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Abstract
The PUREX (Plutonium, Uranium, Reduction, EXtraction) process is the foundation of all industrial activities that involve the recycling of plutonium and uranium from used nuclear fuel. With over 70 years of research, engineering, and operations, it can be argued that little opportunity is left for further discovery and new fundamental understandings regarding PUREX, in general, and tri-n-butyl phosphate (TBP), in particular. Through use of an advanced electroanalytical approach, molecular-level insights regarding the back-extraction of Pu(IV) by reductive separation is reported. Studies of model PUREX systems, with lanthanide ions extracted into 20 % TBP in n-dodecane, are used to demonstrate the approach. These studies reveal knowledge pertinent to mass transfer aspects of the biphasic reductive stripping reaction central to the separation of U and Pu in PUREX. Two lanthanide ions—Ce(IV) and Yb(III)—were extracted from their concentrated solutions in aqueous 3 M HNO3 to expressly provide electrically conducting third phases to facilitate electrochemical data acquisition. To simplify the diabolically-complicated reductive separation aspects of PUREX, the controlled polarization of electrode surfaces was used to reduce Ce(IV) and Yb(III) in place of chemical reductants. Electroanalyses of the biphasic systems with Ce(IV) and Yb(III) using three-phase electrode differential pulse voltammetry demonstrate the effects of mass transfer across water-oil interfaces on the electrode potentials for the reduction to Ce(III) and Yb(II). These reductions trigger nitrate transfer out of the oil phase for Ce and proton transfer into the organic phase for Yb. This is in correlation with the transfer of the charge-neutral ion pairs Ce·3NO3 and Yb·2NO3 out of the oil phases. The differences in ion transfer steps reflect significant variations in the equilibrium speciation of multinuclear Ce(IV) and mononuclear Yb(III) solvates of TBP in the oil phases and the loading of the organic phase.

Introduction
Seventy-one years ago, in 1949, Lanham and Runion coined the acronym PUREX for Plutonium, Uranium, Reduction, EXtraction to describe the process for separating Pu and U from used nuclear fuel with TBP (tri-n-butyl phosphate).[1] Since the genesis of PUREX, the acronym of this liquid-liquid extraction (LLE) system has been widely corrupted in the peer-reviewed literature and on the internet to represent other meanings not originally mentioned by Lanham and Runion. These include PURification by EXtraction; Plutonium and Uranium Refining by EXtraction; Plutonium URanium EXtraction; Plutonium Uranium Redox EXtraction; Plutonium Uranium Recovery by EXtraction.[2] In so far as the Pu/U partition step in the process is followed by the reduction of Pu(IV) in the oil phase,[3] the word reduction for the letter R in the original definition of PUREX should be respected to highlight the back-extraction (stripping) from the organic phase. Decades of research on the reductive separation of Pu from U in the two-phase system have revealed myriad complications and intricate interrelationships between reaction equilibria in the aqueous and oil phases where about a dozen species distribute across the water-oil phase boundary.[4] 
It is widely acknowledged that reduction of Pu(IV) is a complicated reaction and an unusual process that depends upon many practical factors—including the nature of the reductant. Two of the most common reducing agents for PUREX are Fe(II) and U(IV). Because Fe(II) does not extract into the oil phase, the reduction of Pu(IV) (as the TBP disolvate, Pu(NO3)4·2TBP)[5] in the oil phase is biphasic and interfacial. In contrast to the behavior of Fe(II), U(IV) is extracted into the oil phase; as such, the Pu(IV) reduction reaction can occur directly in the oil. Independent of the reductant, the process is, of course, charge-neutral. When considering Fe(II) as the reductant, however, the one-electron reduction of Pu(IV) in the oil phase and the resulting back-extraction of the charge neutral Pu(III)·3NO3 species to the aqueous phase[6] must be accompanied by mass transfer of charged species across the water-oil phase boundary to ensure electroneutrality. 
Regarding this mass transfer, the oxidation of Fe(II) in the initial aqueous phase results in a positive (+1) charge imbalance (associated with Fe(III)). The reduction of Pu(IV) in the initial oil phase and the egress of Pu(III)·3NO3 from the oil phase leaves a negative (-1) charge imbalance (associated with the liberation of NO3– originally bound to Pu(IV)). This imbalance attains charge-neutral equilibrium by the transfer and distribution of either cationic and/or anionic species across the water-oil phase boundary. In this regard, we envision two scenarios. In the first, the egress of the Pu(III)·3NO3 ion-pair from the oil phase is accompanied by the co-egress of the excess nitrate ion from the oil phase. In the second, the egress of the Pu(III)·3NO3 ion-pair from the oil phase is accompanied by the counter-ingress of a proton from the aqueous phase. These are depicted as Eqs. (1) and (2), respectively.
 	(1)
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Although neither scenario is explicitly mentioned in the literature of the Pu/U stripping step of PUREX, the nitrate egress reaction (Eq. (1)) may well be the process assumption. Nonetheless, the proton ingress reaction (Eq. (2)) seems reasonable too, especially because protons are readily extracted by TBP as the hemisolvate, monosolvate, and disolvate (TBP·2HNO3, TBP·HNO3, and, 2TBP·HNO3, respectively).[7] 
There is no published evidence for one path over the other in either historical or contemporary PUREX literature. Eq. (1) is the near equivalent of a coupled co-transport process, often described in supported liquid membrane (SLM) research, with the neutral Pu(NO3)3 complex and nitrate ion moving in the same direction typical of amine carriers that shuttle protons and anions together. Conversely, Eq. (2) is the equivalent of a coupled counter-transport process typical of metal cation exchange with protons using acidic carriers.[8] In Eq. (2), the neutral Pu(NO3)3 complex and the proton move in opposite directions. Notwithstanding the simplifications made in Eqs. (1) and (2), the process may not be an either/or situation but, rather, an and/or one. Given this quandary, three-phase-electrode voltammetry[9] has been exploited to untangle the intricate interrelationships and electrochemical equilibria that apply to the reductive stripping processes in practical PUREX operations. 
The three-phase electrode method is a direct electroanalytical probe used to track and understand the nature of ion transfer across an oil–water phase boundary (to preserve electroneutrality) in response to a redox event in the oil phase.[10, 11] As shown in the rightmost panels of Figure 1, there are two interfaces in the three-phase electrode approach: (i) the working-electrode–oil interface (at which traditional faradaic redox chemistry occurs) and (ii) the oil–water interface (at which faradaic ion transfer occurs). The three-electrode method is a useful alternative strategy to the century-old, four-electrode approach to studies of ITIES (interface between two immiscible electrolyte solutions) systems, such as used by Girault,[12] Herzog,[13] Yoshida,[14] and Homolka et al.,[15] just to mention four (of thousands since Nernst’s original ITIES investigations).[16] For example, the results of Gan et al.[10] illustrate how redox chemistry in an oil phase of a biphasic oil–water system is coupled with anion transfer between the two phases that is necessary to preserve the electroneutrality in each phase. In a similar vein, studies by Rimboud et al.[11] of the redox chemistry of lutetium bisphthalocyanine complexes in oil phases reveal that protons play a special role among cations in their transfer across stationary water–oil phase boundaries. Through use of three-phase electrode voltammetry, we have identified—for the first time—the nature of the ions transferred across the water–oil interface in response to the electrochemical reductions of Ce(IV) and Yb(III) in oil phases of direct relevance to the PUREX process.
Two PUREX-like model-system surrogates were employed for our investigations: One exploits the facile one-electron reduction of Yb(III)—to Yb(II)—and the other the facile one-electron reduction of Ce(IV)—to Ce(III)—in the oil phases of the 3 M HNO3–20 % TBP-n-dodecane LLE systems. Cerium(IV) has a pivotal role in the genesis of PUREX[2] and the chemistry of the extraction of ytterbium(III) salts by TBP has received thorough treatment by Yagodin et al.[17] To simulate the Pu back-extraction step, we used controlled electrode potentials in the oil phases to function as the aqueous-based ferrous ion reductant in Eqs. (1) and (2). Previous three-phase-electrode voltammetry studies of oil phases from LLE in PUREX- and DIAMEX-like systems demonstrate the identification of ions involved in mass transfer across water-oil phase boundaries in response to metal-based faradaic reductions in the oil phases.[18-20] The consensus from these studies is cationic, i.e., Ce-based, redox events drive the transfer of nitrate anions pursuant to the reaction of Eq. (1).[18, 19] In contrast, anionic, i.e., W-based, redox events drive the transfer of protons pursuant to Eq. (2).[20] 
Our focus on the reducible Ce(IV) and Yb(III) ions as probes for these investigations of metal stripping in the PUREX process stems from the confluence of four factors, including (i) the extensive literature on the solution phase electrochemical reduction of molecular Ce(IV)[21-23] and Yb(III)[24-26] ions, which, coincidentally, have the same ionic radii (0.87 and 0.868 Å, respectively, for CN=VI, see Table 1)[27]; (ii) both are extracted by TBP with small distribution ratios (see Table 1) and, moreover, exhibit third phase formation; (iii) their reduced counterparts, Ce(III) and Yb(II), are not extracted/solvated by TBP—a fact that is evident by the distribution ratios of Table 1; and (iv) the reduction of Ce(IV) and Yb(III) ions in the oil phase provides a convenient means for back-extraction (i.e., stripping) into an aqueous receiving phase. For example, the two-phase electro-reductive stripping of Ce(IV) from 30 % TBP-CH2Cl2 is an efficient process.[28] Although the reduction of Eu(III), which has an electrode potential that is 0.70 V more positive than that for Yb(III)/Yb(II),[29] is far more convenient for electroanalysis, the small Eu(III) distribution ratio, approx. 0.07,[30] makes it impossible to form a third phase and, instead, leads to an oil phase with an insufficient analyte concentration for voltammetry. Nonetheless, recent studies on the reduction of Eu(III) demonstrate that aqueous nitrate electrolytes stabilize Eu(II),[31] an observation that bodes well for experiments on the reduction of Yb(III). In a similar vein, electrochemical characterizations of the one-electron Ce(IV)/Ce(III)[32] and Pu(IV)/Pu(III)[33] couples in TBP using conventional cyclic voltammetry (i.e., redox chemistry sans ion transfer) reveal reversible and diffusion controlled faradaic processes. For these reasons, both Ce(IV) and Yb(III) are used as surrogates to probe the mass transfer phenomenon in the one-electron Pu(IV)/Pu(III) reductive stripping operation in the PUREX process.

Table 1. Comparison of ionic radii and distribution ratios for Pu(IV)/Pu(III), Ce(IV)/Ce(III), and Yb(III)/Yb(II). 
	
	IR / Å (CN = VI / VIII)[27]
	Da / approx. 3 M HNO3

	Pu(IV)
	0.86 / 0.96
	6.8[34]

	Ce(IV)
	0.87 / 0.97
	3.7 - 27[35]

	Yb(III)
	0.868 / 0.985
	0.41[36]

	Pu(III)
	1.00 / –
	0.016 - 0.0359[3, 34, 37]

	Ce(III)
	1.01 / 1.143
	0.04[38]

	Yb(II)
	1.02 / 1.14
	0.002[39-42]


aVarious distribution conditions. See references for details.
Experiments
Liquid-liquid Extraction. Ce(NO3)3·6H2O and Yb(NO3)3·5H2O were used as received from Aldrich. TBP (Aldrich) was distilled over CaH2. Optima grade HNO3 (Fisher) was made to specific dilutions with 18 MΩ cm H2O; n-dodecane (Aldrich) was used as sourced. 
Third phases with Ce(IV) and Yb(III) were deliberately prepared to facilitate electrochemical data acquisition owing to their electrolyte nature with high concentrations of the metal salts, nitric acid, and water.[32, 33] High conductivities have been noted for third phases in PUREX systems.[43-46] As documented elsewhere,[18, 20, 47, 48] the electrical conductivity has been attributed to ions exchanging between polar cores of reverse micelles[49] and ion migration driven by the controlled polarization of an electrode surface. As shown in Figure 1, the Yb(III) third phase was prepared by contacting equal volumes of 2.9 M Yb(NO3)3 in 3 M HNO3 and 20 % TBP in n‑dodecane. After vortex mixing for 10 mins and subsequent centrifugation, the three phases were separated for chemical analysis and the clear third phase, between the bottom aqueous phase and the top organic phase (see Fig. 2a), was used for electroanalysis. 
Tetravalent cerium was freshly prepared by exhaustive electrolysis of Ce(NO3)3 solutions in 3 M HNO3 with a three-compartment cell and a BASi 100B/W electrochemical analyzer. Details are provided in a previous publication.[38] The coulometry data are typical of the one-electron Ce(III) oxidation process (see Fig. 3) and scale exactly with the initial Ce(III) concentrations (0.04 M and 0.40 M). The net charges correspond to one-electron oxidation reactions. Using Ce(IV) obtained by bulk electrolysis of Ce(NO3)3 avoids ammonium ion complication that would arise by the dissolution of, for example, ceric ammonium nitrate. As shown in Figure 1, the Ce(IV) third phase was obtained by contacting equal volumes of 0.4 M Ce(IV) in 3 M HNO3 and 20 % TBP in n-dodecane. The dense, red third phase of Ce(IV) at the bottom of the tube (see Fig. 2b)[38, 50] was isolated for voltammetry.
Voltammetry. Differential pulse voltammetry (DPV) data were acquired with three electrodes (i.e., working, auxiliary, reference) using the BASi electrochemical analyzer. All potentials are quoted with respect to the Ag/AgCl reference electrode (BASi MF-2052). Working electrodes were chosen based on the consistency of response. The voltammograms shown were obtained with Pt wire (0.064” diam.) and BASi working electrodes, including a standard glassy carbon disc (MF-2012) or carbon fiber microelectrode (MF-2007). Auxiliary electrodes were Pt wires (0.5 mm diam. BASi MW-4130). Aqueous voltammetry of 0.005 M Yb(NO3)3 in 3 M LiNO3 and the freshly-electrolyzed 0.04 M Ce(NO3)4 in 3 M HNO3 was obtained in the conventional manner, whereas that for the oil phases was obtained by use of the three-phase electrode method depicted in the rightmost panels of Figure 1.[9] This method involves contacting the working electrode with the third phase, such that a liquid layer―or liquid drop―is formed on the electrode. The third-phase-coated working electrode is immersed in an aqueous electrolyte containing the reference and auxiliary electrodes. In this biphasic configuration, the three-phase electrode system is analogous in nature to the LLE process itself.[19] The electroanalytical measurement is hydrostatic. The stationary contact between the third phase analyte and the aqueous electrolyte assures that solute transfer equilibria are slow and will have no impact on ion transfer before controlled electrochemical potentials are applied. While similar to ITIES systems, the key differences here are the simpler three-electrode configuration and that a redox event in the oil phase drives the movement of ions between the oil and water phases. 
Chemical Analysis. Nitric acid and Yb(NO3)3 were stripped from the Yb(III) third phase after five-fold dilution with n-dodecane and from the undiluted light organic phase prior to chemical analysis by contacting the organic phases three times with 2 volumes of water. The strip solutions were combined and analyzed in the same manner as the aqueous phase. The HNO3 concentration was determined by potentiometric titration using a standardized NaOH solution after dilution with 0.2 M (NH4)2C2O4 to mask Yb. The Yb(III) concentration was determined by titration with EDTA using xylenol orange as an indicator.[51] The water contents of the light and heavy organic phases were measured directly (without Yb stripping or phase dilution) via Karl Fischer titration using a Mettler Toledo DL39 Karl Fischer Coulometer, Hydranal Coulomat AG and CG titrants, and H2C2O4·2H2O as the standard. The TBP concentrations of the light and heavy organic phases were determined as previously described.[52]
Results
Composition of the Third Phases. The concentrations of metals, nitric acid, water and TBP in the third phase samples are compared in Table 2. Although the TBP concentrations are similar for both the Ce and Yb third phase samples, the concentrations of HNO3, H2O, and metal are significantly lower in the Yb third phase than for the Ce third phase sample.

Table 2. Composition of the Yb and Ce third phases. The concentrations for the cerium-containing third phases are taken from Antonio et al.[38]
	
	[HNO3] / M
	[H2O] / M
	[Metal] / M
	[TBP] / M

	Ce(IV)
	1.7
	1.7
	1.24
	1.82

	Yb(III)
	1.3 ± 0.2
	0.49 ± 0.04
	0.453 ± 0.004
	1.87 ± 0.07



Yb(III) reduction. In dilute nitric acid (0.16 m HNO3), Yb(III) exists as the simple aquated cation Yb(OH2)83+ with no inner-sphere nitrate coordination,[53] whereas for HNO3 concentrations greater than 2 M, nitrate participates in inner-sphere coordination.[54] For example, at 13 M HNO3, metrical evidence from EXAFS indicates the coordination of two nitrate anions in bidentate manner that is consistent with an aquated nitrato cation, Yb(O2NO)2(OH2)4+.[54] Compared to the standard electrode potential (–1.25 V vs. Ag/AgCl),[29] our value of –1.04 V vs. Ag/AgCl for the Yb(III)/Yb(II) couple (measured in a 3 M LiNO3 electrolyte, Fig. 4 blue curve) suggests the aquated cation has some degree of inner-sphere complexation by nitrate ion, e.g. Yb(NO3)2+. 
The –1.04 V electrode potential for the aquated cation serves as a benchmark for the three-phase electrode DPV data obtained for the third phase measured with aqueous electrolytes of 0.5 M HNO3 (Fig. 4, black dashed curve) and 5 M HNO3 (Fig. 4, black solid curve). The measured potentials (–1.83 V and –1.61 V, respectively) from the three-phase electrode voltammetry of the one-electron reduction of Yb(III) in the third phase are the result of a coupled electron-and-ion transfer reaction,[9] whereas the measured electrode potential for the Yb(III) reduction in the aqueous analyte alone is a simple electron transfer reaction. The more negative potentials for the oil phase compared to the aqueous one are attributable to the stabilization of Yb(III) by complexation in the oil phase—where it is reported to be in the form of a neutral, molecular trisolvate, Yb(NO3)3·3TBP[17]—compared to the aquated cation, e.g. Yb(NO3)2+. The 220 mV difference between the electrode potentials for the third phase with the 10-fold variation of aqueous nitric acid electrolyte concentration between 0.5 M (dashed black line) and 5.0 M HNO3 (solid black line) provides insight into the nature of the ion transfer process that is driven by the reduction of Yb(III) in the oil phase. 
A positive shift of 59 mV for a tenfold increase of the concentration of transferable cations in the aqueous phase is expected for a Nernstian (i.e., reversible) one-electron reduction in the oil phase, see Supporting Information.[9] Due to changes in the activity coefficients of the ionic solutes in both phases, the measured shift will be somewhat larger, approx. 60–70 mV. For the Yb(NO3)3·3TBP third phase, a positive shift is observed that is consistent with the transfer of protons into the oil phase upon reduction of Yb(III). The shift (220 mV) is larger than expected because the reduction of Yb(III) is irreversible[55] and involves a substantial structural reorganization of the Yb coordination environment—that portends reductive stripping—including the transfer of a charge-neutral YbII(NO3)2 complex to the aqueous phase and the coupled counter transfer of a proton to the oil phase. The reaction is summarized in Eq. (3). 
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The positive shift of the Yb(III) electrode potential with a tenfold variation of aqueous nitric acid electrolyte concentration (0.5 and 5.0 M HNO3) leads to the reduction reaction of Eq. (3). In Eq. (3), the transfer (ingress) of a proton from the aqueous electrolyte to the oil phase is shown in association with the nitrate anion liberated by reduction of Yb(III) in the form of nitric acid. 
This protonated nitric acid is anticipated to be solvated by TBP. Although a monosolvate is shown here, the actual oil phase species could include other combinations of solvates and unassociated TBP. In fact, TBP solvates of nitric acid are very well known; the most important oil phase species include the hemisolvate (TBP·2HNO3), the predominant monosolvate TBP·HNO3,[56] as well as a disolvate (TBP)2·HNO3 and a trisolvate (TBP)3·HNO3.[57-60] Monohydrates of the first three solvates and a tetrahydrate of the fourth solvate are also known. 
Ce(IV) reduction. In 3 M HNO3, the Ce(IV) ion exists as an aquated dimer, Ce-O-Ce6+.[61] This linear dinuclear Ce(IV) entity has an exact analogue in Pu(IV) chemistry.[62] The Ce(IV)/Ce(III) electrode potentials are sensitive to solution conditions, especially variations of nitric acid concentration. Typical values of +1.400 to +1.600 V have been reported.[63] As shown in the DPV data of Fig. 5 (blue curve), the aqueous electrode potential for the reduction of Ce(IV) in the freshly prepared solution of 0.04 M Ce(IV) is +1.415 V. This value is identical with the three-phase electrode potential for the reduction of Ce(IV) in the oil phase (black dashed curve) immersed in an aqueous 0.3 M HNO3 electrolyte. Upon a tenfold increase of the aqueous nitric acid concentration to 3.0 M, the electrode potential is +1.210 V, see Fig. 5 (solid black curve). This negative shift of electrode potential is consistent with the transfer of anions from the oil phase to the aqueous electrolyte upon reduction of Ce(IV).[9] 
For a Nernstian (reversible) one-electron reduction, a negative shift of 59 mV for a tenfold increase of the transferable anion concentration in the aqueous phase is expected, see Supporting Information. The observed shift (205 mV) for the Ce(IV) third phase is larger than expected because the reduction of Ce(IV) is irreversible.[56] The structural reorganization of the Ce coordination environment that portends the transfer of a charge-neutral CeIII(NO3)3 complex to the aqueous phase is substantial and involves the coupled co-transfer (egress) of excess nitrate from the oil phase to the aqueous phase. This reaction is summarized in Eq. (4), where the multinuclear Ce(IV) entity extracted into the oil phase[38, 50, 64] is designated as a Ce4O48+ tetramer (assembled from the CeOCe6+ dimer found in the aqueous, initial phase) for the sake of simplicity. Higher nuclearities are certainly possible with a constant TBP:Ce ratio of 3:2 (see Table 1). 
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Tributyl phosphate is known to solvate water in oil. Whether the water produced in the reduction of the tetranuclear Ce(IV) entity remains in the oil phase as the as the TBP solvate, TBP·H2O, is unknown. Some (or all) of the water may report back to the aqueous phase leaving six equivalents of TBP in the oil phase.  Three of the most important oil phase hydrates have been identified as TBP·H2O, (TBP)2·(H2O)2, and (TBP)3·(H2O)6.[60, 65, 66] However, computations on trimethyl phosphate as a surrogate for TBP suggest that the nitric acid adducts of TBP are more stable than various TBP-water adducts.[67] Exact knowledge regarding water solvation equilibria does not impact the conclusions of the reduction-driven ion-transfer reaction of Eq. (4). 
Discussion
Aqueous phase voltammetry. The one-electron reduction of Yb(III) in aqueous electrolytes is among the simplest Eh-pH diagrams for the elements. The electrode potential is independent of proton concentration, as evident by the horizontal line in the Eh-pH diagram,[68] and the electrochemical equilibrium is written as Eq. (5). 
	(5)
The standard electrode potential is outside the 1.229 V wide domain of thermodynamic stability of water, a fact that indicates the instability of Yb(II) in aqueous electrolytes.
The Eh-pH diagram for Ce is more complicated than that for Yb, and a simple electrochemical equilibrium reaction that is the equivalent to Eq. (5) is not applicable. Complications with Ce(IV) arise because it is a powerful oxidant and—because of its high charge-to-radius ratio—it is highly prone to myriad hydrolysis reactions, even in acidic media, including the formation of multinuclear entities. The Ce(IV)/Ce(III) standard electrode potential is strongly pH dependent and, for pH values less than approx. 8, lies outside the window of the thermodynamic stability of water. The original Eh-pH diagram for the Ce-H2O system[68] has been revised to explicitly incorporate the formation of Ce(IV) dimers, namely CeOCe6+.[69] This nuclearity is just one of the major differences between the aquated Ce(IV) and Yb(III) cations, setting the stage for discussion of the three-phase electrode potentials measured for the third phase systems.
Oil phase voltammetry. In the Yb(III) and Ce(IV) oil phases, the peak electrode potentials for the irreversible Yb(III)/Yb(II) and the Ce(IV)/Ce(III) reductions shift in opposite directions upon increasing the aqueous nitric acid electrolyte concentrations (by factors of ten). Specifically, the electrode potential for the Yb(III) reduction shifts by 220 mV in a positive direction (i.e., increases) on increasing the nitric acid concentration in the electrolyte solution from 0.5 M HNO3 to 5 M HNO3. In contrast, the electrode potential for the Ce(IV) reduction shifts by 205 mV in a negative direction (e.g. decreases) on increasing the nitric acid concentration from 0.3 to 3 M. As depicted in Figure 1, the results indicate a coupled electron and proton co-transfer (cation ingress) process for the reduction of Yb(III) pursuant to Eq. (3), on the one hand, and a coupled electron and nitrate counter-transfer (anion egress) for the reduction of Ce(IV) pursuant to Eq. (4), on the other. 
The opposing behaviors can be rationalized in terms of the significant differences of oil phase speciation between Yb(III) and Ce(IV) in the third phases and the associated degree of solvent loading (see Table 2). Even though the ionic radii of Ce(IV) and Yb(III) are similar (0.97 and 0.985 Å, respectively, for CN=VIII, see Table 1),[27] the Lewis acidity of Ce(IV) is greater than that of Yb(III) because of its greater charge. As such, Ce(IV) is a multinuclear solvate,[38, 50, 64, 70] e.g. Ce4O4(NO3)8·6TBP, in the third phase. In contrast, Yb(III) is mononuclear trisolvate of TBP, historically recognized as Yb(NO3)3·3TBP.[71, 72] Although there is no direct structure information about the Yb coordination in oil phases from PUREX-like systems, recent metrical results from EXAFS in combination with slope analyses of distribution data (for Nd and Lu) indicate that mononuclear disolvates are extracted into 1 M TBP/n-dodecane.[73] Here in Eq. (3), a neutral trisolvate of TBP, Yb(NO3)3·3TBP is assumed, although the presence of the disolvate would not alter the conclusions obtained by voltammetry. 
The one-electron reduction of Yb(NO3)3·3TBP is as straightforward as a reductive stripping reaction could be, see Eq. (3). The release of three equivalents of TBP from Yb(II) and Yb(II) transfer to the aqueous phase as the charge-neutral Yb(II)·2NO3 adduct is accompanied by the ingress (i.e. extraction) of a proton to form a TBP solvate of nitric acid, thereby restoring charge balance to the oil phase. These concerted events are consistent with mass transfer and speciation studies from years of science and engineering with PUREX. Although the monosolvate TBP·HNO3 and two equivalents of free TBP(oil) are shown as products in Eq. (3), the speciation of the nitric acid in the oil phase may be more complex. Nevertheless, the relative third phase concentrations of HNO3, H2O, and TBP as well as the relatively high 4.1:1 TBP:Yb ratio (Table 2) suggest that the driving force for proton ingress rather than nitrate egress in the Yb system arises from the imbalance in the concentrations of TBP not bound to the metal and TBP·HNO3 adducts created when Yb(NO3)2 loses its coordinated TBP and reports to the aqueous phase. The extraction equilibrium for HNO3 shifts toward formation of TBP·HNO3 adducts by proton ingress when TBP is liberated from the Yb coordination sphere.
The four-electron reduction of Ce4O4(NO3)8·6TBP is a complicated stripping process, involving much more than electron and mass transfer, see Eq. (4). Specifically, this reaction involves breaking O bonds in the cationic Ce(IV) dimer, Ce-O-Ce6+, that is extracted by TBP and which further assembles in the oil phase to higher nuclearity species, such as in the tetranuclear entity depicted in Eq. (4). The protons from the nitric acid in the oil phase (in the form of the TBP solvates discussed above as well as free acid in the polar cores of reverse micelles) are consumed to form water molecules. These may return to the aqueous phase (as shown in Eq. (4)) or remain in the oil phase as a TBP solvate.
In contrast to the reductive stripping of Yb(III), the reductive stripping of Ce(IV) is characterized by nitrate egress from the oil phase rather than proton ingress. The consumption of 8 equivalents of HNO3 in the oil phase by formation of water liberates four equivalents of nitrate ions that are not associated with Ce(III) cations (Eq. 4). The voltammetry demonstrates that mass transfer of the four equivalents of charge-neutral Ce(III)·3NO3 into the aqueous phase is accompanied by the egress (i.e., stripping) of four equivalents of nitrate anions to restore charge balance to the oil phase. The nitrate egress aspect of the reductive stripping of Ce(IV) as opposed to the proton ingress pathway for the Yb(III) system is likely due to the much lower oil phase TBP:metal ratio in the Ce(IV) system and the associated maximum ratio of liberated TBP:nitrate of 6:4. The very low concentration of uncomplexed TBP in the Ce system is unable to support extraction of significant amounts of additional HNO3 (which is the equivalent of proton ingress for these systems), whereas the 3:1 ratio of liberated TBP:nitrate in the Yb third phase with much lower metal, acid, and water loading favors proton ingress. It is interesting to consider that the redox-driven mechanism of ion transfer may be fundamentally controlled by solvent loading.
For both the Yb(III) and Ce(IV) oil phases, the shifts of the electrode potentials upon tenfold variations of transferable (aqueous) ions are more than three times the shifts expected for reversible processes. Both the reduction of Yb(III) and Ce(IV) are irreversible processes. As such, larger shifts of electrode potentials are anticipated. The irreversibility arises from the fact that Yb(II) and Ce(III) are not extractable by TBP and do not form third phases in PUREX-like processes. For example, the distribution ratio for Ce(III) is 0.04.[35] The corresponding value for Yb(II) has not been reported, but based on the equivalent charge and ionic radii of Yb(II) and Ca(II), 1.02 and 1.00 Å, respectively, for CN = VI, the distribution ratio of Yb(II) is expected to be close to that of Ca(II), which was estimated as DCa = 0.002 for 20% TBP/n-dodecane–3 M HNO3.[39-42] Most important, the data provided in Table 1 show that the differences in distribution ratios between the high (III and IV) and low (II and III) oxidation states of Yb and Pu (in order) are about 2 orders of magnitude for both. This situation is unlike that for the malonamide extractants DMDBTDMA (N,N’-dimethyl-N,N’-dibutyltetradecyl malonamide) and DMDOHEMA (N,N’-dimethyl-N,N’-dioctylhexyloxyethyl malonamide). Both are good extractants of Ce(III) and Ce(IV). Moreover, extraction by malonamides leads to the formation of third phases with both cerium valences. As such, the results from three-phase electrode voltammetry of the Ce(IV)/Ce(III) couple in the oil phases show reversible behaviors. The electrode potentials shift by the expected amount (approx. 60-70 mV) with a tenfold variation of transferable aqueous nitrate anion concentration.[18] As with the present Ce(IV)-TBP system, nitrate ion transfer is commonly driven by three-phase electrode voltammetry of the Ce(IV)/Ce(III) redox reaction in oil phases with relevance to LLE.[19] Given that this is the first report of Yb electrochemistry in an oil phase of a practical LLE system, comparisons with other system behaviors are not possible.
Insofar as the molecular speciation of Pu(IV) in the PUREX oil phase is acknowledged to be a mononuclear TBP disolvate—much like the mononuclear TBP trisolvate of Yb(III)—we suggest that the reductive mass-transfer reactions for Yb(III) and Pu(IV) are analogous. In this regard, just as Eq. (3) was found to apply to the Yb system, the equivalent reaction of Eq. (2) for the Pu system is favored (over Eq. (1)) for the back-extraction cycle in the PUREX process. Admittedly, the conditions modelled in these systems are oversimplifications of the myriad redox and mass transfer reactions in the practical chemistry of PUREX.
Under the conditions of three-phase electrode voltammetry, the multinuclear solvate of Ce(IV) is a poor surrogate for the reductive stripping of the Pu(IV) solvate. In a similar vein, research reported elsewhere demonstrates that the redox chemistry of tetravalent Ce in PUREX[64] and in radioactive wasteforms[74] is not germane to tetravalent Pu. There are, of course, opposing viewpoints that promulgate the use of Ce(IV) as a good chemical analogue for Pu(IV) in the PUREX process.[75] Although the effects of various physical parameters on the electro-reductive stripping of Ce(IV) in a two-phase TBP-HNO3 system have been explained fully by Hoh et al.,[28] their experimentation was not designed to provide information about ion movement that accompanies the mass transfer process. Finally, the coupled counter transfer reactions of Eq. (2) for Pu and Eq. (3) for Yb are fundamentally different from the coupled co-transport mechanism proposed for Pu(IV) through a SLM. In this system, Pu and nitrate (as a Pu·4NO3 ion pair) move together in the same direction facilitated by a neutral mobile carrier and concentration gradients .[76] Because no Pu redox events are involved, ion counter transfer is not needed maintain charge balance across the SLM during the mass transfer of Pu·4NO3 through the SLM. 
Conclusions
The reduction step of the PUREX process was simplified by using the controlled polarization of an electrode to study the one-electron reductions of Yb(III) and Ce(IV) in third phases obtained by LLE with 20% TBP in n-dodecane. By use of three-phase electrode DPV, the faradaic lanthanide-based redox reactions in the oil phases revealed contrasting ion transfer processes across the water-oil phase boundary. For the case of Yb(III), reduction is accompanied by the ingress of protons into the oil phase. In contrast, for Ce(IV), reduction is accompanied by the egress of nitrate from the oil phase. The new knowledge provided here is aimed to stimulate additional experimental work and seed new computational studies regarding reduction-driven mass transfer across the water-oil phase bound in the reductive separation of Pu(IV) from U(VI) in PUREX. 
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[image: ]Figure 1. Methodology schematic. Heavy third phases are prepared by contacting 20(v/v)% TBP in n-dodecane with aqueous phases containing the lanthanide ions in 3 M HNO3. The third phase containing Yb(III) resides in the usual location, between the light organic phase and the aqueous phase. The third phase containing Ce(IV) resides below the aqueous phase.[38, 50] The phases are separated and the third phase is kept for voltammetry measurements. The working electrode is coated with the third phase and introduced to the fresh electrolyte solution (0.5 or 5 M HNO3 for Yb(III) and 0.3 or 3 M HNO3 for Ce(IV)), which also contains the reference and auxiliary electrodes (not shown for clarity, refer to illustrations provided elsewhere[19, 20]). 
[image: ]
Figure 2. Photographs of the triphasic liquid-liquid extraction systems with 20% TBP in n-dodecane for a) Yb(III), illustrating the clear, colorless third phase in the usual location between the dense aqueous raffinate and the light organic phase, and; b) Ce(IV), illustrating third phase inversion with the clear, dense, orange third phase at the bottom of the vial beneath the aqueous raffinate and the light organic phase. As illustrated in the Supporting Information, this type of third phase inversion is not unique to the Ce(IV)-HNO3-TBP-n-dodecane LLE system.
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Figure 3. Chronocoulometry data obtained for the controlled potential electrolysis of 0.04 M (dashed line, right ordinate) and 0.40 M (solid line, left ordinate) Ce(NO3)3 solutions in 3 M HNO3 maintained at +1.70 V with a Grafoil working electrode in a three-compartment cell described and illustrated elsewhere.[38] The charge scales exactly with the tenfold concentration difference. Immediately following the completion of both electrolysis, DPV data were recorded for the 0.04 M solution (see Fig. 5) and the 0.40 M solution was used for LLE in the preparation the third phase and collection of the third phase DPV data (Fig. 5). 
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Figure 4. DPV data obtained for 0.005 M Yb(NO3)3 in an aqueous electrolyte of 3 M LiNO3 (blue curve) with a glassy carbon electrode, and the Yb(III) third phase on a carbon microelectrode in aqueous electrolytes of 0.5 M and 5.0 M HNO3 (black curves–dashed and solid lines, respectively). Each scan started at -0.6 V where Yb is entirely trivalent. With decreasing electrode potentials, the Yb(III) is reduced to Yb(II), as evident in the peaks at -1.04 V (blue lines), –1.61 V (solid black lines) and –1.83 V (dashed black lines).
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Figure 5. DPV data obtained for 0.04 M Ce(NO3)4 after bulk electrolysis (see Fig. 3) of Ce(NO3)3 in 3 M HNO3 (blue curve) with a glassy carbon electrode, and the Ce(IV) third phase on a Pt wire electrode in aqueous electrolytes of 0.3 M and 3.0 M HNO3 (black curves–dashed and solid lines, respectively). Each scan started at +1.8 V where Ce is entirely tetravalent. With decreasing electrode potentials, the Ce(IV) is reduced to Ce(III), as evident in the peaks at +1.415 V (blue and dashed black lines) and +1.210 V (solid black lines). 
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