitation
agent, and hydrogen peroxide as an acceleration agent of precipitation rate. A mercuryittimgpaewavelength
of 254 nm was used as a light source. Adding a small amounOgfcbhsiderably increased the photo-reductive pre-
cipitation rate of EXi. OH radicals obtained from the photodecomposition,&k ldxidized isopropanol into the radical
(CH,),C'OH and the resulting radicals reduced*Eapidly. It was found that the organic radical has the ability to
reduce only Etiin the solution containing StnEU* and G&. The precipitation yields of Eu, Sm and Gd were about
99%, 10% and 4%, respectively. It was also found that the Sm and Gd were not photo-reduced and co-precipitated
with Eu.
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INTRODUCTION al., 1991; Hirai et al., 1993; Hirai and Komasawa, 1995; Selin et
al., 1989]. The photochemical method has some advantages; for
Rare earth elements have been widely used in various industriadxample, photons can be used as chemical reagents and this meth-
fields such as optics, metallurgy, electronic and magnetic areas, catd may also show high selectivity for the reduction if an appropri-
alysts and nuclear energy [Kirk and Othmer, 1980]. Due to such imate wavelength is chosen. Donohue [1977] first reported the possi-
portance, many efforts for the individual separation of the rare earttility of separating some elements of the lanthanide and the actinide
elements have been also carried out. by photochemical reaction. Qiu et al. [1991] studied the photore-
Recently, in the nuclear field, the minor actinides (Am, Cm, Np), duction of Eu from the Sm, Eu and Gd concentrate in a mixed al-
classified to be long-lived nuclides, were partitioned from HLLW cohol (ethanol and isopropanol) system by using a high-pressure
(high-level radioactive liquid waste) either by solvent extraction mercury lamp as a light source. Hirai et al. [1993, 1995] presented
[Lee et al., 2001; Oh et al., 1985] or by precipitation [Kim et al., the photoreduction of Eufrom a mixture containing Sm, Eu and
1995] to be transmuted in transmutation systems such as an accéd in the aqueous phase including chloride ions and the organic
erated driven reactor or a fast reactor [OECD/NEA Room Docu-phase using bi (2-ethylhexyl) phosphoric acid/xylene. Selin et al.
ment, 1999]. At this time, the rare earth elements (La, Eu, Sm, Gd1989] reported thatirradiation with*®Co could be applied to reduce
Nd, etc.) were extracted together and some middle rare earths (SfE#* to EUd* in an aqueous solution of a mixture of rare earth ele-
Eu, Gd) were finally co-stripped into the aqueous solution [Morita ments. Through these studies, fundamental information such as the
et al., 1995]. Middle rare earth elements, having a large cross seeffect of irradiation type, time, the light wavelength and the reduc-
tion area on neutrons, should be removed from the solution for théion agent on the photoreduction of Eu were revealed. However,
effective transmutation of minor actinides. information on the photoreduction rate of Eu was not available yet.
Since the separation factor of Eu is lowest in rare earth elements In this work, the effect of }D, on the reductive precipitation rate
during solvent extraction and stripping, it is important to ultimately of Eu and its behavior were examined, when separatifigagu
remove Eu in aspects of neutron economics. Trivaléhtssknown EusQ from Sni* and G& by photoreductive precipitation. This
to be the most reducible to the divalent form in the rare earth elestudy was focused on the separation of Eu from the rare earths mix-
ments. Since the reduced?Eis different from EEf in chemical ture to acquire basic data for the further purification of a solution
behavior, E& can be easily separated from the trivalent rare earthcontaining minor actinides.
elements either by solvent extraction or by ion exchange.
Several methods [Peppard et al., 1962; Hirai and Konasawa, 1992] EXPERIMENTAL
were introduced for the reduction of Eu: electrolysis, reduction with
zinc powder, etc. Although they have been applied to commercial A mixed solution including Eu, Sm and Gd was used for pho-
plants, these methods have some problems such as the use of latgeeductive precipitation of Eu. Isopropanol, ammonium sulfate and
amounts of chemicals and difficulty in operation. Another method, hydrogen peroxide were used as a reductive agent, a precipitation
the photochemical method, is also available [Donohue, 1977; Qiu eagent and a precipitation rate agent, respectively. Eu, Sm and Gd
were used in the form of chloride salts supplied from Aldrich Co.
To whom correspondence should be addressed. Other chemicals such as isopropanol, ammonium sulfate and hydro-
E-mail: ehkiml@nanum.kaeri.re.kr gen peroxide were supplied from Merck Co. In all experiments, the
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Fig. 1. Schematic diagram of the photoreactor.
1. Vertical supporter 4. Aeration port
2. Horizontal acrylic supporter 5. Hg-Lamp
3. Sample tube 6. Power generator

concentrations of Eu, Sm and Gd were fixed as 0.01 M, respectively
The concentrations of ammonium sulfate and isopropanol were 0.

etal.

Gd were measured with a UV-vis spectrophotometer (Shimadzu
UV-160 A). The hydrogen peroxide concentration was measured
by reflectometry (Reflectoquant, Merck).

RESULTS AND DISCUSSION

Fig. 2 shows the result of the photo-reductive precipitation of
Eu, Sm and Gd in the solution. As seen in Fig. 2, the precipitation
yield of europium increased during photolysis and reached about
95% after a photolysis time of 8 hours, while both Sm and Gd were
hardly precipitated. This can be easily understood from the fact that
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M and 2 M, each. The concentration of hydrogen peroxide ranged

from OMto 2 M.

The equipment used for the photo reductive precipitation of Eu
was supplied from Rayonet Co (Model: RPR-208). It consists of
an Hg-lamp with 120 W, emitting a wavelength of 254 nm. A sche-

Fig. 2. Photoreductive precipitation of Eu, Sm and Gd elements.

Table 1. Redox potential values Elll/Il) of the lanthanides cal-
culated by Nugent et al.

matic diagram of the experimental equipment is shown in Fig. 1.

The photo reactor is a cylinder-type 40 cm in diameter and 60 cm

in height. Eight mercury lamps are located at the circumference o
the reactor, from which UV light travels in the direction of the core

of the reactor. The material of the reaction tube is quartz and its ca-
pacity is 15 ml. As seen in Fig. 1, the reaction tubes are located on

the circumference of the circular-type horizontal supporter, which
is made of acrylic resin and is designed so that the eight reactio

tubes can run simultaneously. In order to control the temperature

Element Value [V] Element Value [V]
La -3.1+0.2 Gd -3.9+0.2

f Ce -3.21+0.2 Th -3.7+0.2
Pr -2.7+0.2 Dy -2.6+0.2

Nd -2.610.2 Ho -2.9+0.2

Pm -2.610.2 Er -3.1+0.2

n Sm -1.6+0.2 m -2.3+0.2
Eu -0.310.2 Yb -1.1+0.2

of the reaction tubes during irradiation of UV on the reacting solu-
tion, air-circulation ports are installed at the bottom of the reactor
for air-cooling. However, during UV irradiation, the temperature
of the working solution was increased from room temperature (194
2°C) to 41+2C within 30 min and then was kept stable at all imes
during the photolysis. Since it was not easy to cool the photo reac
tor to room temperature, all the experiments were carried out at af
proximately 4°C. When the temperature of the solution approached
about 4TC and became stable, the tubes containing the working
solutions were placed into the photoreactor. The amount of work
ing volume used in all experiments was 10 ml. A sample ¢filL00
was taken to determine the precipitation yield of Eu in the solution
during photolysis.

The concentration of the elements (Eu, Sm and Gd) in the aque

ous solution was determined by an inductively coupled plasma atorr.
ic emission spectrophotometer (ISA Jobin-Yvon JY 50P). The abig. 3.
sorption spectra of the aqueous solutions containing Eu, Sm and
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the reductive potential of Euis the highest of the rare earth ele- -

ments as shown in Table 1 [Nugent et al,, 1973], and also fromth £

results of the absorption spectra of each single element (Eu, Sn o E

Gd)-containing solutions as shown in Fig. 3. It was observed tha § § 100

EU* ions absorbed light of around 250 nm, whereas both & 5 s

Gdf* ions did not absorb that of around 250 nm at all. Since the light ‘€ § 7

source used in this work emits light around 254 nm, oniyydan E n& 60

be excited. Therefore, Eu could be selectively separated from bot f -

Sm and Gd. S g “
Generally, the photo-reductive mechanism df o Ei* was £33 x)

known as follows [Donohue, 1977; Qiu et al., 1991; Hirai et al., 'S

1993; Hirai and Komasawa, 1995]: %0 o1 o0z 03 04 05 06 07 08 08 10
EU*+H,O+v=EW*+H+OH 6 Initial H202 Concentration( M )
(CH,),CHOH+OH=HO+(CH,),COH @) Fig. 5. Variation of initial formation time of EuSO, with initial

H,0, concentration.

(CH,),COH+EU'=EW**+H"+(CH,),C=0 (©))
Euw+SO; =EuSQ @) formation of relatively large amounts of organic radicals;J{CH

OH which are produced through Eq. (2) by adding small amounts

Donohus [1977] reported that the charge transfer band §0m H of H,0,. Fig. 5shows the relation of the added amounts &5,H

+ 2 +
o EW" appears at 188 nm and that from SO Ed" appears at and the initial precipitation time of the reduced*E8urprisingly,

235nm in the solution containing Eand S@. This agrees with it was confirmed that the initial precipitation time was longer as the
this work as seen in Fig. 3. Donohus [1977] also reported that the precip 9

radicals (OH) formed in the primary process (1) should be scav-.added amounts of,8, increased. With the experimental condition

o o in this work, the minimal initial precipitation time was found at an

enged with isopropanol to prevent the reverse reaction, i.e., the ox- . . . S

e N . . - . ,0, concentration of 0.05 M in the solution. This implies that an

idation of Ed". The resulting organic radicals (JCOH can .

cause further reduction of Euand then Eti combines with SO excess of 50, can oxidize the reduced Eand subsequently pre-
vent the formation of the reduced?Eln fact, HO, and OH radicals

to be removed from the sol'ut|on as a precipitate. . ... have high oxidation potentials. The values are known to be 1.77 V
From the above mechanism, we can enhance the preC|p|tat|0£

rate of Eu. This mechanism indicates that if the concentration o Kotrly and Sucha, 1985] and 2.72V [Sawyer, 1989, respectively.

OH radicals increases during photolysis, the reduction rate®of Eu hesg potental valllue-s can sufﬂmgntly ?XIdIZé EWF". Based
. . . . on this fact, the oxidation mechanism of Euthe presence of,8,
will also increase. In order to verify this, a small amount 6§,H

was added to the solution before photolysis was begun. It is Weﬂilnd OH rad|ca!s can be proposed. In the case of O.H radicals, the
known that HO, is dissociated into OH radicals under the irradia- possibility of oxidation through Eg. (1) was already given. In other
2 words, the OH radicals produced during photolysis 45, Heact

tion of light with a wavelength of less than 300 nm. The experi- not only with isopropanol but with Etas seen in Egs. (1) and (2).

mental r(.esult. IS given in Fig. 4. .AS expected, the precipitation rate.‘l’herefore, the increased OH radicals during photolysis sufficiently
of europium ions considerably increased as compared to those in

the solution without ED,. The precipitation was initiated in 10 min Oi(édslgsg Esa foIIToﬂvcg' case of §,, an oxidation of EXi can be ex-
and almost terminated within 1 hour after irradiation of UV. It was P ’

considered that the reductive precipitation rate was accelerated by the Potential (V)
2BV +H,0,+2H'=2E#*+2H,0 +2.12 (5)
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Fig. 4. Photoreductive precipitation of Eu, Sm and Gd elements in
the presence of HO.,. Fig. 6. Photodecomposition rate of ED,.
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Eqg. (5) indicates that when a large amount,Qf léxists in the solu-  Donohue, T., “Photochemical Separation of Europium from Lanthanide
tion, the E& produced by photolysis can be rapidly oxidized. Ac-  Mixtures in Aqueous Solution]. Chem. Phys67, 1 (1977).

cordingly, the photo reduction of Egannot occur until D, nearly Hirai, T. and Konasawa, ., “Separation of Europium from Samarium
disappears in the solution. Fig. 6 shows the result of photodecom- and Gadolinium by Combination of Electrochemical Reduction and

position of HO,. The complete photodecomposition time gbiH Solvent Extraction,). Chem. Eng. Jp/25, 644 (1992).

became much longer with an increase in th®,ldoncentration.  Hirai, T. and Komasawa, I., “Separation of Eu from Sm/Eu/Gd Mix-
We can find from these results that at a gived,tdoncentration ture by Photoreductive Stripping in Solvent Extraction Prodeds;
the complete photodecomposition time gOkis almost identical Eng. Chem. Res34, 237 (1995).

to initial precipitation time of EuSOAccordingly, small amounts  Hirai, T., Onoe, N. and Komasawa, |., “Separation of Europium from

of H,O, should be used for the effective photo-reductive precipita- Samarium and Gadolinium by Combination of Photochemical Re-

tion of Eu. duction and Solvent Extractiod; Chem. Eng. Jpr26, 64 (1993).
Precipitation yields of Eu reached 99% whe@®hlvas added.  Ishida, A. and Takamuku, S., “One-Electron reduction &flgos In-

Such an increase of the reduction yield of Euconsidered to be duced by the Irradiation gfray or UV-light; Chem. Lett 1497

due to the production of large amounts of reducing agen),CH (1988).

OH. The reduction potential of the organic radicals is known to beKim, E. H., Shin, Y. J., Kim, W. H., Chung, D. Y., Kim, S. S., Yoo, J. H.

1.3V in water [Schwarz and Dodson, 1989]. This value can suf- and Choi, C. S., “Partitioning of Neodymium and Americium in the

ficiently reduce Efi, but is insufficient to reduce Shor Gd*. Ac- Liquid Radioactive Waste by Oxalate Precipitatiiofean J. Chem.

cordingly, although large amounts of organic radicals are produced Eng, 12, 557 (1995).

during photolysis, both Sthand Gd are not reducible. This indi-  Kirk, R. E. and Othmer, D. F., “Encyclopedia of Chemical Technology;

cates that Eu can be selectively and rapidly separated from a rare 3rd ed., Wiley, New Yorkl9, 833 (1980).

earth mixture including Sm and Gd. Nevertheless, whéawhs Kotrly, S. and Sucha, L., “Handbook of Chemical Equilibria in Analyt-

added the precipitation yields of Sm and Gd increased slightly to ical Chemistry; John Wiley & Sons, New York (1985).

10% and 4%, respectively. This is attributed to the fast precipitatiorLee, E. H., Kim, S. H., Lim, J. G., Kim, K. W. and Yoo, J. H., “A Selec-

of Eu causing the co-precipitation of both Sm and Gd. This could be tive-Separation of Re, Np and Residual U from the Simulated Rad-

confirmed from the fact that when the solutions containing single  waste Solution Containing the Oxidant of Np by Solvent Extraction

elements (Sm, Eu and Gd) were irradiated in the preseng®f H with Tributyl PhosphateAWAHAK KONGHAK39, 36 (2001).

both Sm and Gd were not precipitated at all although this result wasorita, Y., Fujuwara, T., Shirahashi, K., Watanabe, M., Tatsugae, R.

not given in this work. On the other hand, the results are expected and Kubota, M., “Diisodecylphosphoric Acid, DIDPA, as an Extrac-

to be usable for the solution with minor actinides. The reduction tant for Transuranium Elemeriisternational Conference on Em-

potential value of trivalent americium°(@/I)=2.4 V) is the low- erging Nuclear Fuel Cycle Systems, September 11-14, Versalilles,

est of the minor actinides. In other words, the present system can- France, Global-95 (1995).

not reduce trivalent americium to divalent americium and further-Nugent, L. J., Baybarz, R. D., Burnett, J. L. and Ryan, J. L., “Standard

more, cannot reduce Np and Cm. (lI-1IT) Oxidation Potential for Lanthanides and Actinidds;Phys.
Chem, 77, 1528 (1973).
CONCLUSIONS OECD/NEA Room Document, Expert Group on the Comparative Study

of ADS and FR in Advanced Nuclear Fuel Cycles, EN/S/019990803,

The following results were obtained from the study on the pho- EN/S/019990805 (1999).
toreductive precipitation of Eu from the solution containing'Sm  Oh, W. J., Ju, D. P. and Kim, C., “An Analysis of the Steady State Behav-
EJ* and Gd'. ior of a Mixer-Settler Extraction Systeriprean J. Chem. Eng,

103 (1985).

1. The trivalent Eu was reduced to the divalent state by UV lightQiu, L. F., Kang, X. H. and Wang, T. S., “A Study on Photochemical
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addition of HO, results in a higher Eu precipitation yield of 99%. Sawyer, D. T., “Reevaluation of the Bond-Dissociation Enerfyiés,{)
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