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THE POTENTIAL OF THE U(V), neVI) COPPlE AND THE rINETICS OF. TT(V~(~1!'
DISPROpcit"TIONATION' IN PERCHL0RJi.TE MEDIA.'''''>

By D. M. H. Kern and E. F. Orlemann

December 26, 1947

ABsrrHACT
---~----

I •

2.

3.

Millimolar solutions of U(V) have been prepared by
e1 ectrolys i s of uP2_D:yl ion in sodium percb.lora te, per
c1110r1c acid solutions and studied by means of the
dropping mercu~y electrode. The U(V), U(VI) couple
has been shown to be reversible.

The diffusion coefficient O!.Uo+ is 0.86 x &0- 5 cm2/sec
in 0~4 g NavlO,~; tl.J.8t ,(~1: U0 2' is2 2.68 x 10-0 cm2/sec in
0.09 M NaCI0 4 , O.O~ M rlGI0 4 at 25 C.

In 0.01 to 0.5 M perchloric acid the U(V) species is
UO~ as shown by-the fact that the potential of the couple

U0
2
+ =U0 2++ + Ie

+ ris constant at -00066 - 2 v. at 25 Y C over this range of
acirlity in sodhliTI percJ:llorate, perchloric acid solutions
of ionic strength =0.5.

4. In sodium perchlorate, p8rchloric acid mixtures of ionic
strength, 0.4 the disrroportionation of U0 2+ at 25 u C
obeX.s the followin~ law from 8H+ = 0.01 to 0.4 and from
[U02~ = 10-5 to 10" 1'1.

5. The most probable mechn.nism for t 11e nisproportionation
is:

U0 2+ + UOt>.H++.,,~_,.:=.2........_~U02++ + UOOH+ (slow step)

UOOH+-----·-"~stableU( IV) species

Contract No.
'V-7405-eng-48B

To be published in J. &~erican Chern. Soc.

University of Calif.
Radiation Laboratory
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Introduction--,-_..............-_.......-

The disproportionation of pentavalent uranium into

the four and six states in aqueous solutions has long been

known to be rapid. Herasymenkol reported that the formation

1 P. Herasymenko, Tr8ns~ F~raday 30E. 24, 272, (1928)

of U(V) and its rapid disproportionation could be detected

during re0uction of uranyl ion at the dropping mercury elect

rode (d.m.e.). His evidence for these conclusions was meager,

but the formation B.nd disproportion of U(V) at the dropping

mercury electrode has been well established by the polaro

graphic studies of Kolthoff and Harris 2 and the unpublished

2I. M. Kolthoff and W. E. Harris, J. Am. Chem. Soc. 68,
1175 (1946) 67, 1484 (1945). ....-. " --

---".- --'--"-'---'-'-'---"--'-- ._._ ... --_._-_.. __ .• _.... - ----
work of Heal. Hea1 3 estimated the rate of disproportionation

._-----_ ...- -" -~--_..__.

3H. G. Heal, Na~£r~ 157, 225 (1946) and private communications.

of U(V) by observing the rate at which a platinum electrode

came to equiltbrium after a small amount of U(V) was formed

in a U(VI) solution. His data indicated that the rate of

disproportionation in sulfate solutions was second order in

U(V) and first order in hydrogen ion but the precision of the

measurements was very limited.



UCRL-27
-5-

In the present investigation millimolar solutions of

U(V} have been prepared by a controlled reduction of U(VI}

in sodium perChlorate, perchloric acid solutions at a mercury

cathode; a method used previously by Kraus 4 in chloride media.

4K• Kraus, MonN-194.

___•__• . __~_-..--_._.. • ._._. •__• ._._. ~, 0&__-

The potential of the U(V), U(VI} couple and the rate of dis

proportionation of U(V) have been determined and used to

establish the nature of the U(V) species in these solutions

ancl the most probable mechanism of disproportionation.

~ent~ - Merck reagent grade uranyl nitrate was converted

to the perchlorate by evaporations with perchloric acid, and

also by precipitation of ammonium diuranate which was dissolved

in perchloric acid, reprecipitated and again dissolved. The

ul"anium content of the stocl{ solutions was determined gravi-

Reagent grac'le sodium perchlorate and p erchloric acid

were used withQut furth3r purification after they were found

to be free of chloride.

Tg~ Ce~l - The electrolysis cell is shown in Figure 1. The

volume of the anode compartment, 2.5 ml, was so small compared

to the total solution volume of 250 ml that diffusion of mat-

erial through the sintered glass disc after electrolysis



Fig. 1 Combined electrolysis and polarographic cell.



UCRL... 27
... 6-

could be neglected. Current voltage (c.v.) curves could

be obtained and the disproportionation of U(V) could be

followed by means of the d.m.e. immediately after an electroly

si s • PU1'1if ied nitrogen or hydrogen was used to free the body of

the solution from oxygen and to sweep oxygen out of the anode

COUlpartrnent during el ectrolys is •

]?.lectrolys is 1£0 cedu.!e - Solut ions containing 0.1 to 0.5 !

NaCI04 , 0.002 M U02 (Cl04)2 and about 0.002 ! HCl04 were freed

of oxygen and electrolyzed for abO'l,.lt thirty minutes at an

average rate of 18 milliamps. The mercury cathode was main-

tained at a potential of -0.55 v. against a Batur~ ed calomel

reference electrode (S. C. E.) by an adaptation of the poten

tial controlling device described by Lingane5 • Such electroly-

------_.-_...._._------------_._--
5J • J. Lingane, Ind. Eng. Chem. Anal. Ed. 11, 332 (1945).

--------------~,_._---------~------

ses usually produced 0.001 M U(V). At higher acidities and/or

higher uranyl concentrations, electrolysis is less efficient

because of an increased rate of disproportlonation of U(V) •

Dropping Mercury Electrode Measurements - Current-voltage
~_. . - --'-' -.....-.._----_. ---
curves were obtained by means of a manual apparatus of the

type described by Kolthoff and Lingane 6 • All measurements

---------_..~.--

61 • M. Kolthoff and J. J. Lingane, "Polarography", Inter
science Publishers Inc. New York, N. Y. 1941 p. 215 ff.

-------~---------_.-.-----. "

were made at a temperature of 25.00 t .05°C. The value of
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m2/ 3t 1/ 6 for the capillary was 2.13 mg 2/ 3 sec-l / 2 (m = mass

of H9 flowing per sec.; t =drop time) at a potential of

+ 0.1 v. against the S.C.E.

Results..

Diff~~o~ Current C~st~nt of~iYl - In the kinetic studies,

the U(V) concentrations were obtained from the diffusion cur

rents of the U(V) oxidation wave at the d .m.e •. A well defined

diffusion current region is available for such measurements

as shown later in Figj ~~

In order to calculate U(V) concentrations from the

observed currents the diffusion cur'~ent constant was deter-

mined by ronperometric titrations of U(V) with ferric ion in

0.4 M NaCI04 solutions of pH 2.9 to 3.6. A standardized,

air free, solution, about 0.02 M Fe(N03)3' was added to abou~

250 ml of millimolar U(V) and the decreas e i.."'1. .diffusion current

of U(V) at 0.1 v. (v.s. the S.C.E.) was determined. l'he ob

served currents were corrected for the residual current, the

change in volume, and the experimentally measured rate of de-

crease of current due to disproportionation. In Table I some

of the data from a typical titration are given and the magni

tude of the disproportionation correction cnn be seen.
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TABLE I

AMPEROMETRIC TITRATION OF U(V) WITH FEfu\IC NITRATE

IN 0.4 111 SODIUM P',~rtCHLORATE OF pH 3.1.

Fe(:N0 3 )3
added
(ml )

o

1.945

4.082

5.560

6.434

a b
Ob s • i d

( amps)

1.87

1.30

0.71

0.27

0.03

c
Corr. i d

( amps)

1.87

1.32

0.73

0.30

0.06

a 0.01976 M solution added to 258 ml of U(V) at 25°C.

b Corrected for volume change and residual current.

C Additional correction due to disproportionation of U(V) •
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A typical plot of the corrected diffusion currents

against the volume of added ferric nitrate is shown in Fig. 2.

From this figure it is evident that the relation i d=K [U(VU

is followed. Experimental values of the diffusion current

constant, K, in 0.4 M NaCl04 at 25°C are as follows:

pH 2.9 3.1 3.6

K amps(m/mol/l)-l) 3.82 3.72 3.78

~Dere is no trend with pH over this~small interval and an

average value for K of 3.77 ± 4;uamps (m.mol/l)-l is found.

The Diffusi~.Coeffi(~}ent~.3~(V~nd U~VI) - The diffusion

current constant is related to the diffusion coefficient, Q,

the rate of flow of mercury, ~, the drop time, !, and the num

ber of electrons transferred per molecule, ~, by the Ilkovic

equation: 7

- .........--_._-----------_.._-._--_._._.
7See reference 6 p. 55

..__._._--_._._------_._.__._~.-._---

Substitution of the experimental data into this equation leads

to a value of 0.86 ± .02 x 10-5 cm2 sec-l for the diffusion

coefficient of U(V) in 0.4 M NaC10 4 of pH 3 at 25°C.

Measurement of the diffusion currents of 1.8 and 3.6

x 10-3 M UO~+ in 0.09 M NaCI04' 0.01 ! HCI04 gave a value of

6.04 amps (m. mol/l)-l for the diffusion current constant and



--I
I
I
I

-.... -;

I
!. --"--

2 r Q 3 6 .
Vol u Fe(N03)3 added in cc.

AmperonBtric titration of U(V) with Fe(N03 )3Fig. 2

2.0
rl~~<I<~~~-<T'--I-----T-"'~-'~<~"-T-'-'-'r"T~---"T'-, '.'_. ~'''rw=-T'"·''"-'''r-·-l -'l
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a calculated value of 0.68 x 10-5 cm 2 sec-l for the oiffusion

coeffici ent of U(VI). -Kol thoff and Harris 2 reported a value

of 0.62 x 10-5 ~n 0.1 M KCl, 0.01 ~ HCl at 25 u C. The differ

ence between these values is probably due to some complexing

by chloride ion in the latter case.

The fact that the diffusion coefficient of U(V} is

about 25% la.rger than that of UO~+ is consistent with the

evidence that the U(V) species is Uo~.

The U(VJJ... U(V~J_.ro _~ent i~_l ag~'L.1~_~f.f_e..~~_~L !!l_£r_<?~~__t~. - In

connecti_on with the mechanism of U(V) nisproportionation it

was necessary to establish the nature of the U(V) species in

perchlorate medium. To this end, the effect of hydrogen ion

on the potential of the U(V), U(VI) couple was determined with

the d.m.e. since U(V) disproport:1.onates too rapioly to allow

direct measur-;ments except at very low acicUties.

In the polarographic literature it is customary to have

the cell reaction correspond to reduction at the d.m.e. and

oxidatj.on at the reference electrode. With this convention

the current voltageeql.lation for a reversible reduction of

U(VI) to U(V) at 25°C i8: 8

--------_.---.._----
8See reference 6 p. 144

-------------_. -.-------------~-_.._-----------------
E ::: El / 2 + 0.0591 log (id-i)/i (2)

..... 11/2
_~( VI L D(vt

,
El /2 ::: EO + 0.0591 log l ( 3)

,=--J ~.( V) D( VI) I
I .•~- .J
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In these equations EO is the standard Dotential of the couple

referx>ed to a specified reference electrode; El / 2 is the ha1f

wave potential found when! equals one-half the diffusion cur

rent, hi; the symbols (V) and (VI) refer to U(V) and U(VI),

and the other symbols have their usual significance. Before

these equations can be applied, it must be shown that the

couple is reversible at the d.m.e., and that the dispropor

tionation of U(V) does not contribute significantly to the

U(VI) diffusion current. That the latter condition is met

can be shown from the data in Table III. In the most severe

case, (0.4 M. HCI04 ) , the half life of millimolar U(V) is

about twenty seconds as compared to the three second lifetime

of a drop. That the coupl e is revers ible is demonstrated by

the c.v. curves of mixtures of U(V) and U(VI); the curve

shown in Fig'. 3 is a typical one. The curve in Fig. 3 is

analyzed in Fig. 4, where log (id-i)/i is plotted against E

after shifting the current origin from zero to the U(V) dif-

fusion current. The observed slope in Fig. 4 is 0.062 v. in

satisfactory agreement with the theoretical value of 0.059 v.

Equally important, Fig. 4 shows that the c.v. curve is contin

uous as the net process changes from an oxidation of U(V) to a

reduction of U(VI). These two facts are definite proof that

the couple is revers ible at the dropping mercury electrode,

and confirm the assumption of reversibility by previous in
2 3vestigators.' It should be noted that finding a linear

relation of the theoretical slope, between E and log (id-i)/i,
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Fig. 3... Typical c.v. curve of a solution containing U(V) and U(VI)

Fig. 6 Analysis of the C.V. curve of Fig,S.
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for the c.v. curves of U(VI) alone is a necessary but not a

sufficient condition for reversibility.

Current voltage curves of c.a. 0.002 M UO++ were ob
- 2

tained in sodium perchlorate, perchloric acid solutions of

ionic strength 0.5. A mercury pool of large area served as

an anode but a hydrogen electrode was used in the cell solu

tion as a reference for all measurements of the potential of

the d.m.e. In this way a possible ~ correction was avoided

and liqUid junction potentials were eliminated. The latter

were fou.nd to be serious fJ'om 0.1 - 0.5M HCI0 4 when a S.C.E.

reference electrode was tried. The observed El /2 values re-

ported in '1'abl e II were obtained by plotting log(id-i)/i v. s • E,

as in Fig. 4; they include the change in potential of the hy

drogen electrode due to the change in pH of the solutions. Tae

potential of the hydrogen electrode in each of these solutions

was then calculated and subtracted from the observed El / 2 to

obtain values of El / 2 v.s. the standard hydrogen electrode

(column four of Table II). At the high acirlities (0.1 - 0.5M,HCI04)

the concentration of acid was determined by titration and a

mean activity coefficient of 0.75 was used to calculate the

corresponding hydrogen ion activities. The value 0.75 is an

arbitrary average based on the data given by Latimer9 in

9W• II'[. Latimer, "Oxidation Pot~ntials", Prentice Hall Inc.
New York. 1938, p. 323.

, ~....~_ ...__~~.__._' _ ..._~_.~ .......... - ..--...,-r.-' ...-'.--...-' -._._ ...__._, __ . _

which it is found that )( ± of perchloric acid changes from

0.80 to 0.76 in going from 0.1 to 0.5 M HCI04 while that of

sodium perchlorate changes from 0.67 to 0.76 in going from
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0.4 to 0.1 ]A NaCI04' 'Ihe assumed activi.t'y coefficient affects:

the apparent constsncy of El /2 .from 0.003 to 0.096 M HCI04;

the actual value of El / 2 v.s. N.H.E. It does not alter the

observed constancy of El / 2 from 0.096 to 0.482 M HCI04 • An

error of 10% in tlle assumed activity coefficient makes an

error of 2.4 mv. in the reporten value of E1/2; we believe

the value used is correct within 10%.



UCRL-27
-14-

TABLE II

HALF-WAVE POTENTIAL OF U(VI) TO U(V) AT 25°C AND IONIC

STRENGTH 0.5 IN NaC104, HCI04 SOLUTIONS.

Obs. El !2

(v. )

E1!2(N .ILE.)

(v. )

0.214
b 0.0630.0028

0.130 0.096 0.072 0.062

0.101 0.289 0.22 0.062

0.088 0.482 0.36 0.062

aSee text for experimental meaning.

b"a d with a quinhydrone electrode instead. of ther" easure
hydrogen electrode.
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Since the U(Vr) species is known to be uot+ at these

"d't' 10 th 1aCl 1 les , e coup e has been shown to be reversible, and

-----_._-----
10 W. E. Harris, Ihesis, University of Minnesota, 1944.

Also available as CC-2702 •
._--_._-_._---------_.

El / 2 is independent of acidity, the principal U(V) species

frmn 0.003 to 0.048 M HCI0 4 must be uo~ 0r a hydrated uo~).

Substitution of the value of El/2 and the previously

given values of the diffusion coefficients of U(V) and U(vr)

into equation (3) leadS to the result:

= uo++
2 +

~~Ee~~cs of Dispropor~i~n8.~!?~_?f~Lyl- n~e acidity of sodium

perchlorate, perchloric acid solutions of ionic strength 0.4

was varied from 0.02 to 0.4. The rate of disproportionation

of U(V) was determined in these solutions by measuring the

U(V) diffusion current at O.lv. v.s. S.C.E. at thi~y second

intervals. After U(V) had been prepared by electrolysis of

u(Vr) in a slightly acid solution of the required sodium per-

chlorate concentration, the desired amount of oxygen free per-

chloric acid was added, and the solution was mixed by a stream

of purified hydrogen or nitrogen. Oxygen reacts very rapidly

with U(V); the rate is comnarable to the rate of disproportion

ation of U(V) at the higher acidities. Since the U(V) concen-
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tration was always millimolar or less, even traces of oxygen

caused difficultJT. At low acidities the initial U(V) concen-

tration was only a fraction of millimolar to avoid changes

of hydrogen ion concentration during the reaction. At high

acidities, the initial measurements were made at small concen-

trations because the disproportionation was too fast to be

followed until most of the U(V) reacted.

The amperometric titrations of U(V) previously described

showed a linear dependence of the diffusion current on the U(V)

concentration. In view of this fact, a linear relation between

the reciprocal of the diffusion current and the time, observed

for a typical run in Fig. 5, shows that the rate is proportion

al to the second power of the U(V) concentration. In all

cases from 10-3 to 10-5 M u0 2+ and from 0.02 to 0.5M HCI04

this second order dependence was found. The observed rate

constants corresponding to the expression:

are tabulated in Table III. Unless otherwise indicated the

hydrogen ion activities aa+' in c01Ut11n two/'ggf~ined from the

observed potentials of a quinhydrone electrode and they have

this experimental significance. The last column shows the

first order depenc'l.ence on the hydrogen ion activity.
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Fig. 5 Typical plot of the reciprocal of the U(V) dj,ffusicn
current against time.
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TABLE III

RATE OF DISPROPORTIONATION OF U(V) AT 25°C AND IONIC

STRENGTH 0.4 IN NaC10 4 , HC10 4 SOLUTIONS.

k~J·
C

k~ 'I aH+a:a+

( lE.,olesT
1 -1 (moles')l sec-1sec

1 ) \ . 1 "),
2.77 0.0216 128

4.69 0.0365 128

6.76 0.0555 122

9.64 0.0711 135

10.8 0.0843 128

25.9 0.197 b 131

35.2a 0.260 b 135

43.8a. 0.318
b 137

a 0.322 b 12640.5

Av.: 130 + 4

aIonic Strength = 0.5

bActiVity calculated as described in connection with Table II.

cSee text for experimenta.l significance.
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Tb.e accuracy of the results is probably less than mig..h.t

be concluded from the precision.

From the data in Table III and the evidence that the

U(V) species is UO~ the observed rate law is:

. d (UO~) :::
----dt

k2 ::: 130 + 4 (moles/I) -1 sec-l at 25.0 o C in NaCI04~ HC.l04 of?::: 0.4

The effect of ionic strength~ over a limited range, is

shown in Table IV. The rate of disproportionation was deter-

mined as before, but in 0.1 M NaCI0 4 solutions of varying

perchloric acid concentration.
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TABLE IV

~IE EFFECT OF IONIC STRENGTH ON THE RA~E OF U(V) DIS

PROPORTIONATION IN NaCI0 4 , HCI0 4 SOLUTIONS AT 25°C.

0.119

0.137

0.156

0.174

0.192

0.281

0.40

k ll

2
(moles/I) -1 8eo-l

1.67

3.08

4.61

6.41

8.29

18.9

0.0214

0.0383

0.0577

0.0725

0.0852

0.158

0.02-0.3

I ,

~2/aH+

(moles/I) -1 860 -1

78

80

80

88

97

120

130
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TI!e data in Table V show in increase in rate with an

increase in ionic strength as would be predicted by the
II

Bronsted theory for the proposed reaction mechanism in which

the activated complex is (U02 UOOH)+++. However the experimen

tally possible ionic strength range is too high and too limited

to permit a detailed analysis of this point.

Mec?-api~~_?f £!.ElP!.?J~.?.r~!o~~io.~ - The most probable mechanism

of disproportionation in acid perchlorate solutions is the

following:

UO+ + H+ ::: U00H++ (5)2
I

Uo+ UOOH++
k 2 UO++ + (6)+ + UOOH2 2

UOO:a+ Stable U(IV) species ( 7)

In calculating a rate law corresponding to this mechanism of

disproportionation the reverse reaction can be neglected be

cause the equilibrium concentration of U(V) is negligible.

If we let K be the dissociation constant of uoon+, the above

mechanism leads to the rate law:

I
::: k 2

K

Comparison with equation (4) s11o'ws that the experimentally ob-

c l served k2 is then approximately equal to k~/K. From the f ct
~.
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that the U(V), U(VI) potential was independent of hydrogen

ion even in 0.5 M HCI04 (see Table II) the value of K must
I

be greater than 10. On this basis the value of k2 must

be greater than 1300 (moles/l)-lsec-l in the perchlorate

solutions studied.
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