RECENT STUDIES OF HETEROGENEOUS AND HOMOGENEOUS REDUCTION – OXIDATION REACTIONS OF U(IV) IONS IN NITRIC ACID AND TBP PHASES
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The results from some of our recent investigations of actinide redox reactions in nitric acid and tributyl phosphate phases are reviewed, including the oxidation of U(IV) by HNO3 and HNO2 and by Np(VI) and Np(V) in 30 % TBP and by Np(VI) in HNO3. The unusual interactions between U(IV), Tc(VII) and NH3OH+ in HNO3 are also discussed. Finally, the photocatalytic heterogeneous reduction of U(VI) by a colloidal semiconductor is presented. 
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1. INTRODUCTION

The behaviour of actinide ions in the Purex process is governed by the thermodynamics of their solvent extraction between HNO3 and TBP and by the kinetics of their redox reactions and mass transfer [1]. Reaction kinetics are particularly important in contactors where redox reagents such as ferrous sulfamate or uranous nitrate are introduced and in contactors which have short residence times such as centrifugal contactors. It is well known that actinide ions undergo reactions in both aqueous and solvent phases and so, to properly understand and model the process, kinetic information on reaction rates in both phases are needed [1-2]. There is a large amount of historic data available in the literature but there are still surprising gaps in this database, where either the reaction has not been studied under relevant conditions or no conclusive understanding of the kinetics has been reached despite various investigations [1-3]. Also if we start to consider new redox-active reagents then kinetic data is needed in order to understand and model their behaviour in the process [3]. This paper summarises the results of some of our recent investigations in this field.

2. REDUCTION OF Np IONS BY U(IV)

The interaction between Np ions and U(IV) ions is important in the U/Pu separation stage of the Purex process, as it determines the routing of Np in the process [4]. The reduction of Np(VI) by U(IV) in the aqueous phase is a rapid reaction which has, surprisingly, only previously been studied in HClO4 [5]. We investigated the reaction in HNO3 and found it to be similar in many respects to the reaction in HClO4 [6]. The reaction stoichiometry is the same as in HClO4 (Eq. 1) and the rate of reaction was found to be independent of ionic strength and [U(VI)]. The rate equation is given in Eq. 2 where k = (696 ( 20) M-0.3min-1 at 10 (С and [NH2SO3H] = 0.0005 M) and the activation energy is equal to 66.5 ( 4.9 kJmol-1. 

2NpO22+ +U4+ + 2H2O = 2NpO2+ + UO22+ + 4H+

(1)
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The reaction in HNO3 was found to be faster than that in HClO4, which is quite common for Np redox reactions. The mechanism, via a slow stage of charge (H atom) transfer from the hydrolyzed reductant ion, UOH3+, to the hydrated oxidant ion (Eq. 3), was thought to be retained in HNO3. However, the variation in the order of reaction with respect to [H+] from –1 in HClO4 to –0.7 in HNO3 was attributed to a parallel reaction route in which Np(VI) reacts with non-hydrolysed U(IV) ions (Eq. 4-5, where stage (4) is a relatively slow stage and stage (5) is rapid).

NpO22+ + UOH3+ ( NpO2H2+ + UO3+

(3)

NpO22+ + U4+ + 2H2O ( NpO2+ + UO2+ + 4H+

(4)

NpO22+ + UO2+ ( NpO2+ + UO22+ 

(5)

So, the rate of reduction can be expressed as a combination of both slow stages (3) and (4). It was shown that these hypotheses were consistent with the experimental data and that the rate equation could actually be expressed in a form similar to that Sullivan [5] (Eq. 6, where the rate constants for stages (3) – (4) are k3 = 404 min-1, k4 = 275 M-1min-1 and the 1st U(IV) hydrolysis constant (1 = 0.009 M at 10 оС and ( = 2).
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The reduction of Np(VI) has been studied previously in the TBP phase but the results were not entirely conclusive [7]. Recent work has reinvestigated this reaction [8]. Complications were encountered due to the formation of complexes between Np(V) and U(VI) and U(IV). The Np(V)-U(VI) complex has been reported by several authors [e.g. see reference 9 and references therein] but the U(IV)-Np(V) complex is lesser known. This complex was identifiable by the growth of an absorption band at ~1000 nm which could not be related to Np(VI), U(IV) or the Np(V)-U(VI) complex (λmax = 993 nm). Assuming an analogous 1:1 complex between U(IV) and Np(V) (probably of the form in Eq. 7), we obtained equilibrium constants (K) of  360 ( 40 M-1 at 15 oC
 and 400 M-1 at 35 oC. 

NpO2NO3.xTBP + U(NO3)4.2TBP ⇌ NpO2.U(NO3)5.yTBP

(7)

The rate equation for the Np(VI) – U(IV) reaction was ultimately found to be as in Eq. 8, where (1 and (2 are the 1st and 2nd U(IV) hydrolysis constants.
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The mean value of the rate constant was k = 59.3 ( 1.7 M-1min-1 at 20.0 oC and the activation energy was E = 66.6 ( 3.8 kJmol-1. Interestingly, U(VI) was observed to increase the reaction rate in a linear manner.

Comparing the mechanisms of the Np(VI) – U(IV) reactions in TBP (Eq. 9-11) and aqueous (Eq. 3-5) solutions shows that, in both environments, hydrolyzed forms of U(IV) are active forms. However, in TBP, U(OH)22+ ions seem to be more active as electron donors than UOH3+ ions. Also, although Np(VI) is reduced at a much higher rate in an aqueous solution than in 30% TBP, if the concentration of water in aqueous solution (~55 M) is substituted into equation (8), i.e. the reaction in TBP, the 2nd order rate constant in 1 M HNO3 at 20.0 oC is only a factor of 3 less than that in aqueous solution under the same conditions. This clearly illustrates the important role of H2O in TBP phase actinide redox reactions. It is also interesting to note the activation energies in aqueous and 30% TBP solutions are equivalent (66.5 and 66.6 kJmol-1 respectively) but the activation entropies vary from +2 to –26 (±13) JK-1mo1-1. It is, however, difficult to find a reasonable explanation of the acceleration of the TBP phase reaction in the presence of U(VI).

U4+ + 2H2O ⇌ U(OH)22+ + 2H+

(9)

NpO22+ + U(OH)22+ → NpO2+ + UO2+ + 2H+


(10)

UO2+ + NpO22+ → UO22+ + NpO2+

(11)

The reduction of Np(V) has not previously been studied in TBP but only in the aqueous phase (HClO4, HCl, HNO3), where there is a further reduction (and then reoxidation) to Np(III) [10-12]. We [9] have determined the rate equation to be given by Eq. 12, where at 35 oC, k = 23.8 ( 2.7 M-1min-1. The activation energy (Ea) is equal to 89.0 ( 22.0 kJmol-1. Within the concentration ranges studied
, no dependence on [HNO3] or [H2O] were observed. The high error on the Ea value was due to the very approximate determination of the temperature dependence of the equilibrium constant K.
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In this reaction, U(VI) retards the rate of reaction which is probably due to the incorporation of some Np(V) in to the unreactive Np(V)-U(VI) complex. It is interesting to compare the rates of the Np(V) – U(IV) reactions in TBP and HNO3 [12]. The 2nd order rate constant in aqueous solution at 35 oC and [HNO3] = 1 M is approximately k1 ( 0.006 M-1min-1, but k1 ( 50 M-1min-1 in TBP (at [H2O] = 0.3 – 0.5 M). The substantially accelerated rate of reduction of Np(V) with U(IV) in TBP indicates that the reaction is strongly inhibited by water as distinct from the Np(VI) – U(IV) reaction that was found to be catalyzed by water.

The mechanism of the Np(V) – U(IV) reaction in TBP is complicated by the formation of non-reactive complexes of pentavalent neptunium with U(IV) and U(VI), i.e., “[NpO2U(NO3)5]” and “[NpO2UO2(NO3)3]”. Charge transport thus occurs between non-complexed solvated nitrates of Np(V) and U(IV). Note that there was no evidence of further reduction to Np(III) unlike the aqueous phase reaction.

3. SOLVENT PHASE OXIDATION OF U(IV) IONS

The oxidations of U(IV) by HNO3 and HNO2 in TBP solutions have been well studied but there are many variations and inconsistencies between the published data [13]. We developed careful experimental methods to study these reactions under strictly controlled conditions [13]. 

The oxidation by HNO3 was shown to be autocatalytic, with an initial slow nitric acid oxidation followed by a faster nitrous acid oxidation (Eq. 13-14) once HNO2 has accumulated within the reacting solution (the NO formed reacts to produce more HNO2).

U4+ + HNO3 + H2O ( UO22+ + HNO2 + 2H+

(13)

U4+ + 2HNO2 ( UO22+ + 2NO + 2H+

(14)

If, however, HNO2 is present as a reactant in the initial solution at t=0 then both reactions (13-14) occur from the outset. We found the rate equation for the oxidation of U(IV) by HNO3 in 30% TBP/ n-dodecane to be given by Eq. 15, which is a combination of the rates of reactions 13 and 14 (“non-catalytic” and “autocatalytic” routes). Whereas the overall rate of the direct oxidation of U(IV) by HNO2 in a HNO3 solution of 30 % TBP is described by Eq. 16.
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If we compare some of the features of the U(IV) – HNO2 reaction obtained in the study of the direct reaction with those found in the study of the same reaction but as part of the autocatalytic route in the U(IV) – HNO3 reaction [13], we see that they agree on the orders of reaction with respect to the reagents, U(IV) and HNO2. There is also qualitative agreement on the effect of [HNO3] and [H2O] on the reaction rate but the actual values of the orders for these species differ substantially, at least under the conditions studied. Finally, the values of the rate constants estimated in the direct reaction are lower than those found in the autocatalytic reaction under comparable conditions. These differences suggest a change in part of the reaction mechanism, which we suggest is due to the reactive U(IV) species in the slow stage changing from the 1st hydrolysis product (17) to the 2nd hydrolysis product (18).

UOH3+ + HNO2 ( UO2+ + NO + 2H+

(17)

U(OH)22+ + HNO2 (
UO2+ + NO + H+ + H2O

(18)

It can be shown that the overall rate equations in each study can be derived assuming that the slow stage of the reaction proceeded via the 1st or 2nd hydrolysis products in the direct and autocatalytic reactions respectively. So, as the general case, it is suggested that the U(IV) – HNO2 reaction in TBP can actually proceed via two parallel routes, which have the slow stages (17) or (18). The contribution each route makes to the observed reaction rate depends on the specific conditions under which the reaction occurs. 

However, calculations suggest this only forms part of the explanation, so we have to consider the influence of the other reagent, HNO2, on the rate of the reaction. It can be shown that the values of the 2nd order rate constants (k2), which should be independent of [HNO2]0, actually decrease with increasing [HNO2]. The values of k2 at 0.1 M HNO3 and ~0.4 M H2O (T = 55 ºC) were: 
	[HNO2]0
	0
	0.002
	0.005
	0.015
	0.02

	k2 (min-1)
	7.1
	3.5
	3.29
	1.17
	0.975


So, we have the strange conclusion that the rate (the rate constant, k2) of the U(IV) – HNO2 reaction in a HNO3 solution of TBP must be a maximum when HNO2 is not present in the original solution and minimal at a high initial concentration of HNO2 (in our case at [HNO2]0 = 0.02 M). Further evidence is provided by the fact that the formal orders of reaction with respect to [HNO3] as [HNO2]0 → 0 approach those observed in the autocatalytic reaction, where [HNO2]0 = 0. 
These observations lead to a conclusion that HNO2 in TBP solutions may exist in at least two forms which have different reactivities for U(IV). The more kinetically active form is produced in-situ in the reaction solution when HNO3 is reduced by U(IV). The less kinetically active form predominates in the TBP stock solution of HNO2, which was used to study the direct U(IV) – HNO2 reaction. It may be that these forms are the cis- and trans- isomers of the TBP-HNO2 complex [14]. Indirect evidence for this may be the fact that in both the cases (with and without adding HNO2 to the initial solution) the activation energies have similar values. Hence, the observed difference between the reaction rates is due to the entropy factor ΔS*, i.e., related to the steric features of the reacting forms (see Table I).

Table I. Activation Energies And Entropies For The U(IV) – HNO2 Reaction In TBP

	
	EA (kJmol-1)
	(S* at 298K (Jmol-1K-1)

	Direct reaction
	112 ( 17
	43

	Autocatalytic reaction
	93 ( 5
	-6


4. U(IV) – Tc(VII) INTERACTIONS

The interactions of Tc with redox reagents such as U(IV) or N2H4 are well known to be both important and complex within the Purex process [1]. We have recently studied the reactions of Tc with NH3OH+ [3,15]. At moderate temperatures and [HNO3], solutions of TcO4- and NH3OH+ are essentially stable, as are NH3OH+ stabilised U(IV) solutions in HNO3. However, when Tc(VII) is added to solutions containing U(IV)/ NH3OH+ in HNO3, an unusual series of reactions are observed. Initially, there is a rapid oxidation of U(IV) followed by a slower zero order reaction which then speeds up towards the end of the oxidation. This situation is very different from the well known Tc(VII) catalysed oxidation of hydrazine. The addition of U(IV) to Tc – N2H4 solutions only eliminates the induction period by reducing Tc(VII) to a lower oxidation state more rapidly than N2H4. After this the reaction mechanism is essentially unchanged. 

Clearly, this system is very complex but we have derived a kinetic equation for the slower zero order reaction under conditions in which NH3OH+ is a net scavenger of HNO2 rather than a net generator. It is thought that HNO2 is essentially unavailable at this point in the reaction cycles, because it is scavenged by NH2OH, and also that the U(IV) + Tc(VII) reaction is rapid. The slow rate determining reactions are, therefore, considered to be the HNO3 oxidations of U(IV) and Tc(IV) (Eq. 19-20). Kinetic analysis of the experimental data leads to the derivation of a rate equation (10) where the rate constants of reactions (19) and (20) are, respectively, k19 = (2.8 ± 0.10) x10-3 l1.05mol-1.05min-1; k20 = 123 ± 10 l2.4mol-2.4min-1 at 35 ºС. The activation energies are E19 = 73 ± 3; E20 = 86 ± 2 kJmol-1. As the overall oxidation reaction proceeds, the initial U(IV) term in eqn. (21) decreases in importance, the Tc(IV) oxidation reaction becomes solely rate determining and the reaction tends towards zero order relative to U(IV).

U4+ + HNO3 + H2O → UO22+ + HNO2 + 2H+

(Eq. 19)

2TcO2+ +3HNO3 + 3H2O → 2TcO4- + 3HNO2 + 6H+

(Eq. 20)

-d[U(IV)]/dt = k19[U(IV)][HNO3]1.05 + k20[Tc(IV)]1.8[HNO3]1.6

(Eq. 21)

Current work is in progress to try and understand the complex mechanisms of U(IV) – Tc – NH3OH+ reactions in the absence and presence of N2H4 [3], particularly the verification of intermediate Tc oxidation states.

5. PHOTOCATALYTIC GENERATION OF U(IV) IONS [16]

Using SnO2 as a colloidal semiconductor we have investigated the feasibility of reducing various metal ions in HNO3 using photocatalysis. In particular, we have studied the reduction of U(VI) ions in both H2SO4 (irradiation wavelength λ = 312 nm) and HNO3 (λ = 350 nm) media using ethanol and hydrazine as hole scavengers. The reaction is followed potentiometrically on a Au electrode and the E vs. t graphs obtained experimentally can be converted to [UO22+] vs. t plots using equations based on a mixed potential approach. A steady state potential is reached after <180 s. It has been shown that the potential in H2SO4/CH3CH2OH is governed by the same species as in HNO3/N2H4 – i.e. the process is the same, although the kinetics are different. The photopotentiometric responses can be theoretically modelled, showing that the photopotential is controlled by a transient concentration of U(V), which then disproportionates to U(IV) and U(VI), thus driving the reaction to complete U(IV) formation. UV/vis spectrophotometry, which can be used to follow the accumulation of the ultimate U(IV) product, indicates that 100 % 0.01 M U(VI) is photocatalytically reduced to U(IV) after ~30 minutes in H2SO4 using ethanol as a hole scavenger. In a HNO3/N2H4 system, reduction is slower due to reduced light absorption at 350 nm compared with 312 nm. So, the combination of potentiometric and spectrophotometric results allows the modelling of the fast U(VI) → U(V) photocatalytic heterogeneous reduction and the subsequent U(V) disproportionation. Our mathematical treatment led to values of the photocatalytic valence control rate constants, kVC, of 1.7x10-3 s-1 and 1.79x10-4 s-1 in H2SO4/CH3CH2OH and HNO3/N2H4 respectively. The difference again being due to the greater light absorption at 312 nm in the H2SO4/CH3CH2OH system. We also estimated the homogeneous U(V) disproportionation rate constant to be 1300 lmol-1s-1 in HNO3/N2H4, which compares approximately to literature values [e.g. see 17]. The rate of U(IV) generation is increased by the presence of O2, probably due to oxygen facilitating the reaction of the appropriate hole scavenger. Photogenerated U(IV) in HNO3/N2H4 is stable for >70 hours in air. It is also possible to reduce U(VI) photocatalytically in mixed HNO3/TBP phases using the TBP as a hole scavenger, where it has been shown that the photoreduction occurs in the aqueous phase only and that this is slow compared to mass transfer between phases. Photogenerated U(IV) is stable in TBP for >70 hours in air. Early indications are that it is possible to photocatalytically reduce U(VI) in the presence of other metal ions.

6. CONCLUSIONS

The reactions of U(IV) in solutions of HNO3 and TBP are important in the Purex process and are also of intrinsic interest. The rates of these reactions are needed for inclusion in to process models for the accurate computerised simulation of process flowsheets. We have recently investigated a series of U(IV) oxidation reactions in aqueous and solvent phases, including those with Np(V,VI) ions (both phases), HNO3 and HNO2 (in TBP) and U(IV) oxidation in HNO3 when Tc(VII) and NH3OH+ are simultaneously present. These reactions are generally rather complex but interesting features include the roles of water and hydrolysed U(IV) ions in the reaction mechanisms, particularly in TBP phases. We have also studied a novel method of efficiently generating U(IV) by the photoelectrochemical reduction of U(VI) in HNO3 using a colloidal semiconductor. This process can be modelled theoretically. Further work is aimed at investigating the kinetics of Tc and Pu ion catalysed HNO3 U(IV) oxidation in TBP and more detailed studies of reaction mechanisms. Further studies of controlling metal ion oxidation states photocatalytically are ongoing, including a continuous photoreactor design.
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� At [H2O] = 0.36 – 0.40M; [HNO3] = 0.26 – 0.31 M.


� [HNO3] = 0.15 – 0.6 M and [H2O] = 0.33 – 0.64 M at 35 ºC.
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