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Abstract

In order to investigate the design concept of highly ion selective extractants for f-element series, some stability constants of trivalent
f-element/dicarboxylate complexes were determined by solvent extraction method in 0.1 M,N&@8C. The negatively charged oxygen
donors in terminal carboxyl groups can mainly contribute to stabilize the metal complex. On the other hand, secondary amine groups in the
dicarboxylic acid enhance stabilization of a series of metal complexes. Especially, the soft donor atom such as nitrogen, which can coordinate
covalently to 5f-elements, shows the higher selectivity of 5f elements from 4f ones than the harder oxygen atom. The role of nitrogen donor
atoms in the carboxylic acid is also discussed with the well-known multidentate ligand EDTA.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction was investigated by solvent extraction method, in which the
distribution ratios determined as a function of ligand concen-
Group separation recovering minor actinides such as Np, tration evaluate complexation constants. The results obtained
Am and Cm is useful to transmute them in advanced nuclearshow the role of the soft donor atoms in the complex forma-
fuel cycle, which can reduce the volume of radioactive tion of f-elements and the impact of multiple soft donor atoms
wastes. For this purpose, a variety of new reagents and pro-on An/Ln selectivity.
cesses has been developed and/or are being developed around
the world[1-5]. It has been recognized that the most effi-
cient group separation is accomplished through the agency,_ Experimental
of donor atoms softer than oxygen, and extensive efforts are
being devoted to design more powerful and useful extrac- o the preparation of42Cm, 24'Am nitrate solution
tants having soft donor atoni]. For practical use, how- 4 g, g as americium, was dried up and converted to the oxide
ever, not only the higher An/Ln selectivity but also the other {5 in a quartz test tube. The sample tube was sealed in
requirements of the stability to degradation, the incinerabil- 400, Then, the tube was inserted into a larger quartz tube
ity, and so on are to be considered, and it is quite difficult \ith 3 small amount of quartz glass wool as a retardant, and
task to design the extractants which meet all these require-gg1ed again. Finally, the double sealed tube was packed in
ments. Systematic investigation is thus needed for the best; ihin aluminum tube. The tube was inserted into a solid
selection. _ . _ aluminum capsule and irradiated in a hydraulic transferring
In the present study, complexation behavior of trivalent system (Hyd) at Kyoto University Reactor. The thermal neu-
An/Ln with dicarboxylates containing nitrogen of softdonor /o flux at Hyd was reported to be 8.%510"3n cr2sL.
The sample was irradiated for 10 h and left for 10 days to
* Corresponding author. Tel.: +81 75 753 5831; fax: +81 75 7535831,  reduce the radioactivity of short-lived nuclides. The oxide
E-mail address: sasaki@nucleng.kyoto-u.ac.jp (T. Sasaki). was dissolved in 5mL of 2 moldn? (M) HNO3, filtrated
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o aration, the pHc of aqueous phase was measured and taken
0 0 it
0 as the equilibrium pH.
OM T)/\/\f Alpha radioactivity of Am and Cm in both phases was
C2DCe6 0 C2DC3 measured by-ray spectrometry after the coprecipitation
o o with SmF; as described above, where the organic phase was
0 determined after stripping with 0.1 M HNsolution. The
O
O%\/ ~ o /\fo 0 \/S concentration of Eu was determined by ICP-AES (Shimadzu,
02DC6 0 O%\/N\/\N o ICPS-5000). All reagents were of analytical grade and used
o g without further purification.
O%\/N\/\N/\%O q 0
N2DC6 0 EDTA 3. Results and discussion

Fig. 1. Chemical structure of four carboxylic acids as anion forms; C2DCB6, The extraction reaction of trivalent actinides and lan-

02DC6, N2DC6 and C2DC3, and EDTA for discussion. thanides can be described as
+
from broken pieces of tube, and dried up. The standard M +3(HT)o +1(B)o = (MT5Bi)o + 3H (1)
mixture solution of?4!Am and 242Cm for solvent extrac- [MT 3B]o[H]
tion was prepared by dissolving into 20mL of 1M HGIO  Kex= ~——————— (2)

= 3[Rl
Each radioactivity after the quantitative coprecipitation with MIHTI 51 Blo

Smkz on Nuclipore filter (25 mm in diameter, Whatman) was where the square brackets denote the concentration, and sub-

determined byx-ray spectrometry which was consisted of script o, M, HT and B are the species in the organic phase,

SOLOIST alpha spectrometer (EG&G ORTEC) with a sili- trivalent metal ions (Am, Cm, Eu), undissociated form of

con surface detector (BU-016-300-1Q0). TTA, and TBP, respectively. When the complex formation of
Acombination glass electrode (Horiba, D-50) was used for M by TTA is negligible in the aqueous phase, the distribution

pH measurement and its reference electrode was filled withratio of M, Dg, in the absence of a complexation ligand can

3.6 M NaCl + 0.4 M NaClQ to avoid precipitation of KCIQ be expressed simply by

at the junction of electrode and solution. The correction of M]

the pH value (the observed readings) into pHc (the negative Dy = °

logarithms of hydrogen ion concentrations) was followed by [M]

the literaturg8]. On the other hand, the distribution rati®,in the presence
For the solvent extraction to obtain the distribution ratio of a complexation ligand (L) is expressed by

of metal ionD, an aqueous phase, containing1€ 108 M M

carboxylic acid (se€Fig. 1) and ca. 0.1kBg?*'Am and D= Mo (4)

242Cm jons in each, was adjusted to the desired pHc with [M] + [ML] +[ML 2] +---

sodium hydroxide, perchloric acid and buffer reagents (a where [ML] and [MLy] are the concentrations of metal com-

mixture of 5x 10-3M MES and MOPS (Dojindo)). Four plexes in the agueous phase. The formation constant:of 1:

carboxylic acids used in this study were shownFig. 1, complex ML, can be expressed by

suberic acid (C2DCB6), 3,6-dioxaoctanedioic acid (O2DC6),

3)

ethylenediaminev,N'-diacetic acid (N2DC6) and glutaric g, = [ML ] (5)
acid (C2DC3). The ionic strength was also adjusted to 0.1 M M][L] "

with NaClQy. Organic solution, containingst 10-3M TTA Therefore, Eq(4) is replaced to E(6):
(4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione; Dojindo) as

extractant and TBP (tributyl phosphate; Wako) as a syner- p — Do (6)

gist in xylene, was pre-equilibrated with-510"3M MES 1+ [L]"Bn
and MOPS and 0.1 M NaCl{aqueous solution. The aque-  \heren is the number of ligand molecules in the complex.
ous (3.5mL) and organic (2.5 mL) phases were contacted inynen it is unlikely to occur that more than three molecules

a 13 mL borosilicate glass vial with a screw cap, and were cqgrdinate together to one metal ionjs considered to be
shaken horizontally and gently with the aid of a mechan- gqyal to one and two.

ical shaker (Taitec VBR-36) at 261°C. A shaking time

of 6 h was found to be long enough to attain the extraction Do — 14 [L] A1+ L1282 @)
equilibrium. For comparison, non-radioactive europium was D
extracted in the same procedure. The total recovery of thesqog D = log Do — log(1+ [L] 81 + [L] 262) ®)

elements usually were more than 95% and even for worse case
more than 85%, it was considered that a serious unexpected From the plots of lo@ versus log[L], free parameters
reaction such as precipitation did not occur. After phase sep-of 81, B2 and Dg can be obtained by a least-square fitting
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21 g AR 3 and 4.5 for logg; and logB, respectively, at the longer
i i i N length. On the other hand, the reference values for monocar-

boxylic acids, such as acetic acid and propionic acid, are to
be 2.1-2.2 #1) and 3.4-3.6 ) [10]. Comparing different
kinds of ligands with the same number of carboxyl groups,
the logBy (3.24) for C2DC3 £2=3 in Fig. J) is found to
be comparable to the Igg (3.4-3.6) for monocarboxylic
acids. However, in the case of longer chain ligand C2DC6
(m=6), the logB; (2.96) is obviously smaller than the Igg
for monocarboxylic acids. In the view of the charge of neg-
ative oxygen atoms in C2DC3 and C2DCB6, these apparent
Fig. 2. Distribution ratios of Am(lll) (open) and Cm(lll) (solid) in the pres- ~ Charges are considered to be the same since the acid dissoci-
ence of various concentration of C2C06:0.1 M NaCIQ,. ation constants are quite similar. Consequently, the decrease
of 8 may be due to a longer alkyl chain, which is a disadvan-

Eu: mO tage in conformational energy when the ligand coordinates
o Gd: eo to a metal ion.

Rel[78] The logB: and logB; values for other two ligands con-

5 fhiswork g A taining oxygen or nitrogen donors were also obtained.
These values are summarizedTiable 1 For each metal
A ion, the stability constants increased in the order of
. o C2DC6 < 02DC6« N2DC6. This tendency depends on the
® 4 A additional neutral donor atoms, which can donate to the metal
o | tog 8y ion when the terminal carboxylates bind to that ion. Espe-
cially, the lone pair electron on the secondary amines shows
L T e e e N a highly nucleophilic and basic character due to its high elec-
HOOC(CH,), COOH tron density.

The stabilization by nitrogen is more significant for
Fig. 3. Dependence of alkyl chain length in dicarboxylic acids on the sta- the trivalent actinides than lanthanides, as Eu(N2DC6)
bility constants of Eu-, or Gd-compldX,8] and this work for Eu. <AM(N2DC6) ~Cm(N2DC6Y and Eu(N2DC6™ <

Am(N2DC6)~ ~ Cm(N2DC6)» . The stability constants

analysig9]. Fig. 2shows a typical example for determining of 1:1 and 1:2 complexes for Am and Cm are 10 and 100
log B,.. The values of lo@ for Am and Cm in the presence of times higher than for Eu, in spite of similar ionic radii each
C2DCE6 are plotted against log[L]. The Iégvalue decreases  other[12]. Although these ions are still hard Lewis acids,
with an increase of the C2DC6 concentration. This indicates Am and Cm prefer to bind softer Lewis bases more strongly
that Am(IIl) and Cm(lll) form the 1:1 and 1:2 complexes in  than Eu.
the aqueous phase%£ 1 and 2 in Eq(5)). The difference of log; between Am- and Cm-Eu,

In Fig. 3, the logarithmss, and 8, for Eu-C2DC6 and Alog B1,am—eu and AlogB1 cm-eus for N2DC6, EDTA,
-C2DC3 complexes are plotted with the reference data of C2DC6 and O2DC6 are summarizedTiable 2 The tradi-
dicarboxylic acids containing a different alkyl lengih €0, tional nitrogen-containing ligand EDTA (ethylenediaminete-
1, 2 and 4), which have been obtained by other experimen-traacetic acid) consists of four carboxyl groups and two
tal techniques such as titration methfd,11] Although tertiary amines. The structural frame of EDTA can be con-
some reference data are for not Eu(lll) but Gd(lll), the val- sidered as the addition of two extra carboxyl groups to the
ues change continuously over all alkyl chain length. The frame of N2DC6 as shown iRig. 1 The literature values of
results support the applicability of our experimental tech- log g, for EDTA are to be 17.29 (Eu), 17.8 (Am) and 18.1
nigue to determine a series of stability constants. These valuegCm) [10]. These values for EDTA are much larger than for
decrease with an increase of alkyl length, significantly at the N2DC6. HoweverAlog 81s for EDTA and N2CD6 are close
shorter length, and leached to almost constant value aroundo each other, while that for C2DC6 and O2DC6 are rela-

log [L / mol-dm?3]

log 8
L

Table 1
Summary of stability constants of Am(lll), Cm(lll) and Eu(lll)-dicarboxylate complexes and the values @fffgd equilibrium

C2DC6 02DC6 N2DC6

log 81 log 82 pHc log 81 log B2 pHc log 81 log B2 pHc
Am 2.924+0.12 4.4 0.27 5.35 5.3%¢0.12 8.59+0.18 5.55 10.2H 0.58 19.59+0.23 5.60
Cm 3.00+0.08 4.66+0.14 5.35 5.550.12 8.90+ 0.57 5.55 10.76t 0.71 20.09+0.38 5.60
Eu 2.96+ 0.05 4.4H0.16 5.30 5.180.13 8.90£0.08 5.30 9.78t 0.10 17.9Gt 0.05 5.55

I=0.1M NaClQ, 25°C.
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Table 2 References
Comparison of the difference of Igy between Am—Eu, Cm—Eu and

Cm-Am for N2DC6, EDTA, C2DC6 and O2DC6 [1] E.P. Horwitz, K.A. Martin, H. Diamond, L. Kaplan, Solvent Extr.

Alog 1 lon Exch. 4 (1986) 449-494.
[2] W.D. Bond, Actinide Separat. ACS Symp. Ser. 117 (1980) 441-
N2DC6 EDTA[7] C2DC6 02DC6 453,
Am-Eu 0.43 0.51 -0.04 0.21 [3] Y. Koma, M. Watanabe, S. Nemoto, Y. Tanaka, J. Nucl. Sci. Technol.
Cm-Eu 0.98 0.81 04 0.37 35 (1998) 130-136.
Cm-Am 0.55 0.30 ®m8 0.16 [4] M.P. Jensen, L.R. Morss, J.V. Beitz, D.D. Ensor, J. Alloys Compd.

303-304 (2000) 137-141.
[5] K.L. Nash, J.C. Sullivan, J.V. Muntean, R. Chiarizia, M. Borkowski,
tively smaller than for N2CD6. Thus, the negatively charged M.P. Jensen, J. Nucl. Sci. Tech (Suppl. 3) (2002) 240-245.
oxygen donor in terminal carboxyl group can mainly con- [6] M. Watanabe, R. Mirvaliev, S. Tachimori, K. Takeshita, Y. Nakano,
tribute to stabilize the metal complex. On the other hand, the _ K. Morikawa, R. Mori, Chem. Lett. (2002) 1230-1231.
neutral nitrogen donors in alkyl amine groups have the lone [71 T- Mitsugashira, M. Hara, Y. Suzuki, M. Watanabe, F. Hirayama, Pro-
. . . ceedings of the SERNIA Symposium on Environmental Radioactive
pair electrons, which can donate covalently to a cation. Thus, Nuclear Impact in Asia, Taipei, Taiwan, 1996, pp. 291—296.
|t can aCCOUnt for the Stabilization Of 5f-e|ement/cal’b0xy|ate [8] T. Kubota’ 0. Tochiyama’ H. Yoshino, K. Tanaka’ Y. Niibori‘
complexes. Radiochim. Acta 83 (1998) 15-20.
In detail of our results, each value for Cm is [9] T. Kubota, O. Tochiyama, K. Tanaka, Y. Niibori, Radiochim. Acta
: : : 88 (2000) 579-582.
S“ghtly Iarger than Am as Shown ﬁﬁable .Zdescnbed as [10] R.M. Smith, A.E. Martell (Eds.), Critical Stability Constants, vol. 6,
Alog B1,cm-am- The reason of |.ts selectlwty has noF been Suppl. 2, Plenum Press, New York, 1989
understood yet. More systematic study of ligands with neu- [11] R.M. Smith, NIST Critically Selected Stability Constants of Metal
tral donors such as nitrogen, oxygen and sulfur, with different Complexes Database Version 5.0, National Institute of Standards &

frames such as alkyl chains and aromatic rings, are now in Technology, U.S. Secretary of Commerce, Gaithersburg, 1988.
progress [12] R.D. Shannon, Acta Crystallogr. A 32 (1976) 751.
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