, @

DP - 554

CHEMISTRY - SEPARATION PROCESSES
FOR PLUTONIUM AND URANIUM
(TID-4500, 15th Ed.)

OXIDATION OF URANIUM (1V) BY OXYGEN AND NITROUS ACID

by
A. Laird Slade*

February 1961

*Present Address - Department of Chemistry
Universlty of North Caroclina

E. I. du Pont de Nemours & Co.
Explosives Department - Atomlic Energy Dlvision
Technical Division - Savannah River Laboratory

Printed for
The United States Atomic Energy Commlssion
Contract AT(07-2)-1

Approved by
C. H. Ice, Research Manager
Separatlons Chemistry Division



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



ABSTRACT

The oxidation of uranium(IV) by oxygen and
nitrous acid was studied in both 30% TBP
(tri-n-butyl phosphate) - "Ultrasene" and
in aqueocus solutions. Emphasls was placed
on reactions between uranium(IV) and nitrous
aclid. Distribution coeffliclients were
measured for uranium(IV) and uranium(VI) in
the nitric acid - 30% TBP system. The use
of uranium(IV) as a reductant for plutonium
in the Purex process 1s discussed.
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OXIDATION OF URANIUM(IV) BY OXYGEN AND NITROUS ACID
INTRODUCTION

In the 1B bank of the Purex process(l’, plutonium 1s separated from
uranium by reducing the extractable Pu(IV) to the poorly extractable
Pu(III). The most commonly used reducing agent is ferrous sulfamate,
Fe(803NH2)2, whose effectiveness 1In a nitric acld system depends upon
the rapid reduction of Pu(IV) to Pu(III) by Fe(II), and the rapid
destructlon of the interfering nitrous acid by sulfamate ion. In the
absence of nitrous acld, the rate of oxidation of Pu(III) and Fe(II)
by nitric acid 1s extremely slow, and therefore the reduced valence
states can be maintained for the time necessary to separate plutonium
from uranium.

The major obJection to the use of ferrous sulfamate as a reductant 1s
that 1t introduces a nonvolatile constltuent that eventually must be
stored as waste. Jenkins and Streeton'2) studied the use of uranous
solutions as reductants for Pu in a Purex process in which 20% TBP was
used as the solvent. Regnaut(a) reported the use of uranous sulfate
as a reductant in the process at the Fontenay-aux-Roses Pllot Plant;
in this process 40% TBP was used as the solvent. Uranous nitrate 1s
preferred to uranous sulfate as a reductant because both 1lron and
sulfate are eliminated from the waste by use of the niltrate salt.

At thie Savannah River Plant, the ferrous sulfamate produces about

100 pounds of solid waste per ton of uranium processed. This solid
waste must be stored at a substantial cost. Becuase of thils economilc
incentive, uranium(IV) nitrate, stabillized with hydrazine, was tested
in minlature process equipment as a possible reductant for Pu in the
1B bank. The expected behavior of the 1B bank was that U(IV) would
reduce Pu(IV) to Pu(III), and the excess U(IV) would be recovered with
the uranium product. The actual behavior showed an adeguate separation
of Pu(IV) from uranium, but excessive amounts of U{(IV) were apparently
required to achleve this separation; smaller amounts of U(IV) did not
reduce Pu(IV) effectively. These observations led to the assumption
that U(IV) was being oxldized rapidly in the organic phase.

The obJective of the work discussed in this report was to determine the
cause of the apparent loss of U(IV); oxidation of U(IV) by 0, and/or
HNO, in the organic phase was suspected. An additional objJectlive was
to determine the extraction behavior of U(IV) under 1B bank conditions.

SUMMARY

A laboratory study of the oxidation of U(IV) by HNO, and O, showed that
U(IV) has adequate stabllity for use as a reduclng agent for plutonlum
in the Purex process. The halftime for oxidatlon of unstabilized U(IV)
by 0.025M HNO, was 3 to 4 hours 1n elther 30% TBP or nitric acid
solution; oxidation by alr in 30% TBP required about 15 hours before
any appreciable loss of U(IV) occurred.
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The extraction coefficlents measured for U(IV) indicated that excess
U(IV) would extract into the organic phase (30% TBP) in the 1B bank so
that adequate separation of plutonium from uranium would be achleved.
It 1s necessary to add an excess of U(IV) over that stoichiometrically
needed to effect the rapld reduction of Pu(IV) to Pu(III); a part of
this excess will be oxidized by nitrite in the 1B bank, but 1t is
probable that an appreciable concentration of U(IV) will remain.
Tnerefore, it is necessary that U(IV) extract with uranyl nitrate into
the organic phase, to ensure adequate removal of uranium from the
aqueous plutonium stream.

DISCUSSION
EXPERIMENTAL

PREPARATION OF REAGENTS

Uranium(IV) nitrate was prepared by electrolysis of 0.6 to 1.5M uranyl
nitrate in the presence of 0.4 to 0.9M hydrazine and 1.5 to 2.0M nitric
acid.

U(IV) sulfate was prepared by electrolysis of 0.4M uranyl sulfate in
0.8M sulfuric acid.

Platinum electrodes were used for the electrolysis. The anode and
cathode chambers were separated by a medium-frit, porcelain disc.

Fifty per cent conversion to U(IV) was achieved. No attempts were made
to remove the remaining uranyl nitrate.

The TBP (tri-n-butyl phosphate) was purified by vacuum distillation,
and diluted to 30% by volume with "Ultrasene" before use.

ANALYTICAL METHODS

U(IV) and nitrite ion were determined, together, by oxidation with an
excess of ceric 1on and back titration with Fe(II) and ferroin
indicator.

The Fe(II) solutlon was analyzed each day before use by titration with
standard ceric ammonium sulfate and ferroin indicator.

The total hydrogen lon concentration was determined in solutions
containing uranium as uranyl ion only. The uranyl ion was complexed
with excess sodium fluoride and the solution was titrated with standard
sodium hydroxide; a Beckman pH meter was used to determine the endpoint.

U(IV) concentrations were determined by measuring the absorbance at
650 my; U(VI) was determined by measuring the absorbance of the
thiocyanate complex at 405 mu. The molar absorbance for U(IV) was
16.4 in 30% TBP and 38 in aqueous nitrate solutions.
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RATE MEASUREMENT

The rate of oxldation of U(IV) was measured by determining the U(IV)
absorbance at appropriate time intervals with a Model II Cary recording
spectrophotometer. Initial concentrations were calculated from the
known concentration and volumes of the stock solutions mixed at the
beginning of the reaction; organic phase reactions were initlated by
mixing together separate solutions of U(IV) nitrate, HNOz, and HNOg 1n
30% TBP.

When reaction rates were measured in the aqueous phase, U{(IV) sulfate
solutions were added to the reaction mixture. U(IV) nitrate could not
be used because 1t 1s not stable in the absence of a stabllizing agent
such as hydrazine or sulfamic acid. Both stabillzing agents react
very rapldly with nitrous acid, so the oxidation of U(IV) does not
occur in their presence.

RESULTS

REACTION OF U(IV) WITH OXYGEN

Comparison of two solutions of U(IV) in 30% TBP, one sparged
continuously with nitrogen and the other with alr, showed that only

2 to 5% of the U(IV) was oxidized in 12 hours for both solutions.
After this period the U(IV) in the solution sparged with nitrogen
rapidly oxidized to U(VI); about 3 hours later, U(IV) in the solution
sparged wilth alr oxldized in the same fashion. After oxidation of the
U(IV), the absorption spectrum of HNO, was observed in both solutions.
Tne decrease of U(IV) with time after the long induction period 1s
shown in Figure 1. The first-order rate curve shows an increasing
reaction rate, a characteristic of an autocatalytic reaction.

The results of these tests can be explalned by the followlng serles of
reactions.

Ut4 + NOs + Ho0 — vo.tt + mo, + B (1)
Ut4 4 2HNO, = U0, T + 2NO + 2H' (2)
2NO + HNOs + Hp0 — 3HNO» (3)

Reaction (1) occurs chiefly during the induction period; followlng this
period reaction (2) becomes the major reactlon because of the increasing
concentration of HNOs. The NO produced in reaction (2) reacts with
nitric acid to produce 1.5 moles of HNOz for every mole of HNOp consumed
in reaction (2), and thus the reaction becomes autocatalytic. The
apparent stabillzing effect of the ailr sparge, compared to nitrogen, 1is
the result of a contributlion from the reaction, 2HNO, + Oy — 2HNOg.

This reaction tends to decrease the accumulation of HNOz and delay the
initiatlon of the autocatalytlc oxldation.
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REACTION OF U(IV) WITH NITROUS ACID

Organic Phase

The rate of oxidation of U(IV) by HNOz in 30% TBP was first order in

U(IV) during the early stages of the reaction, but because the
oxidation of U(IV) produced HNO,, the rate accelerated beyond that of

a first-order reaction (Figure 2).
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Attempts to avoid this effect by reacting a large excess of HNOz with
U(IV) were not successful; some deviation from the first-order rate
invariably occurred. The rate in the early stages of oxldation (0-25%
of the reaction) showed no deviation from first-order kinetlcs. The
effect of HNO, concentration on the initial reaction rate 1lndlcated
that the oxldation rate was one-half order in HNOp when the organic
phase was about 1M in HNOs (Figure 3 and Table I).
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TABLE I

Oxidation of U(IV) by Nitrous Acid in TBP-"Ultrasene'

Solutions 1M in HNOg
Initial Inltial

u(Iv), HNO,, Halftime, Rate Constant,
M M minutes K (min™)
0.032 0.3%2 30 2.31 x 1072
0.033 0.093 54 1.28
0.041 0.027 86 0.80
0.038 0.16 48 1.40
0.030 0.24 36 1.91

Solutlons Typlcal of Organic Phase In the 1B Bank of Purex Process

Initial Initial

u(Iv), HNOjp, HNOs, Halftime, Rate Constant,
M M M minutes K (min?)
0.012 0.008 0.035 448 0.16 x 1072
0.032 0.032 0.09 184 0.38
0.028 0.023 0.10 216 0.32
0.028 0.024  0.33 245 0.28
0.014 0.034  0.34 337 0.21

Additional measurements in solutlons typical of the organic phase in
the Purex 1B bank showed that the oxidation was slow under these
conditions; the expected reaction halftlime would be 3 to 5 hours
(Table II). Comparison of the data in Tables I and II indicates that
fhe organic phase reaction probably depends upon the acidity of the
organic phase. It 13 also probable that the concentration of water
will affect the rate of the reaction (see equation 1). Extensive
experimental work would be required to demonstrate the detailed
reaction mechanism.



TABLE II

Oxidation of U(IV) by Nitrous Acid in Aqueous Solution

Initial Initial Initial Inltial

U(IV), HNOj, H*, Nitrate, Sulfate, Rate Constant,
M M M M M K (min?)
0.059 0.10 1.57 1.24 0.30 0.26 x 1072
0.039 0.10 1.45 1.24 0.20 0.31
0.016 0.10 1.26 1.24 0.08 0.33
0.008 0.10 1.17 1.24 0.04 O.44
0.015 0.10 3.72 3.72 0.08 0.3%4
0.015 0.10 2.60 2.48 0.08 0.32
0.016 0.10 1.26 1.24 0.08 0.33
0.016 0.10 0.86 0.74 0.08 0.34
0.016 0.10 0.62 0.50 0.08 0.17
0.015 0.10 0.37 0.25 0.08 0.14
0.015 0.02 2.60 2.48 0.08 0.27
0.015 0.04 2.60 2.48 0.08 0.35
0.015 0.06 2.60 2.48 0.08 0.40
0.015 0.08 2.60 2.48 0.08 0.43
0.015 0.09 2.60 2.48 0.08 0.48

Agqueous Phase

The oxidation of U(IV) by HNO, in an aqueous nitric acid system was
similar to that in the organic phase; the rate was first order in
U(IV), and the dependence on nitrous acld was approximately half order.
At acidities greater than 0.8M, the rate of oxidation was unaffected by
the acid concentration.

The results of the aqueous phase oxidation are tabulated in Table III.
Generally the reaction was slightly more rapid in the aqueous phase
than in the organic phase; the reaction halftime with 0.01 to 0.02M
U(IV) - 0.1M HNO, was about 3 hours.

EXTRACTION OF U(IV)

U(IV) extracts into 30% TBP, and measurement of extraction coefficlents
showed that essentially all the U(IV) would be recovered in the 1B bank
with the U(VI). Data for the distribution coefficients of mixtures of
U(IV) and U(VI) are presented in Table III.

- 10 -



TABLE ITII

Distribution Data for U(IV) and U(VI)
in the Nitric Acid - 30% TBP System

Initial U(IVv) U(Iv) u(vI) u(vI)
HNOg Conc. Conc. Conc. Conc. Conc.
Aqueous, Aqueous, Organic, U(IV) Aqueous, Organic, U(VI)
M M M E o/a M M E o/a
0.35 0.057 0.011 0.19 0.024 0.092 3.83
0.94 0.043 0.025 0.58 0.01%4 0.070 5.00
1.59 0.04% 0.037 0.84 0.008 0.086 10.8
2.83 0.0342 0.0428 1.25 0.0058 0.1022 17.6
4. o7 0.0297 0.0503% 1.69 0.0022 0.0978 44.5
5.31 0.0268 0.0552 2.06 0.0024 0.0996 41.5
10.1 0.0124 0.0716 5.77 0.0049 0.0691 14.1

The extraction coefficlent for U(IV) into 30% TBP was about 1.3 from
2.8M HNOg, and about 0.2 from 0.35M HNOg - 0.11M UO;(NOz)-. Combined
wlth the organic/équeous flow ratio of 7 to 10 in the 1B bank, these
data predict that U(IV) would be extracted and leave the bank with the
uranium stream. In the test in miniature process equipment, the U(IV)
reductant was introduced into the 1B bank at stages 1 and 6. Due to
the extraction of U(IV), 1t 1s apparent that large amounts of U(IV)
must be introduced at stage 6 to maintain reducing conditions at

stage 8, where the organic stream carrying Pu(IV) and U(VI) enters the
contactor. Introduction of U(IV) in the region of stages 10 to 12
should require a smaller amount of U(IV), and result in a more
efficient reduction of Pu{IV) in the organic phase.

afJ/aclg/
A. L. Slade 3?
Separations Chemistry Division
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