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Synthesis and Evaluation of a Novel Hydrophilic 6,6’-Bis(1,2,4-triazin-3-yl)-2,2’-bipyridine Ligand for Separating Actinide(III) from Lanthanide(III)
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Abstract: We report the synthesis and evaluation of a novel hydrophilic 6,6’-bis(1,2,4-triazin-3-yl)-2,2’-bipyridine (BTBP) ligand containing carboxylate groups as a selective aqueous complexing agent for the minor actinides over lanthanides. The novel ligand is able to complex and separate Am(III) from Eu(III) in alkaline solutions selectively. 
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A key objective in the reprocessing of used nuclear fuel arising from the nuclear energy industry is the removal of the trivalent minor actinides americium and curium. Following the removal of uranium and plutonium in the PUREX process,2 these residual elements are responsible for much of the long-lived radiotoxicity of the remaining waste. Separating these elements from the trivalent lanthanides that are also present in the remaining waste will substantially reduce its radiotoxicity and longevity, and enable these elements to be transmuted to short-lived radionuclides or stable non-radioactive elements in advanced nuclear reactors.3 
The trivalent minor actinides and trivalent lanthanides have very similar chemical properties and this renders their chemical separation a challenging task, particularly given the intense radioactivity of the waste, necessitating the need for remote handling.4 However, the 5f orbitals of the actinides are slightly more diffuse than the 4f orbitals of the lanthanides. Consequently, it is believed that the metal-ligand bonding interaction in actinide complexes is more covalent in nature than that in lanthanide complexes.5 
Hydrophobic bis-(1,2,4)-triazine N-donor ligands such as 1–3 (Figure 1) show the highest selectivities for the minor actinides over lanthanides of any class of N-donor ligand, and are able to extract and separate Am(III) and Cm(III) from the lanthanides under realistic process conditions.6 CyMe4-BTBP 2 is the current European benchmark ligand for selective actinide extraction,7 and in recent process demonstration tests it was able to separate >99 % of Am(III) and Cm(III) from the lanthanides.8 More recently, the more pre-organized CyMe4-BTPhen ligand 3 has shown much improved extraction properties compared to 2.9 
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Figure 1. Structures of the hydrophobic ligands CyMe4-BTP, CyMe4-BTBP and CyMe4-BTPhen. 

An alternative method of separating the trivalent actinides from the trivalent lanthanides could involve the non-selective co-extraction of both elements into an organic phase using a hydrophobic O-donor ligand, followed by selective actinide back-extraction (or stripping) into an aqueous phase using a water-soluble hydrophilic actinide-selective ligand. One such process, developed in the United States in the 1960s, uses a polyaminocarboxylate ligand to strip the minor actinides selectively.10 However, this process is plagued by operational difficulties with the result that it has yet to be implemented on an industrial scale. 
Our groups and others have recently shown that water-soluble derivatives of the bis-(1,2,4)-triazine ligands 1–3 can selectively complex Am(III) and Cm(III) over the trivalent lanthanides in nitric acid.11,12 Hydrophilic sulfonated bis-(1,2,4)-triazine ligands 4–6 (Figure 2) have been developed as actinide-selective stripping agents in new processes based on this concept. In recent process demonstration tests, tetrasulfonated BTP ligand 4 was able to complex and strip Am(III) and Cm(III) selectively from the trivalent lanthanides.13 We have also recently shown that tetrasulfonated BTBP ligand 5 and BTPhen ligand 6 are also able to complex and separate Am(III) from Eu(III) in nitric acid with very high selectivity.12 
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Figure 2. Structures of the hydrophilic tetrasulfonated BTP, BTBP and BTPhen ligands. 

Unfortunately, the sulfur content of ligands 4–6 is a disadvantage as incineration of the waste solvent streams following a process and subsequent vitrification prior to geological disposal would generate secondary acidic waste. This could be avoided if the ligands were to contain only the elements carbon, hydrogen, oxygen and nitrogen, as these ligands could be completely incinerated to inocuous gases. We thus sought to develop a water soluble hydrophilic bis-(1,2,4)-triazine ligand containing carboxylate groups, instead of sulfonate groups, to confer water solubility. In a continuation of our recent work on water-soluble hydrophilic bis-(1,2,4)-triazine ligands,12,14 we report herein the synthesis of a novel hydrophilic BTBP ligand, and its evaluation as a potential new selective aqueous complexing agent for the minor actinides. 
BTBP ligands such as CyMe4-BTBP 2 are synthesized by the condensation reaction of bis-amidrazone 9 with an α-diketone.15 We chose the known diketone 8 containing ethyl ester groups as a suitable α-diketone for the synthesis of a BTBP ligand with carboxylate groups to confer water solubility. Diketone 8 was previously used to synthesize glycoluril; a useful building block for the synthesis of receptors and sensors for cations and anions.16 Accordingly, diketone 8 was synthesized in two steps from commercially available dihydroxyfumaric acid 7 in 42 % overall yield according to the literature procedures (Scheme 1).16 We also attempted to synthesize diketone 8 more expediently in one step by oxidation of diethyl L-tartrate according to the procedure reported by Khurana and Kandpal.17 In our hands however, treatment of diethyl L-tartrate with N-bromosuccinimide in refluxing CCl4 failed to generate the diketone 8, and starting materials were recovered. 
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Scheme 1. Synthesis of the known diketone 8. 

With diketone 8 in hand, we proceeded to synthesize the tetra-ethyl ester BTBP ligand 10 (Scheme 2). The condensation reaction of diketone 8 with the known bis-amidrazone 918 afforded the novel BTBP ligand 10, albeit in a low yield of 8 % after purification by trituration with MeOH and crystallization from ethyl acetate. To our knowledge, this is the first reported example of a BTBP ligand with electron withdrawing groups directly attached to the triazine rings.19 Gratifyingly, the condensation reaction to produce 10 proceeded without the formation of any by-products derived from reactions of the amidrazone groups of 9 with the ethyl ester groups of 8. In its 1H NMR spectrum in CDCl3, BTBP 10 was characterized by the presence of two closely spaced triplets (δ 1.49, 1.51 ppm) and two closely spaced quartets (δ 4.59, 4.60 ppm) assigned to the ester groups, as well as a triplet (8.15 ppm) and two double doublets (δ 8.74, 8.99 ppm) for the aromatic pyridine protons. Full details of the synthesis of BTBP 10 are given in the Supporting Information. 
We then proceeded to synthesize the tetra-carboxylic acid BTBP ligand 11 by hydrolysis of the tetra-ethyl ester BTBP 10 (Scheme 2). The hydrolysis of 10 with sodium hydroxide in refluxing methanol/THF generated the novel hydrophilic tetra-carboxylic acid BTBP ligand 11, which was isolated directly as its tetrasodium salt in 92 % yield (Scheme 2).20 BTBP 11 displayed a triplet (δ 8.22 ppm) and two closely spaced double doublets (δ 8.55, 8.57 ppm) in its 1H NMR spectrum in D2O. BTBP 11 was found to be fully soluble to 0.01 M in dilute (0.01 M) and concentrated (2–5 M) nitric acid solutions, and in 0.2 M NaOH. 
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Scheme 2. Synthesis of the novel tetrasodium carboxylate BTBP ligand 11. 

Ligand 11 was then evaluated as a potential actinide-selective stripping agent. Initially, a 3 M HNO3 solution spiked with 241Am(III) and 152Eu(III) radiotracers was extracted for 15 minutes with the hydrophobic O-donor ligand N,N,N’,N’-tetraoctyldiglycolamide (TODGA); the preferred ligand for the non-selective co-extraction of actinides and lanthanides following the PUREX process.21 The resulting loaded organic phase was then back-extracted (or stripped) with solutions of nitric acid both in the absence and presence of BTBP ligand 11 in the aqueous phase. The results are shown in Figure 3. 
The distribution ratio (D) of a metal ion M(III) between organic (org) and aqueous (aq) phases is defined as DM(III) = [M(III)]org/[M(III)]aq, and is thus a measure of extraction ability. The separation factor (SF) for Eu(III) over Am(III) is defined as SFEu/Am = DEu/DAm, and is a measure of the selectivity for Eu(III) extraction by TODGA induced by the selective complexation of Am(III) by ligand 11 in the aqueous phase. As shown in Figure 3, ligand 11 efficiently strips both Am(III) and Eu(III) from the loaded organic phase into 0.01 M HNO3 following washing of the loaded organic phase with either 0.2 M or 1 M HNO3. This washing step is usually carried out before the stripping step to remove any fission products that were extracted in the extraction step. The distribution ratios for Am(III) and Eu(III) change from >10 in the absence of ligand 11, to <0.1 in the presence of ligand 11 in each case. However, the selectivity of ligand 11 for Am(III) over Eu(III) in the stripping step, as measured by the separation factor for Eu(III) over Am(III) (SFEu/Am = 7.1 and 19.0, respectively), is lower than the selectivities found with the sulfonated ligands 4–6.11,12 
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Figure 3. Extraction of Am(III) and Eu(III) from 3 M nitric acid by TODGA (0.2 M dissolved in 5 vol. % octanol in TPH). Back-extraction of Am(III) and Eu(III) from the loaded organic phase into nitric acid solutions in the absence and presence of hydrophilic BTBP 11 (0.01 M) in the aqueous phase (D = distribution ratio, SF = separation factor, blue hashed bar = DAm, red bar = DEu, ( = SFEu/Am, mixing time: 60 min., temperature: 20 oC). Footnotes: a washing step to back-extract fission products performed before back-extraction step with ligand 11, b precipitate formed after back-extraction step with ligand 11, c extraction into 100% hydrogenated tetrapropylene (TPH). 
Changing the organic diluent to 100 % hydrogenated tetrapropylene (TPH; an industrial aliphatic diluent) in the extraction step did not improve the selectivity and precipitate formation at the interface was observed in some of the sample tubes after the back-extraction step (Figure 3). This is most likely due to formation of the insoluble tetra-carboxylic acid derivative of ligand 11 in nitric acid. As expected, ligand 11 is unable to strip either Am(III) or Eu(III) from the loaded organic phase into both 2 M or 5 M HNO3.22 Replacing nitric acid with ammonium nitrate (to keep the nitrate ion concentration high) in the stripping step did not improve the selectivity for complexation of Am(III) over Eu(III), or prevent the precipitate formation (see Supporting Information). Thus, in contrast to the sulfonated ligands 4–6 (Figure 2), ligand 11 is unable to complex Am(III) over Eu(III) with high selectively in nitric acid solutions. 
Following the same protocol described above, ligand 11 was evaluated as an Am(III)-selective complexing agent in neutral water and in 0.2 M NaOH solutions. The results are presented in Figure 4. Ligand 11 was able to strip both Am(III) and Eu(III) from the loaded organic phase into 0.2 M NaOH (D <1), with some selectivity for Am(III) complex formation being observed compared to the control experiment (SFEu/Am = 27 in the presence of 11). The selectivity for Am(III) complex formation by 11 was further improved when NH4NO3 was added to the aqueous phase used in the stripping step (SFEu/Am = 53 in the presence of 1 M NH4NO3, SFEu/Am = 59 in the presence of 3 M NH4NO3). NH4NO3 was added to the aqueous phase to keep the nitrate ion concentration high, which prevents the unwanted stripping of Eu(III) into the aqueous phase. The effect observed is thus due to the presence of ligand 11. Thus, an effective separation of Am(III) from Eu(III) can be achieved with ligand 11 in alkaline solution under these conditions. However, ligand 11 was unable to strip Am(III) or Eu(III) from the loaded organic phase into water at neutral pH (see Supporting Information). 
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Figure 4. Extraction of Am(III) and Eu(III) from 3 M nitric acid by TODGA (0.2 M dissolved in 5 vol. % octanol in TPH). Back-extraction of Am(III) and Eu(III) from the loaded organic phase into 0.2 M NaOH in the absence and presence of hydrophilic BTBP 11 (0.01 M) in the aqueous phase (D = distribution ratio, SF = separation factor, blue hashed bar = DAm, red bar = DEu, ( = SFEu/Am, mixing time: 60 min., temperature: 20 oC). Footnotes: a 1 M NH4NO3 added to aqueous phase, b 3 M NH4NO3 added to aqueous phase. 
The lower selectivity for Am(III) over Eu(III) observed above with ligand 11 compared to the sulfonated ligands 4–6 could be explained by subtle electronic effects. It was previously observed that electron withdrawing groups attached to the pyridine ring decrease the selectivity for Am(III) over Eu(III) in hydrophobic BTP ligands, while electron donating groups increase this selectivity.23 This is also supported by recent theoretical work on BTPs and BTBPs.24 We suggest that the electron withdrawing carboxylate groups in ligand 11 mesomerically reduce the electron density on the ligating N2 triazine nitrogen atoms, which in turn reduces the covalent contribution to M–L bonding and hence the selectivity for Am(III) over Eu(III). 

In summary, we report the synthesis and evaluation of a novel hydrophilic BTBP ligand as an actinide-selective complexing agent for the minor actinides. Ligand 11 is able to strip both Am(III) and Eu(III) into dilute nitric acid solutions, albeit with modest selectivity. However, the ligand shows very promising selectivity for Am(III) over Eu(III) in alkaline solution. Thus 11 may find applications as an Am(III)-selective complexing agent in analytical and hydrometallurgical separations at high pH.
Supporting Information for this article is available online at http://www.thieme-connect.com/products/ejournals/journal/10.1055/s-00000083.
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