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The use of an electrochemical process for UfPu partitioning has demonstrated a good performance
and is a safe altemative for nuclear facilities. Its great advantages are the lack of introduction of foreign
ions into the process and, especially, the minimization of the waste volume generaled. For the
introduction of electrochemical U/Pu pantitioning in the 2nd Pu purification cycle, preliminary studies
were carried out with a single mixer-settler unit. Based on the results, an 8-stage electrolytic mixer-settler
(M-S MIRELE) was designed. Titanium was MIRELE's housing material (cathode) and platinum the
anode, insulated with PTFE. The Pu recovery was higher than 99%, indicating the efficiency of this
equipment.

In the PUREX process, the main process for spent nuclear fuel treatment, U/Pu
partitioning is performed by repeated changes of the Pu oxidation state, made by
addition of reducing and oxidizing agents. Because of the several disadvantages
presented by these chemicals, electrochemical techniques appeared to improve the
process.

Besides being a clean process, the minimization of the generated waste is one of its
main advantages.

Several studies about U/Pu partitioning using an electrolytic mixer-settler are
reported.! 2468 Based on these studies, the main goal of this work is the development
of a compact electrolytic M-S, The tests were begun with a single M-S unit, and the
results were the basis for the final equipment design:

The use of this equipment was verified in U/Pu partitioning at the 2nd plutonium
purification cycle and is a suggested one-cycle process for MOX [(U-Pu)O,] fuel
fabrication.

The resulting aqueous products were oxidized in an electrolytic cell (CELOX), to
bring Pu back to + 4 valence and to destroy hydrazine, making possible the final product
concentration.

Finally, two flowsheets, one for the 2nd plutonium cycle and the other for a
one-cycle process, both with electrolytic equipment, are proposed.
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Electrochemical process

The U/Pu partitioning by electrolysis consists of a liquid-liquid extraction process,
using 30% TBP-diluent as an organic phase, loaded with uranium and plutonium, the
plutonium being reduced to practically non-extractable Pu(III). The electrolyte solution
(aqueous phase) is composed of HNO, and N,H, (hydrazine), the latest used to stabilize
Pu(llT) by its reaction with the NO; formed.

‘WEISHAUPT'! and HAUSBERGER’ have studied - U/Pu partitioning by
electrolysis, presenting the following equations for the oxidation-reduction reactions:

(1) Chemical reduction of Pu(IV) by U(IV):
U + 2Pu** + 2H,0 < UO3* + 2Pu + 4H* +0.58V

(2) Cathodic reduction of Pu(IV), HNO ', and U(VI):

Pu** + ¢ & Pu¥ : +092v
UO3* +4H* + 2¢- & U* + 2H,0 +033V
NO; + 3H* + 2¢* & HNO, + H,0 +0.94¥

(3) Chemical oxidation with NO, and NH 3
4NO, + 2H,0 & 2HNO, + 2HNO,

2HNO, + N,H} & N, + N,O + 2H,0 + H,0

HNO, + N,H§ « HN, + 2H,0 + H*

Pul* + HNO, + H* @ Pu + NO+ H,0 +0.08V
2Pu’ + HN, + 3H* & 2Pu® + NH} + N, +1.04V
HN, + Pu* & 3/2N, + Pu> + H* +4.02V

(4) Anodic oxidation of Pu(lil) and hydrazine:
Pu?* — ¢ & Pu**

33 N,H$ - 4e- = N, + SH*
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Other reactions to be considered:

HNO, + HN, + H,0 & NH,NO; + N, +1.02V

HNO, + HN, & NO + 322N, + H,0 +4.10V
2HN, + HNO, « HNO, + 3N, + H,0 +4.04V
U# + 2HNO, « UO3* + 2NO + 2H* + 0.66V

UO%* +0.5N,H3 + 1.5H* & U* + 0.5N, + 2H,0
N,Hg + H, + H* & 2NH;
2Pu* + 2N,H$  2Pu™ + 2NH, + N, + 2H"

All these reactions occur at the same time in the electrolytic M-S, making the
process very complex.

SCHMIEDER"- has operated a small laboratory 16-stage electrolytic M-S, which
was the basis for a 12-stage unit design used in the 2nd plutonium cycle at WAK plant.
In both cases, the high efficiency in partitioning has proved the viability of reducing the
number of stages.

Fig. 1. Electrolytic single mixer-settler unit; 1 — mixing chamber, 2 - settling chamber, 3 - electrode
chamber, 4 — organic phase outlet, 5 — aqueous phase outlet, 6 - insulator, 7 — titanium {(cathode).
Cathode surface (aqueous phase) =54 cm?, anode surface =8 cm?, aqueous phase volume =
=49.0 cm?, organic phase volume = 54.9 em?
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Experimental
Studies with a single M-S unit

The single M-S unit is described in Fig, 1. It is composed of three compartments:
one mixing chamber, one settling chamber and one insulated chamber for the anode.
The unit housing material, titanium, is the cathode and platinum is the anode.

Two different studies were made: (1) with a stationary aqueous phase loaded with
uranyl nitrale and hydrazine; (2) with an organic phase loaded with uranyl nitrate and

-0} Curve U, gA H*M  NyH, M
= s
g L A 10.36 1.01 0.20
:—:"— - B 22.79 0.98 0.19

- C 67.25 0.99 0.20

Fig. 2. Electrolytic U(IV) formation as a function of current strength, residence time and initital uranium
concentration

an aqueous phase composed of 0.2M HNO, /0.2M N,H,, in continuous flow. The U(IV)
yield was the main parameter for the process evaluation.

Figure 2 shows the conditions employed and the results of the studies on the
influence of electrolysis time, applied current and uranium concentration over the U(IV)
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formation, using a stationary phase. It was verified that the three factors enhanced the
U(IV) concentration. But the U(IV)/U ratio shows that the higher the uranium
concentration in the initial aqueous solution, the lower is U(IV) formation.

The average mass transfer coefficient (5,) was calculated from the experiments by
the expression:?

B,, = 0.006 cm/min

mixer volume {(ml),
residence time (min),
S. - cathode surface (cm?),
[ liy — initial and final concentration (g/1), respectively.

where Vi

..‘
|

uav), git

A
B Initial condition
Curve R? R UIVYU
u, H*' M
121 e

3211 0.13 2007200 0.047
32.11 0.13 200/40 0.022
11.15 0.18 3007300 0.026
11.15 0.18 300/60 0.022

t.min
Fig. 3. Uranium(1V) formation as a function of phase ratio RL:& =875, A =500 mA
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The influence of cathode/anode surface ratio (RS) was also studied. By experimental
conditions, the best ratio lies between 6.5 and 9.8. This high ratio is a consequence of
the absence of flow.

Finally, the influence of phase ratio (R%) in continuous flow experiments was studied.
Figure 3 shows that the best results were reached with a flow of 200 ml/h, R =1, and
a total residence time of 25 minutes (0.42 hours).

The M-S MIRELE

The design of the electrolytic M-S was based on the residence time obtained in the
previous experiment with the one-stage M-S.

Considering 0.24 hour the total residence time (¢,) and assuming that the M-S has 8
stages, the mixing chamber volume (V,,) can be calculated by the following expression:

__Yu _
t = R SVy=215ml (b.1)

r

where v, and v, are the aqueous and organic flows (ml/h), respectively.

Keeping the same relations between the chambers of the single M-S unit, and using
the calculation method of WILLIAMS et al.,'? the M-S MIRELE was designed and is
presented in Fig. 4.

Preliminary studies with M-S MIRELE: Running cold experiments, the M-S
hydrodynamic behavior was verified, settling the interface control (using an extemal
controller at the aqueous phase exit), the stirring velocity and the flows, in order to
promote good stability during all the operations. An organic phase loaded with uranyl
nitrate, and a 0.2M HNO, /0.2M N,H, electrolyte solution as aqueous phase were used
in the experiments.

Figure 5 shows the best results attained, whose conditions were used in the first
experiment with Pu. The current distribution promoted higher U(IV) formation at the
aqueous phase exit, which might ensure Pu(IV) reduction.

U/Pu partitioning in the 2nd plutonium cycle: The electrolytic plutonium reduction
was determined using pure plutonium solution and employing the conditions settled in
the previous experiment. The mass transfer coefficient calculated by Eq. (a.l1) was
0.13 em/min, which agrees with the literature.>® The results in Fig. 6 show that the
applied current was not suitable and plutonium losses have occurred.

In the next experiment (Fig. 7), using U-Pu solution, plutonium losses were observed
even in the presence of U(IV).
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4. Electrolytic mixer-settler MIRELE; 1- mixing chamber, 2 — settling chamber, 3 - anode chamber,
4 — stirring system, 5 — cathode (titanium), 6 — anode (platinum), 7 - insulator (PTFE)

The current in the three last stages was then enhanced to 150 mA (total current = 1.3A).
Varying the concentration relations between uranium and plutonium (R = U/Pu = 690, 25
and 7), plutonium losses were below 0.1%. Figure 8 shows the resulting concentration
profile and the best conditions for the M-S MIRELE operation.

A proposed flowsheet for the 2nd plutonium purification cycle is presented in Fig. 9.

Decomposition of hydrazine dwring the electrochemical process: Hydrazine may
decompose by its reaction with nitrous acid, H, (formed in the reaction between Pu(III)
and nitrous acid), U(IV), Pu(IV) and by direct oxidation at the anode.
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Fig. 9. Proposed flowsheet for the 2nd plutonium purification cycle with electrochemical partitioning
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Fig. 10. Proposed flowsheet for the one-cycle spent fuel treatment employing electrochemical partitioning

In experiments using pure uranyl nitrate solutions, the decomposition rate of
hydrazine was about 0.008M/Ah, Using U-Pu solutions, the hyarazine decomposition
was enhanced to 0.02M/Ah, due to the reaction with Pu(IV).
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Fig. 11. Electrolytic mixer-setiler MIRELE concentration profile in the partial and final partitioning of
one-cycle spent fuel treatment; (a) partial partitioning, organic feed = 47.95 mg Pu/l; 72.6 g U/l
0.18M HNO,. electrolyte = 0.2M HNOy: 0.2M N,H,. aqueous and organic flows =200 mlh:
RS =1: (b) final panitioning. organic feed =0.01 mg PuA: 18.99 g UA; 0.02M HNO,, electro-
Iyte = 0.2M HNO: 0.2M N,H,, aqueous and organic flows = 200 mlh: RS = 1
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UfPu partitioning in absence of hydrazine: According to SCHMIEDER,? U/Pu
partitioning may occur in absence of hydrazine and at nitric acid concentrations below
0.1M, which causes lower nitrous acid formation, the main cause responsible for Pu(Ill)
reoxidation.

Two runs using 0.1 and 0.05M HNO, as electrolyte solution have demonstrated that
nitrous acid, even at concentrations of the order of 10-3M, oxidizes Pu(III). In both cases
plutonium losses were higher than 0.1%. After 5.5 hdurs, no HNO, was detected and
the concentration of Pu(IV) had increased.

Use of M-S MIRELE in one-cycle spent fuel treatment: Several studies have been
made on the way of one-cycle treatment for irradiated nuclear fuels.>!? Based on the
flowsheet proposed by ZABUNOGLU,? for the treatment of long-cooled light water
reactor (LWR) fuel, a flowsheet was proposed using the M—S MIRELE in two steps
involving U/Pu partitioning, called partial and final partitioning.

The conditions used and the concentration profiles of M-S MIRELE in the
partitioning steps are shown in Fig. 10. In partial partitioning complete Pu stripping to
the aqueous phase was almost reached. The Pu/U relation has increased from 1 to 2.2,
a reliable condition for MOX fuel fabrication. In the final partitioning, a good
purification of U was also reached, with Pu losses for the organic phase below 0.1%.

Figure 11 shows the proposed flowsheet for one-cycle spent fuel treatment.

Studies on hydrazine and plutonium oxidation

The aqueous product solution resulting from U/Pu partitioning contains Pu almost
totally as Pu(lIl) due to the presence of hydrazine. To make possible product Pu
concentration, the solution must be oxidized, to destroy hydrazine and bring plutonium
back to + 4 valence.

The electrolytic equipment used in those studies (CELOX) was designed as a simple
flow cell (Fig. 12). where the aqueous phase in contact with the electrodes is oxidized.
As the electrolytic M-S, the housing material, titanium, is the cathode. Therefore, in this
case, the anode surface, platinized titanium, is higher than the cathode surface, to ensure
anodic oxidation. Also here the insulator material is PTFE. The free space at the top of
the cell must be purged with air for safety reasons in order to ensure the dilution of
hydrogen (formed in the electrolytic reaction at the cathode) to levels below the
explosive limit,

Figure 13 shows the results of studies on the influence of current in hydrazine
decomposition, The highest decomposition rate occurred at 3000 mA, but due to the
compromise between plutonium oxidation and current density, 2500 mA was chosen to
avoid oxidation to PuO3°.
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Fig. 12. Electrochemical oxidation cell CELOX; 1 - scavenging air, 2 — anode (platinized Ti), 3 - insulator
(PTFE). 4 - cathode (Ti), § - solution inlet, 6 — solution outlet; volume: 250 ml, cathode surface:
100 sz, anode surface: 980 cmz. specific anode surface: 3.92 cmz,’cm?'_ Rg =10

Nitric acid concentration caused no influence on the hydrazine decomposition rate.
Using the solutions from the partitioning process, complete hydrazine

decomposition, with a rate of 0.008M/Ah, and total Pu oxidation were achieved
(Fig. 14).

Conclusion

The evaluation of the results has demonstrated that the utilization of electrochemical
techniques for the treatment of spent nuclear fuel is suitable for the purposes of this
work.

The M-S MIRELE, developed for the studies on U/Pu partitioning, proved its
efficiency and flexibility, being used even in the process of advanced fuel cycles, where

uranium and plutonium are separated together from the other elements, for further
fabrication of MOX fuel.
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Fig. 13. Influence of applied current in hydrazine decomposition; [HNO,] = 0.4M

In both studies, after the adjustment of the applied current, the plutonium losses were
below 0.1%, indicating the high efficiency of the equipment.

U(I1V) formed in the M—S MIRELE during the electrolysis, contributes favorably to
the reduction and stripping of plutonium, which can be seen comparing experiments in
the absence and in presence of uranium,

Partitioning experiments in the absence of hydrazine have indicated that even at
nitric acid concentrations below 0.1M, nitrous acid is formed, with high distribution in
the organic phase, causing plutonium reoxidation and losses to the organic raffinate.

The oxidation cell CELOX was used to oxidize plutonium to + 4 valence state and
to destroy hydrazine, affording an aqueous solution in conditions favoring final products
concentration,
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Fig. 14. Time required for Pu reoxidation and hydrazine decomposition in CELOX

u, Pu Pu(lV),  NyH,, HNO,,
Curve o mefl meA M M
A 3s 67.20 20.00 0.08 0.21
B 50 64.00 897 0.13 0.21
C 10 79.61 12.62 0.08 023
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