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THE RADIOLYTIC REDUCTION OF URANYL ION*

by

M. L. Hyder

Savannah River Laboratory
E. I. du Pent de Nemours & Company

Aiken, South Carolina 29801

ABSTRACT

Uranyl ion was reduced to U4+ by ionizing radiation

in deoxygenated solutions containing organic solutes.

This reduction is effected by free radical species formed

from the organics and perhaps in part by H atoms from

H20 decomposition. A detailed study of uranyl oxalate

solutions showed that the role of H202 in this system

is complex and that chain-type reactions involving this

species can occur.

*The information contained in this article was developed

during the course of work under Contract AT(07-2)-l with

the U. S. Atomic Energy Commission.
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INTRODUCTION

Uranyl ion in aqueous solution reacts rapidly with the aqueous

electron produced by radiation, l and might also react wtih H atoms.

However, the radiolysis of solutions of uranyl salts normally does

not reduce uranyl ion significantly. Indeed, radiolysis of solu-

tions containing U*+ causes rapid oxidation of this ion.2 This

oxidation results from reaction of the oxidizing species (OH, H202)

formed by radiolysis of water, together with other reactions involv-

ing dissolved 02.2

These observations suggested that U022+ might be reduced by

radiation in deoxygenated solutions containing a scavenger for OH

radicals. A series of experiments using simple organic molecules

as scavengers was therefore performed to confirm this hypothesis.

These experiments showed that U4+ was formed in greater amounts

than the maximum anticipated in some cases. Therefore, a more

thorough study was made using uranyl oxalate solutions to establish

the reaction mechanisms involved.

EXPERIMENTAL

Solutions were prepared from reagent-grade chemicals and

triply distilled water. A 60Co source ofapproximately 1.2 x 106

rad/hr was used for the irradiations. The source was calibrated

with a Fricke dosimeter. Solutions were deoxygenated before

irradiation by extensive purging with argon which had previously

been bubbled through triply distilled water. C02 production was

measured on samples which had been thoroughly degreased by

freezing-pumping-melting cycles on a vacuum line. These samples

;~~rpsealed in fpy.rex!funder vacuum for irradiation anti“oroken

open in another vacuum ap~aratus for analysis. ‘:he tota~ :\mount

of gas produced was (:(etjermin~<;by ma.nometr,y,,~n: ‘,7 i:omposition
mp~q,l~f,(::) ~l~:v,<:,!nr>r..,,,,,-),f:‘
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Uranyl ion was analyzed by calorimetry using the thiocyanate

complex. The amount of U4+ produced was calculated from the

decrease in U022+ concentration. In several cases, U4+ was

determined separately as a check, either by spectrophotometry or

by separating it (ion exchange or fluoride precipitation) and

deoxidizing it with peroxide for analysis as U022+. Both determi-

nations of U4+ agreed satisfactorily.

Oxalate ion was determined either by permanganate titration

(witha suitable correction for the U4+ content of the solution),

or by the method of Bricker.3 The two methods agreed well, and

the less laborious permanganate method was used preferentially.

RESULTS AND DISCUSSION

Table I summarizes the reduction of uranyl ion in deoxygen-

ated uranyl solutions containing a variety of organic solutes.

U022+ was reduced to U4+ generally with good yields – sometimes

exceeding 2.5 molecules (6 equivalents) per 100 ev. This was

somewhat surprising on the basis of the anticipated mechanism,

which involved Reactions 1-6:

U022+ + H + U02+ + H+ (1)

RH2+H-RH+H2 (2)

RH2 + OH ~ RH + H20 (3)

RH + U022+ + R + U02+ + H+ (4)

2U02+ + 4H+ +U022+ + U4+ + 2H20 (5)

H202 + U4+ + U022+ + 2H+ (6)

If these were the only reactions which occurred, the yield of U4+

from radiolysis would be given by $(GH+ GOH - 2~202). Using the
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known yields of radiolytic species in acidic solutions,4 the

maximum value for U4+ production derived from this mechanism is

2.45 molecules per 100 ev.

This discrepancy between the observed quantity of U022+ reduced

and the predictions of the simple mechanism above required further

study for its explanation. It was also of interest to determine

whether Reaction (1) competes with Reaction (2). Accordingly

a number of studies were made of the radiolysis of uranyl solutions

containing oxalic acid. The irradiation of oxalic acid has been

studied extensively by Draganic and coworkers,s and the radiolytic

reactions involved are fairly well understood. In the absence of

oxygen, oxalic acid reacts with both H atoms and OH radicals:s

OH + H2C204 + H20 + CO= + COOH (7)

H + H2C204 ~ H3C204 + Radical Products (8)

The COOH radical and the addition product from Reaction (8) undergo

various complexreactions leading eventually to C02 and H20 plus

other minor products. ~ the presence of U022+, the organic radicals

formed are expected to react with U022+ by reactions of the general

type of Reaction (4), thus

COOH + U022+ ~ C02 + U02+ + H+

Uranyl Ion Reduction

A number of measurements were made of uranyl ion reduction as

a function of concentration in acidified solutions containing

(9)

either 0.4M H2S04 or 0.8M HC104, and

only U02C204 and H2C204. (The U022+

varied greatly due to the limited so:

Typical. results are presented (1) in

also in solutions containing

concentration could not be

ubility of uranyl oxalate. )

Figure 1, showing tl]eapparent

G(-U022+) as a function of initial H2C204. concentration at a given

total dose; and (2) in Figure 2, where the U022+ concentration is
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shown as a function of total dose for two

concentrations of H2C204. It is apparent
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different initial

from the latter figure

that the uranyl reduction rate falls off with increasing dose,

especially at lower oxalate concentrations. This observation is

most easily explained by assuming that the oxidation of U4+ by

OH is competing with Reaction (7). This would account for the

rapid drop in G(-U022+ ) with oxalate concentration

in Figure 1. The equilibrium concentration of U4+

for low oxalate concentrations at doses much lower

in these experiments. From these results the rate

reaction of OH with U4+ is estimated to be several

as indicated

is reached

than that used

constant for

hundred times

greater than that for its reaction with oxalic acid. Since the

rate constant for reaction of OH with oxalate ion (pH 9) is

5.0 x 106,s and OH reacts with very many inorganic ions at rates

>109,7 this explanation of the variations in U4+ production seems

reasonable. It is additionally substantiated by other results

given below.

No significant difference was found between solutions acidified

with perchloric and sulfuric acids, but the reduction of U022+ in

solutions containing only oxa.latewas always somewhat higher than

in either of these. This may in part be due to the precipitation

in these solutions of U(IV) oxalate, which would tend to inhibit

the reoxidation of this uranium.

Oxalate Decomposition

Some measurements of oxalate decomposition are presented in

Table II. These values show the same trends as the uranyl data.,

as would be expected from the mechanism suggested above; at higher

dose or lower oxalic acid concentrations some OH is reacting to

reoxidize U4+. High absolute values of oxa.latedecomposition
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are found for higher oxalate concentrations — above 7 molecules

per 100 ev in one case. The maximum value predicted from the

mechanism previously postulated is about 6.7 molecules per 100 ev.

The large observed G values for uranyl reduction indicate that

the role of molecular H202 differs from that anticipated (Reaction 6).

The high value for oxalate reduction also suggests the inadequacy

of the postulated mechanism. Control experiments confirmed that

H202 is formed in approximately normal yield in oxalate solutions

containing no uranium; but, as expected, no H202 was present in

solutions containing U(IV). Evidently the H202 is reacting in some

manner which does not lead to the oxidation of U(IV).

In explanation of the results, the following chain sequence

is proposed:

U(IV) + H=02 ~ U(V) +OH +OH- (10)

OH + H2C204 ~ H20 + C02 i-COOH (7)

COOH + U022+ +C02 + U02+ + H+ (9)

These reactions together with the disproportionation of U02+

(Reaction 5) would lead to the oxidation of oxalate by peroxide

with no net oxidation or reduction of uranium species.

This hypothesized chain sequence was tested by experiments

designed to observe the effect of H202 added to the uranyl oxalate

solution before irradiation. The results, described below, sub-

stantiate the chain mechanism. The only uncertain point is

whether the reacting uranium species in Reaction (10) is U(IV)

as written, or U02+, which will be present in small amounts in

the solution during radiolysis. In either case, the one-electron
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oxidation Reaction (10), which is the key to the chain reaction,

appears reasonable. Experiments with added peroxide:

I. A solution containing 5 x 10-2M H2C204, 2 x 10-3M U02S04,

and 5 x 10-4M H202 was irradiated and the H202 and U02+ concentra-

tions monitored periodically. Peroxide was destroyed at about

18 molecules per 100 ev. U02* was reduced negligibly until all

the peroxide was destroyed. A similar solution containing no

uranyl ion was irradiated and values of G(-H202 ) measured were

<1.0.

Husain and Harta have postulated that at pH >2, COOH can

react with H202 by

COOH + H202 + H02 + C02 + OH (11)

This reaction coupled with Reaction (7) could produce the chain

oxidation of oxalate by peroxide. However, the above experiment

indicates that this does not occur in these solutions at pH ‘1.

A radiation-initiated chain reaction of oxalate with peroxide was

observed in an oxalate solution buffered to pH 4 with sodium

oxalate; G(-H202) exceeded 20.

II. C02 production was measured in uranyl-oxalate solutions

with and without added H202 (Table III). Due to the quantity of

product required for analysis, it was not possible to determine

G(C02) at very low doses; but appreciably larger quantities of C02

were nevertheless observed in the solutions with H202, as the

postulated mechanism would require.

CONCLUSIONS

The experiments offer good evidence that the radiation

chemistry of uranyl oxalate solutions can be described by Reac-

tions (7), (8), (4), (9), and (5), and perhaps also by Reaction (l).

-7-
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Uranyl ion is reduced in deoxygenated solutions containing organic

materials until the concentration of U4+ is high enough to compete

with the organic solute for OH radicals. These conclusions may

have significance for the processing of irradiated uranium fuels by

solvent extraction; in the absence of oxygen some U4+ should be

formed by radiolysis in such systems.

-8-
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TABLE I

URANYL REDUCTION TN I~DIATED URANYL-ORGANIC
SOLUTIONS CONTAINING 0.4M H2S04

G(-U022+),
molecules

Additive Dose, rad per 100 ev

Methanol, O.1OM 3.5 x 105 2.6

HCOOH, O.1OM 3.5 x 105 2.3

Oxalic acid, O.1OM 3.5 x 105 2.6

Oxalic acid, 0.30M 5.0 x 105 3.0
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TABLE II

DESTRUCTION OF OXALIC ACID IN IRRADIATED
URANYL-SULFATE-OXALIC ACID SOLUTIONS (H2S04 = 0.40M)

G(-H2C204),
U02*, H~C=04, molecules

moles/see moles/see Dose, rad per 100 ev

0.02 0.02 2.5 x 105 3.2

0.02 0.02 5 x 105 2.7

0.02 0.05 5 x 105 4.1

0.01 0.10 9 x 105 7.5
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TABLE III

C02 PRODUCTION IN IRRADIATED URANYL-OXALATE SOLUTIONS

G(C02),
molecules

Solution Dose, rad per 100 ev

A. U02S04, 0.005M; H2C204, 0.05M 1 x 106 5.1

B. As A but 5 x 10-4M H202 added 2.5 x 105 9.0

c. U02S04, 0.00IM; H2C204, 0.05M 2.5 x 105 6.0

D. As A but 0.4M H2S04 added 1 x 106 4.3
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Fig. 1

UO:+ REDUCTION AS A FUNCTION OF HZC204 CONCENTRATION
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Fig. 2

REDUCTION OF UO:+ IN OXALATE SOLUTIONS AS A FUNCTION OF DOSE
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