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ABSTRACT
IAN ANDREW HILLCOAT A

. /
; - PREDOMINANCE AREA DIAGRAM OF THE FIFTH STATE or
- - URANIUM
. . g P
T - The predominance area diagram of S

o

" uranium (V) was determined. Generation.of

the species was agcomplished by electrolytic ‘ :

reduction offuranyl (VI).ion. Measurement of —

the ratio of tﬁ; sixth fi?th and, other oxidation
< \\.&-.J"

states of uranium was carried out by polar-

(RIS - SRR DY IR N

. “  ographle techniques. The results define a larger o .
b ‘- " area of predominance of uranium (V) than was - ) Lo
) previously believed, but support the 9xtrem§1y

short lifetime of the species.
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_ Introduction:

. Uranium, the heauest na‘t'.urally oceu:ging

x

~
element, owes much of 1ts :74;{ to one 1sotope

“whose relative abug‘dance i less than one percent.

One pz.und of 0235 can thebretically produce .

§.2 x lQ1 calories of heat through nuclear »

«

fission. : - o
3 o B - ; . ’/ N
Much early investigatiop was concerned
. with extraction and isolation of uranium fro

‘. mixed bxldes.  Begcause the tfemendoﬁs differences

4

in physical propertiés between compounds~of different
'\‘ * i ' .
oxldatlon states promised posgsibilities of easier

- -

- b R ' N .
separation technliques, a large amount of information .

on the descriptlive chemistry of uranium has beéen
.- . \ . tay

collected..

Uranium in its ground state un-ionized .

‘configuration has the noble gas radon structure

o

pius three 5f, one 64 and two Ts electrons. Energy

+

tables show that the 7s is the lowest energy level

quf ‘theé three. The 5f level drops belowiéd at about

actinium. element 90. Hd#ever, all thre 1evels

+ are situated 1,'n a band only ‘gne electron volt wide.




N

y -

2o ®
v

, With these facts what can be,said about
' « iy ‘
‘hypothetically stable oxidation ptatep? Removing
" three f electrdns and one d electron, the_+3

configuration. wojhd yield a radon plus 782

1 o

~
£

gonflguration which by\élassical rules would be °,
\ » _— )
N a relatively stable oxidation state. Six fold '
lonization wduld yielﬁ the radon electronic
€ ’ ‘. . .

. configuration which would also be expected to be

., stable. The other posgabilities are more compie;E %
' TQe o;der of electron’removal 1s not certain éndh?
has been ;ﬁown2l to vari with the'physiéal-staie . .
under study and other factors.: _ o o
| ¢ The first,fhree ei;ctrons removed, \

'
_however, are the 64 and two Ts electrons although

some ,clait;s’36 are m;de for a éf'QGd U'(fII) configuration.

. __-;M state and the 5¢1 U(V) state should be less

‘stabie than the U(IV) .and U(VI) séates as no half -
filled or filled subshells exlst. It-is knoﬁh

from spectroscoplc and magnetic Susceptibility

5~




« _data that. the 5f. elédtrons become,relatively T .
- ’ . - . ' - . o - B . ) ) ’ .
- -*  more tightly-bound as the. positive charge on

the nucleus increases. 36

The increasing positive

-y

Pad . . A
charge of -the nucleus mustﬂ, by the-third

. 1onizaltio‘rf, render the "lon considerably more ‘-

! N

stable than the U(IIX) ion'whict} contains a less * |

* - - . ) : : ‘
- affected d or s electron. S - \

L.

1 The oxidatiopustates of uranium e
.?ctually observed ére +3, +4, +5 ah:i 4+6.
X Uranium (I]'iI) oxidizes in wate’r with the evolution
of hydrogen, but is relatively stable in strong

v acid.

)

Uranium (V) disproportionates very quickly

to the (V) and (VI) states however. Thé solid

‘ ‘compo;mds of uranium (Vﬁare morey,\sable than .

Y

.their aqueous solutions, and so thgse will now L X ‘

be examined. ' ‘ - . .

. ¢ < ' . . .
) o The earliest compound reported16 wasd. . .

,UCIS-i’ClS, f‘ol]p,wed in 1874 bysthe cha_raéterizatior] .

of ‘I‘ICI-S. This latter compound can he formed from - .

L

the. tetrachloride and chlorine at elevated .

b




= ‘ témp;r;ture but decomposes rapidly over 100°C
back to'the reagents. ucl, ﬁgper:vacQum and ' &

S at e;qyated,iempe;;ture disproportionates to

-~ ! the %etraéhloride and hexachloride. The &ompound .

may also be formed35 by liquid phqye chlorination

[
L
, 3
&! g - 13
. LN ~

3 . -

v

-

”

Y

of uof)'witﬁ‘EE;bon tetrachloride as follows:

: 250% - -
+ 60C1, ——_ 2UC1

g * 600C1, fu'CIZ X ﬁ

( R

The first preparatibn61 of UF_ was

5

_ % .o
accomplished by-‘a dlsplacement reaction involving
( ‘ : -~

,.UCli'ahd hydrogen fluoride. Later it was prepéred
*  as follows>>: _ - \

LN




§ 3 ’ . . N . oo
L y ’ . .
20c1§\+ 10HF (ﬂl;%dx)éus)—e-&zm‘s + 10HC1 + CI,
- * . - .
' -
(: ' ’ s . ‘ ' /\ h .
-~ . ‘ ) :
| §,’ - o and 5¥'v ¢ -
} /' Kl ,
. ¢ ¥ ~
- e
200° :
In:4 + lipz — UFS - P

e

An interesting reaction30 inydlving UP)y and
UF6 %z;'ofdnces two crystallographically different forms of -

UF; and two mixed oxidation state compounds.

) e -
Another metho/c} »‘involving a continuous gas ,
‘ i:hgse procedure7o, 82 oy e
- 1 ~




A}

,.Ali'UEﬁ'cpmpounds violently disgroportiona?e‘ 4

. ‘ .

ubon hydfblféia The pentabromide prepared by

Prigent57 in 1954 is very unstable and difficult to

1solate unless addition comaounds are ~t‘ormed* The

pentaiodide has never been obfained 1n pure compound ,

form. ) L

-

Compared to the halides a group which

L 4

may be referred to as halo complexea is definitely.
£ .

" more stable."

v

A\

Addition of a singly charged cation M

to the hexachlorouranate ion (UCILg ) results in

formation of MUClg compounds. Oxidation of

UClg in CH§N62 solution by-Cl, at approximately

N A A R M e

in the preparation of‘tep;aethyl

- CHip)y NiC1g,
and tetraphenyl arsenic hexachlorouranate

‘.(cbng)uﬁéuc16.  (MepHN)UCIg,

Meanﬂ016, PraNUCI5 and RbUCl, was carried out by the

85°c results62

ammonium hexachlorouranate (CH3
The preparation of CsUC1g,

' addition of the chioro salt (i.e. MeH,NC1) to a

' thionyl chlo;ﬁde solution’ of uranium (‘V).5

N
Cod . - A -

: ’ v
v » . : '
. - . .
' . . .
* ' . Tr
N *
L) B
. .

~ -
. .
N
,
. .
.

L1 . N
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.- pared

_have ‘also been isolate

Although sensitive:r to Toisture, these compounds

are much less sensitive to heat and some, such as

i

(cbﬁ;’) 4ASUCL, have sharp m:lting points.

Bagnall, Brown and Preez> 1solated

A

tetramethyl ammonium hexachlofquranate which is
sufflclently stable so that decomposition does

not occur until 245°9C. , .

. -

o " .

The flﬂbrocoﬁpounds of uranium are
eaeisr to isolate vecduse of better cryé£al
packingf Compqﬁnds of the form MUF, where M 1s
tithium, sodium. potassium, rubidium, cesium,
ammonium, silver ‘orltnaklium have been pre-[\\
4,54.55.7.58.53 using an appropriate salt

gucn as LiF anovUF5 in H¥. The ammonium salt

can also be synthesizea72 using NH,F and UF

at igb°C. ir a solution of U(V) saturated with
'ﬁF is coo.Led,24 two -hydrates of Kgﬁb precipitate.

Subjecting (CgHy),AsUlL, TO 40% HF produces

(0535)4A§UEG-63 The following types of compounds

a; 58,23,25,22

.
N -

(NH,OH)UFg, NOUFg, NaHg(UFg)p and the heptafiluoro

-




| o T _compound MéHGUF7. Cobalt, nickel or copoer

difluorides dissolved in HF react withseJ UFS

rd ' N

Ryan®3 oxidizea UBrg®- with Br, in

CH3NO, to obtain UBrg~ and prepared the tetraethyl:

ammofium and tetraphenyl arsene UBrg from this.
' .. R
Condensation®3 of HI with-(CgHg)yAsUC1g followed

by evaporation results in (CcHg),AsU which is
676/4 -

much more stable than 016'.

2

- W
-

.. products can be formed by the addition of another /

neutral. molecule to the entity st. . The resultant

28,9

molecules are probably best representeo as M*.UXG'

as in most cases coo;dinétion t6 uranium by the

36,3 -

molecule is unlikely. The reactions

.

4

UO3 + 4PC15———e— UCIS'PCIS +~3P0C13 +’.%C12 T

a

3 2

o,

200, + 8S0CL, (excess) ::;a- §3f15-30012 + 650, + Cl

to‘yield‘ MUaFla.xHQO where M is tﬁe metal: - s

In addition to -these ionic types of compounds,

N




. B

]

- .l

A

o

A

- addition compounds have been formed ™ using

—

result in products which exhibit greater o
stability to heat, although rapid hydrolysis and
,resu;phnt'disproportionéiion occur. Two other

knoqn5‘compounds of thils class are 0315(06H6)3?0 -
\

. -
_and 00;5(08317)3Po The. molecule UClg(C1,C=CC1COC1)

]
has been 1solateds5 and this differs from the ébove
,types 1nKthat a coordinate metal-oxygen‘bond existé.

" Like all other compounds of thls class, however,
rapid ﬁydrolys;s occurs. Both Upls and UBr5

12,65

phosphorous, and arsenic containing ligands such as

(CgHs) 5P, (CgHg)yASCHCHoAS (CgHg), , where the

metals can co ordinate with uranium. C (

Thé 1érgest group of uranium (V)
.compounds prepared aré those of the for& U(OR)S.“
" where R= alkyl or mixed alkyl, fluoroalkyl, amino
alkyl or sulfide alﬁyl._ Thg,basic reéctions'fail

. into the following pypes?’3% where R and Et are

alkyl and (gans)'réspectively:




. i 10 3
: .r
( « . .
‘ : . 0, or Br .
1. UX, +°4NaR —s= U(R), -“——% U(OR), -
d ) -4NaX . NaR -
. ' Oz'br Br2
b 2.0 UX, + 4ROH + MNH;—= U(OR), —2—% UOR); . :
j C Y X NaOR o3
; 1 ) ‘ ~— :

3.0 UK X

. + S5ROH + GSNH, — U(OR)5 : %
CL -SNI-I4X . . -

-

4. U(GEt); + 'SROH —> SEtOH + U(OR)

, v
B \ ‘e

- - . -

+ o
< - * .
s
e . A «
‘ 1 " 1)

S . | ) 5. (CSI-IGN)ZUOCI2 +j5NHS + 3ROH = . : 3 ce

' —_— UO(OR)S + SNH4C1 o+ ZCSHSN
B ’ ~ 15,
e ¥

. 4

| - - ' ' :
‘ . o Azuo(rjmﬁ——;s — U(OR); + UO,(OR) - | ~. -

3 .- ’




) C 11

i o . ) ) , 5:) - N
TABLE I ° ‘
& Alkoxy Compounds of U(V) “5,10,11,3‘4,585 o
, ; . " State M.P. or B.P,
U(OMe); .- 1. - 145
U(0Et) g " 180
U(OPr)é . 1. 181
U(Oil?r)s , 1 . 150
1 5 )
~-u(o1Bu) 1 192, "
0(0331.1)5 1 175
U(0tBu)g 1 120
. . ‘
| U(OAm)5 1 ‘ 246 | }.
. , U(oqnzcngipr)s 1 o5 |
. locRcEHe) T
~ - A | L
. U(OCHp1Bu) I 165
p © U(oCHE,)s S 8
c ‘EIOCHPrMe)S 1 175
\ ' U(OCHiPr) 5 -1 ‘.. 160
U(0CMegEt ) - //“\\ 1 130 .
/ 2’5 . .
) H(OCMeairr)s \ 1. -
'
’ »

&

BN ORI v g
IR C . IR LTI TN P SRR I




. S T
Table [ Cont'd. Alkoxy Compounds of ¥(V). -
J wl R | . ' .
' NN > - State M.P. or B.P.
u(oCMeEb1PT), . - ;T
u?(om:)s(omu),5 | 1 150 )
. U,(0Et)y(0tBu)g . 1 150 * ey
| ” u(oEt) (0tBu), T B ,
- Yo, e ’ W y
| . U(OCH,,CH 032)5 e :::,“11 : 178 )
U(OCH,CH NEE,) - s
’ U(0CH,CH,SCH,CF5)g - - ‘
U(OCHQCF3)5 , Y _’.4125 ‘ ,
' , ‘/ .
| o - y .
I3 where: .
! Abbreviation . ° /Memical Species
. Me . v . CHa- " e
., o v <3 _ ) 4
- S ) " Et ' G, Hg - :
¢ ' " Pr ‘ .- c’3“7;
Pr (cHg) ,CH-
Bu L . cqu- C &
. ow 1Bu o (cn3gecnacn- |
- o .. tBu " . CHz) <C-
\ - , (CH3)5C-. :
~ Am e . C.H,, — -
) : 511. oo £
B : . | 4




are three hexaethoxy U(V) compodnds. ~
NaU{OEt) T
L alem)g), b .
i ' - >
‘ fl(U(OEt)6)3 ‘ - _ —
- RN : I S
. , _
By reacting penta-alkoxides with o '
* arylhalides in dry benzene, compounds of the )
. : -~
- \
form U(QR)S o X, have been obtained;33’11@5’§ )
. . = * . L . )
Table II 1ists these although few conclusTons can
be drawn from the sparse data.
@ . -/

B
: Ty |
|

L Table I summarizes the known3Y»,10,11,5,68

. !
compoun s“ o N " '

- ~ . AJ
- - [
s

-These‘combounds once égain'demonstrate'.

—

increased thermal stability over the. corresponding

.

éimple alkyl entities, but are very sensitive to e

L

molsture. They are relativeiy volatlle,: are ' , -
: T ) \ A
soluble in organlc solvents and exist predominantly

as. dimers and trimers.

) , . . ot . : »
~ Similar to the above, .but more lonic

330 ,

sy

Bl v Lo g e NN Lt Pl



TABLE IX

p
) / . “’ Alkoxyhalo Compounds of U(V) 5,6,11,33
‘ , . .

- ' . Melting Point
{ U (0Bt) G- 160°C

} U (OEt)3CJ:2

Iy
r
U (OEt)2C13

s

U (0Et) Cl4CH3COO Et .

U (OPr)401

U (OiPr)4C1
U (0iPr) 3&2
v (OiPr)2C13 o
U (0iPr)Cl,-CH,CO DiPr

U (0Am) 491

U (OEt)‘43r

U (o Et)3nr2 . \
3 )

CH _COOEt
4 3 '

U (o Am)4 Br

v (o Et)zBr

U (0 Et) Br

v’ (0 Am)2 Br3

- CH ,C00Am )

Li] (o. Am) Br4

where 'the abbreviations are as in Table I.




-

. Four rather interesting compounds Jhave

k]

~

¢

been isolated11 for which physical data are I ' ’

3 ¢ - - -

K S0 - available, Uranium (V) trimetbyl silyloxide‘is
. . . .- . ‘, C ‘;,
L./ the lowest bolling (IhOOC) and most polymerized.
1/'. ? ' . J. ) .
| The ethyl dimethyl sllyloxide boils next (155°¢) : «
{1 /\ - ! N

v

. ‘ and 1s,significant1y less polymerized. Diethyl ' ‘
methyl-silyldxlde;U(V) boils higher still (160°C) ' {?

- and’ is only slig@_;y dimerized. anally the triethyl .

*

compound exists as a monomer and ‘boils at 170 c.

v

Boiling points seem in contradictionito densest
v 4 .
packing, which 1mp11es that the electron ‘density increase

on oxygén due to the higher 1nduct1ve effects of

the'ethyl group pompared to methyl, 1s the most

>
factor in cohesiveness. This 1is

+

, signific

. partially confirmed by the higMEr boiling point and -
* i

.h ¢~ dimeriza lon of U(OSi Me3) versus U(OCMe3,)5 :

where of co e carbon 1s more electronegative

than silicon.

X

Tt 1s also known thatsit is possible

{' to coordinate ligands with the penta-alkoxide " .
N . . . .

*



»

(V) group. The molecules U(stu)5:tBudH and

U(OtBu)S._Py where-Py is pyridine, were 1solated

" by Bradley et‘al.11 . A group of less stable
N e v&

amine complexes®which may be reéresented as

| U?bcn?ép!é)sxn, where

Ed

< : ;o

N = ZMe,N ,"2PrH; , 2iPrH; , 2Pr,M

¥
" L}

has been characterized.33

L}

~ »
By dissolving U(OEt)5 . in benzene and

‘adding molar amounts of various diketones, the

compounds listed in Table III have been synthesized.6

. ’ T w

L




1 Diketoné Derivatives of U(VY Pentaethoxide

¢

4U@DEt)4
U(OEt)

U(0oEL)

3

2

U(?Et)4
e Bt ~

u(o )3

U(ost)z'

=U(0tBu)4‘

U(dtBuIz‘

~

oU&OtBu)z

- vlosm,

-

U(OtBh)z

\ l ’ -«
TABLE ILI

.

118

érc

“drc

110

drc

drc‘

- 195

210

" 215

A

6

v‘;“




'Y

s e

“ -,

C .

_ The butoxide éompoun\ds wéye formed by refluxing

»”

‘-the ethoxy compounds with tibutyfg alcohol :

unt1l exchange occurred. As a general rule the
\ U . -

tetraethoxy or 'tetr_-abgpoxy 'complexes are

thermally\more stable than the more substitute&

’ Eompounds, probadbly due to the more symtpical

-~

and stronger U-0Et bonds. d .
N . . ] .
o Finally 8 -ketoesters h}ve beén ‘

f'ormeds". using. the aforementloned technique .

to prpduce the compounds. of Table\IV. . ‘
o - ' - efa
e ’ 1 ‘\
< P "

s -
: &
- » 1 -NQ‘ 3
v i ¢
. .
¢ » 4 .
A . “
- -
[ ,. o
-~
& -
.
’\ ) T it
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USOEt)z ‘(ﬂeacaclall'

4

U(OBt)4 Etacac

&
N U(oat)s» (m-,acac)2 .

'S

\U(OEt)2 (Etacac)3 -

where Meacac and Etacac are'meth§1 and

L]

b ’ .
~_ethyl acetylacetonates."




o

These, from the limited data available, appear

/ .

more thermally stable than the acetylacetonate

.complexes. Q\ k
;;
- ._,/
. Pentavalent uranium oxide er

the subject of a thorough crystallegraphic

_ study after 1t was first made by Rundle et a1.52

The violet crystals can be prepared by thermal

decomposition of U0,Cl, at 900° or by the

»

action of dilute sulfurilc acid on’ 0308 or

U0, RT,SO’ but the temperature must be kept

below 160° or U0, 1s formed. Oxidation at

A3

,yoom temperature yields U5013 but decom--

) ) o
position occuré into U308 anﬁ Uu 9 abovec{250 .
Many. crystal studles have been carried out ie~

Q\,
arder to properly identify the great number of.

\c

'apparent oxides repdrted. For example the

species UOZ q0.52- is gropo§§d50 for Uéb5

. hnd,this occurence of UOE is probable in miny

)

non-stolchiometric oxides such as 0308, 05013
© &nd Uy0,. ) ‘ '

R




o s e - !
L2y
1 ! T *
| ¢ . ¢ .2l |
| ‘ . . - . \
\
\ i o ’ ’ ,‘ ) . ! .
’ Flve types of oxlde compounds that exist 3
i ) : _ 2.
are composed of U03+; U02+, ‘003 y 0206 and
- R B} P ] 1
U0u3' and the required positive or negative
} ' ‘
2 - ions. = -
. 5
. A ) ) C i ) “ ;' '
% . _ » Mixed metal oxides are very common, ®
! ‘ ) g
but 1ligtle physical data have been reported. ' R
s ‘ B + * + . Lo Ll
. Thq group MUO3, where M is Li', Na°, K or - > E:
* S 26,17 / 4
Rb" 1s prepared - By heating Meuoh with - :

Uoo at 700°C. The following reaction hds also

64
been reported: '

550°C | ' S N

B Bal0, + UOg -—M—2—> Ba(U0z) ,———> BaUO4’ + U0, L , g
C X
— ) ’
. |
A . These UO3' compounds, dissolved in water, are

sufficientl& stable that they are not affected by ' : ‘

N ' hydrochloric or sulfuric-acid and dgugot cause

«~. .. alkaline reactions with water. A

-

) B : s
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| M,05 + vo, + W0 ——a MO, .

.Another type of mixed-oxide 1s represented

-

by MU0, where M=Se3*, v3*, wa3*, sn3*) " mS*,

3+

,‘Gd3+ and Yb ‘These may be synthesized by the

r . ]
v

1000% - .,

followfng reactions:60

3 4

A

MOz + Vg0

\ \
- <

Unlike the univalent metal types these are

oxidized by acids.

[
-

Compounds of the form 'MUQOG are’prOQuceﬁ

as the result df thermal decomposition of ..

‘'

dluronites (U,0,°7) or by thermal reduction of

the +6 diuronates at 600° with ammonia. The

compounds with M=Coo', N12¥, wMg?*, a2t

N1+, K+, ca?t, srt, Ba®t have been repdrted.38’8
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B A {The compougd UoéBr, with an infra-red

spectrum expected of a U02 compound (much
-like uo,, 2+ Y. has been synthesized51 utilizing

the following technique:

t Y

2 . 20, . h - ¢ ‘
.o . U 250°C [ .
o + ZHBr ——» UO,Br + %Br + HO
A '3‘” 4 - ' T2 ‘ - : 2 2
. ﬂ‘his compound, stable to 500°C is the
only 002 type yet reported ‘
1.1 . \< . - ) -
. By the reactions: » J
: ) N
MoCl5 + U03 — 1102(-312 + MoOCls ‘
. LY 'Aﬂ
¥
U02C12 + Mo0f‘13 — UOCl /)bOZCIZ ,
- ‘\\ A‘/ *
. ' ’ . v : A
o . = .o -

’ o;tychlorid'es and ox&bron{ides have been prepared.
~ Vi '
) N \r,

. They have also been prepared by {efifingqsg uc1,

1
4a1f|d 002012 | _ - ,’ . ) ‘ ,
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The re'action57 of carﬁon tetrabrom'idé

- . ‘and uranium triamide at .110° under dry nitrogen
AP
. ’”
yields . UOBr3. . ' A

v 8

The reaction of UCl., SQCi " .and
“ > 2
pyridine in alcoholic solution ylelds? .(pyH)2D’0015. ~
| X ' '
The compounds (EtuN)eUOCIS,-(PhuAs)2UOCIS and

63

(EtuN) 2.U"'C)Br have also been reported. As

3
with all U(V) compounds, they are unstable to

moisture despite good thermal stability.
. ‘ o - .
U(V) compound¥. in molten chlorides

have also been.studied. ~Adams et a1l found
characteristic -bands, especially the 'bredominarit
one at :1;500 mp, for melts containing U02012,

,U3°8 and 003; with various MgC12, LiC1 and

- . - +
“KC1l ratios. They attribute ‘t\he/baﬁd to U0, by

gnalogy—‘v'l\ith the similar spectrum of 1so electronic

+2 ) ‘
NpO2 wh

also possesses a single 5f electron,




‘cell and the value was found to vary from 5.6 x 10

‘to 2.1 x 10 ".

25 . o

Uo,CF, === U0, L1 + X1, " for  UOCl,
and for UO3: -
uo, ¢+ I*PCIZ — Mg, + uo,C1

MgUo, +  MgCl, — VO, Cl, + Mg .
- Ty
followed by . ' 7
S o . \
Wzll, == U0l + XK1,

~

. ¢ Subsequently ,69 the equilibrium constant

for the reaction C1~ + U02+:-:i'-‘ UOE + K,

. e,
‘was measured using the chlorine pressure of the

6 : ’ i

<

Equilibria of Oxidation. States -

~

The a‘queoi\s ~chemistry of uranium is

~—

more complex than that of most elementg because

of the occm-renc'e‘ of four oxidation states and

)

compounds v}ith coordination numbers up“i:o.and

. even exceeding 8. ' N

[
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basis .for estimates of the behaviour of U(V). ' 7

P

Oxidation state (III) exists principally -

in acid solution, but 1is rapidly oxidized by wé@:er

to U(IV). The U(IV)'oxidation state is first -

formed as an unhydrated 1on, for instance on

dissolution of UCln. According to Kraus and Betts, l&3 49

this quickly forms a monomeric species according to _

the reaction:

/

o+ B == uym* + W
followed by U(UOOH) polyme'rization.36 The

higher polmers or polynuclear complexes, U(OH) lt

which exist at higher pH, are all solids. o

L 4

apd er

. ° - ,

X

The most stable oxidation state (VI) has ’

been the most extensively studied and@ provides a v,

¢

Data from x-ray crystallographyls, 1nf'ra-red13
8,13

and Raman spectral and oxygen exchange with

water® confirm the O - U - 0 structure and
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!

;, | this leads to U022'+‘ as the most Gommonly

'E_ : ., accepted species, at least at lower pH. Except
at very low uranium coﬁcentrations or at_high
";‘)H,‘ species such as U02(0H)_+ 'or UOZ(OH)Q are
not; iudged to be very signif‘icant.nz., ’ |

C As with U(IV), polymer formation is 1mportant

N

and has been the subject of‘ much research 19,3, 31 32

Sutton™® proposed the f‘o;Llowing scheme ¢ v o ' ot
4 2U02+ + H,0 —-."fi U0, (U0.) =1.1 x 10-6 e
- 2 ) 2°- 2 3 * ’

* . : > (1)

. 2+ 24 - 2+ 3
U0 + U0, =— U0, -+ _2H K=5x10
275 2 » 378 T A o
o ' A

VOt e HO == uQ o + u K= 28x10

-

-9

-4

"

- . =» . . *
.

N 1

: 2 . o
However, Ahrland et al concluded that sheet-
. . ‘ R

1ike comblexes with two OH bridges per repeating

- unit of tpe structure ,002[(03)2002_'“,, where n

+ -
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is not known, occur.

Knowledge of the redox relationships

of the four oxidation states provides more. . ¢
- insight into the stability of U(V). The

reversible U(III) / U(IV) couple has been -
s v

llneasuredu5 and found to have a formal potenfial
of 0.631 volts (versus QHE) which shifts due to . -

complexing. With chlq;ide ioh for instance, the

s

potential increases slightly. The U(IV) / U(VI)
.35

equiiibrium is said™ to occur as follows:

~

B o+ M0 = UO%+ /i at oL+ 27

s i R e 9 e T e W LR TR, e Sk
e S R R AN - Erigeey
-

2

with a potential of -0.334 volts: (versus SHE).. This
A )

f reaction will be dilscussed subsequently, but for now,

the potential of the U(IV) / U(V) irreversible couple

e A S S < B B

_calculatéd as Eyo + E56’ where Eyg and Egg are the

half ecell potentlals for the U(LV) / U(VI) and for

the U(V) / U(VI) couples respectlvely, 1s approximafely
-0.607 volts (versus SHE) and is strongl& inf luenced ~

. by complexing. R .
! i\ . S
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¢ With the above facts in mind, what can

v

be said of the species of U(V) that exist?-
29 ). . -
Herasymenko irst found a polarographic wave

- 1 -

attributable to a U022+ reduction to U(V), and

noted that it was indepenggn% of hydrogen ion

14 '

concentratien. -~After Corruthers confirmed its

o

dependence on uranium concentration ‘only, ani\i>

-

4 ° 40 s )
Kolthoff and Cohn , showed that it existeq :

s N -

significantly only in strongly acid solution,
. -~

7 showed that the reduction

Harris and Kolthoff2

-

was a one electron, reversible change occurring

at -0.18 volts (vs SCE). By analogy to the

¥

accepted uranyl (V;) species at that acidity, the

fact that no acid-hase equilibrium is involved,

£

and that the reaction is reversible and rapid,

1k’impl§ing no strong metal oxygen bonds~are broken

or formed, the latter authors cdncluded that the
.o'(,\ ' . P~ . »

. + ‘ e -
species was UO2 This was later supported by

y - e .
measurement of the diffusion coefficiént?g which

»
*

Py 2




1

was almost exactly the same as that for UO2

, In addition thq(abscrbance spectrum of UO2 is
very similar to that of iscelectronic NpOQ2 :
24+ Uy ¢
and 1ndeed ta UO2 . i .
Al /—\
'

The reaction therefore is represented

Cwd e 1 == uo; E0 = -0.062 ¥
where the equilibrium shifts more to .the left

¢ With increasing pH.*3

L

123

N
i

Probably because the spé!é of one ,
,electrqn transfers digcouragés 1nvest1gapi§ﬁ,
most kinetic‘and mechanistic studieé have been
carried out on the disproportionation of U(V)

into U(IV) and U(VI).  Kern and 0r1emann39 followed,

kinetically, the disproportionation of uranilum (V) .

perchlorateé in 8odium perchlorate-perchloric - acid

solution, After reduction by electrolysis,

1
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. , ) . . ~ s
. Y . -
. 31 T
various amounts of" oxygen=-free perchloric acid 3
! oo ' ‘ ’ - .o I ‘ 3
} — were added and the diffusion current measured - . 2
S L ‘ as a functlon of time. Second order kinetics - L g
: - ~ ° .. -
} . 1 . ) :?'
; were identified, and the following values are o | é
f’ * ' glven for the expression: A e , .
\ A ’ . ‘}’
. K ’ h ,‘1
d oy C L 3
v " “ : 2 ) . N 1
: ° e =X/ aHf.CUOZ) . ‘ i
-, dt ' . - ' 4
. R - - ’ .;;
i i ) - ‘
1 ' ’ .3 3 ‘ ) . - ) »
f N K/ ag = 130 , . (at lonic strength from - . :
i - \\u - ‘ ) -‘ ) i . B — ( .
\. , ; ’ C " . 0.02 to 0.4 ) .
2N ¢ ) R ' s
. . 'S ) < .
: . In another set of data,3° shown in Table V, Qe '
W
Brgnsted theory r}qu:}rement of rate dependence on ' ~
o DR . "~ {onic strength is confirmed. ‘fhis requires formation .
of %qut’er sphere complex or ion pair. , ' (
\ "y . ° . - . %
) . -, . {, TN . ‘ ) ‘ R N ‘ - F) 53
X - a \ N 2
N eyt L :
° . N < . . » ;j
LN . £y ! , “ :" .
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| | ’ ' T . Effect of Ionic Strength )
f, ’ il &’ -~ ) - ¢ ﬂ' N
LR N . Fl . o 39 ‘
) ‘ ’ on Disproportionation Rate.
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Kern and Orlemann-” proposea: .2
.»‘l’l P ‘
+ + ~ + L] . KIS
j? mg + H * L — 2 \?\ _ > a:;
’[t + ' 2+ 3+ Rate . -7 ’?f
w, + UOOH". —>  U0,(UOCH) ( Determiﬁ’fng ‘?}
3;1- . 2+ ] + ’ &“
w, W) —=  w;* + uod
¢ - - ’ /\V ' ' i
vocH' ——> ‘U(IV). species \ ‘
although they did not hattenﬁ_\ﬁ\o Jdentify the = C ol
U(LV) species. ' | _ . j:é‘
a < - L4 ‘;‘iz
In isubsequent paper on the p *“”
dispropor‘ti’onation of U(v). Nelson and Kr-auss3 . é
\, ° % « ’3:
usigg the Debve - Hiiekel theory and the tollowing 3
equation: - i
+ + 2+ + . .
Loy ¢ a0 S i A 61,0 k R

e M . 2+.
postulated the U(VI) species as being vo, and

' , ha
002c1+, the U(V) specles as being UV, *  and“the
. 4
e 3+
U(lv) species as being U and U(UN)~ =& Using

polarographic, spectrophotometric and potentio- E

- ' . M . v

metric methoas independently, equi Abrium constants o
o \ | <
. - ) ' . ,A
% \ - ' \‘\ "




~ /\ F
" were)ggrived anttall_were aﬁproximately equal,

thus fustit'ying the above spetiles. Agreement

with the Debve-Hiickel Theory was shown by straiéht | -
\<;\Q line dependence of log Ke versus

; .- \ . \ Q

Pt/ (1+0.3286 a%u%)

* ' . ‘v' \
‘I'ne formation ot Y(V) in solution can

pe abtlempted vy many methods, but in ract tew
work. he attempt49 to reduce a solution or \\~

/
U(VI) with hydrogen usgng‘platinized platinum

as a catalyst fa}led because 1t was tbo difficult j A{
to cBntrollthe ﬁydrogeq input and reduction to
the 6(IV) state occurred. ’ |

\ ' t |

e

Reductlon of uranyl chloride with zine o -
. » amalgam has also .been ‘l:riedl‘9 but, despite
initial and specific reduction to U(V), rapid

disproportionation occurred due to contact with

" the amalgam.

e

The dissolution of a U(V) compound -of

.. . //— ’ . R y 1 g
1

34 2 : R
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’ . » . “ ‘ - +
' o ~c;grse would apparently be the simplest method . )
except for the multiplicity of oxidation states

of uranium., The hydrolysis of UCl5 1in acidie,

c - . aqueous sqlution has been 1E‘ollowedl"3 polarographically
ai' . ~ ylelding the following curves of Figure 1.
The anodic diffusion current rises slowly until

[N

a plateau value is found when the uranium u(v)

— , .
, concentration becomes constant. Simultaneously
- . the cathodic diffus{on current deégys from the
S initially high value 'to a stable U(VI) concentratlon.

It was also found that the half-wave potential o

did not change and that the sum of twice the @

cathodic diffusion currentfgfd the anodic - »

diffusion current was constan >y The former

point indicates that no new U(V) species has been

N

formed. .In the latter case, If one assumes that .

)

}‘ | _ uranium exists only in the fourth, fifth or sixth

oxiéation states, then because the fourth and

L4 ¥

" sixth state concentrations are always equall they -

13

may be measured from the U(VI) value.

Ve

. \/
. : ' » .
\ . o , : . 3
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Dissolution of UC].S

‘Anodic and Cathodic
, w
. Diffusion Currents Versus Time.

(At‘ter K. Kraus and F. Nelson Jour. Amer. Chem. Soc.,

‘11, 2518(1949))

'
Q

-

@
Q

k,/

a]
lon current Jo, mm,

Anodie diffusion current I, mm,

— t . n »
, 20 ! - Goe i Where Ia = anodic
S ¢
A ©
{ ] 2 diffusion current due
: 1wl! &
i &
. % - . to:- v
M 1 1 1
- 0 0. 20 30 + 24
Time (minutcs). ) , Uo 2 -e === U0 2
A

where Ic = cathodic

aa : . : .~ diffusion current due

to:- l

A

N
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These fabts are consistent with the proposed

mechanism: v oo s

4

By measuring the hydrogen lon™activity . A

| during the course of the di@solution,"3 the

-
-

. .’ above .mechanism has been further sgbstantiated.

There are two possible explanations as

to why the rapid and complete disproportionation
\“ of 0015 to U(IV) and U(VI) in media in which <U(V) y
- ~ 1s most stable occurs. The possibility of UCl5 o
| being a U(IV) - U(VI). sol1d tgla;:rix 18 ruled out ¢

by the fact that all uranium atoms are geometrically

.bquivaient'according to x-ray data,71 and heqpe




a—

the compound is truly U{V). The dissolution
process therefore must involve formation of the,

metastable u(neo)n+5 specles which rapidly -

disproportionateg into U(IV) and U(VI).

L : \

Another method, based on the. above knowledge,-

is the mixing of U(IV) and U(VI) solutions in
order to ca;;§\qpt reverse disproportionation. As
with U015 dissolution, however, a mixture of 3
oxidation states would result and, as will gq
discussedAbelow; this 1s not advaﬁ%ageous. The

most successful method to Yate has been the electro-
chemical reduction of uranyl perchlorate and

chloride sblutibns:~ This yields high propoftibns
\

of (V) which are quite stable to disproportionation.

P The possibility of oxidation of U(I&)

to U(V) ' might be considered for a moment. Solutions

of uranium containing three oxidation states are

known*3 to be meta stable with disproportionation
4

«"J ’ '
proceeding quite slowly. A point is reached, -

-
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. ' »
\) 3 . | -

hydr6lysis. In order to reduce polymerization, 'y -

a
; of U(IV), the pH would have to be too high for _ .

sufficiently strong to convert U(IV) to U(V)

ey A Gl s Tl D 5 sl e caar A B L]

P

however, at which the rate increases rapidly.
44 _ .
Kraus et 'al believe that this is due to an -

autocatalytic effect caused by a U(IV) polymer
\ <

which exists only in traces immediately after -

U(V) stability. 1In addition, any oxidizing agent
‘ r

Y TR S

would also be strong enough to force the

kil Ly b ¥

reversible U(V) / “VI) couple towards its most f

stable equilibrium-where U(VI) is predominant. P

1

Hence, except for the case of rapid oxidation

" LS e Y, N
.

{amediately after hydrolysis of a U(IV) salt
and the use of some as yet unknown oxidizing agent,
the method is not a possibiiity.

e .
As mentioned earlier, thé electronic

N

. . . L3 ’ .
structures of the oxidation states of uranium are

not absolutely certain, but f electron removal
» -

~

and transuranic contraction definitely occur

'a,* SRS T
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starting at uranium. The so-called actinide serfes

may or may not start ﬁith actinium, but by the time -

U(II1)°is reached tne&e 15 no doubt that lanthanide ¢

type behaviour is roﬁlowgd. As a result uranium,

»

'neptuniﬁm and plutonium are very similar chemically

and all exist in ac%h solution with oxidation states

(I11), (IV), (V) and (VI) as:

1
-

| M‘(Hzo)gi’ T u(IIr) .‘ L e~
] M(H,0)8 u(Iv) . | -
; 3+ » ' N L . -
M(OH) {H,0)5 : : |
‘+ o '.
‘ ”
MOZ(HZO)G u(vr) §

1

- The relative stability to disproportionaéion'

in solution will be primarily due to differences in

L

Thermodynamically a process,ls spontaneous if the \\

redox potentials of the different metal couples.

free energy change is less than zero. For the

—

reactions:

~

PR S 2+ -
Moz. ~ MO2 + e E

56 S




N

"
P+ e

e ' ¥
> M -~ + ) 6H20' e MOZ + 4"

knowing that free energy is proportional to

potential, the criterion for’stability is that

a'difference in half—geli potentials be

-

" negative or: : N—

S

i
Table No. VI summarizes the values

versus the standard hydrogen electrode for

-

the elements under consideration. Only.Np(V)

would be stable according to these results,
however, the vqQltages as given by the Nernst
equatéph are functions of pH, and EhS becomes

greater by a factor of 0.059 x 4 pH. The
14

»

-~ ‘
value of‘ E therefore diminishes-and the

M(V) 3tability increases as long as the

postulated reactlons apply.




ko
TABLE VI

- , \\ Redox Potential Difference .

- o for U, Np and Puua\ ’ -

Element . E . | ’ E
- 45 36 _
. o " ,
Uranium o -0. 60 . -0.06 : +0.54
Neptunium -0.737 <1.135 -0.398
o » 4
Plutonium -1. 20 -0.93 - +0.27
- \\ . - )
3 -
‘\. i O g,\
< . '
. p . \‘(
- " N
v : ~ - - ~ »

i




respectively. Although the pK_ , for the similar

.The hydrolytic behaviour of uranium (IV) &

has been mentioned and for M(IV) near pH 1, it “
N
is known that the reaction:
M w0 == we® + ngt )
43 . . e
occurs. The pK values are 1.45 for uranium and
1.55 for plutonium. At approximately pH 1.5,
Pu (IV) polymerizesu3 with the rate proportional ‘
r . 1
to Pu (IV) concentration and pH while for U(IV),
- L 4
polymerization 1s not significant even at pH 2 3,
although the same general behaviour can be expected.
From the reéctions:
MO, + M0 === M,0H + HO .
w2 2 2 3
a ' N -
L§ 1 +
“Mo,0H; [H,0"
K =

\ - a‘.‘ +\yr ‘—2 ’, 1] - § *

(M0, [H0 .
tﬁhelMoe+ species were foundu3. to have pKa va%ges e

. -
of 8.9 and 9.7 for neptunium and plutonium-




TR o=

h‘u‘.

"’ -
.
.

:
-~

- H

+ L L \
002 reactlon has nof/yeen_measured,,tt'wquld

iogically be around 8./ As with Np and Pu, where

between pH 9 and 10 MO, (OH),” forms, UO,(0M);

. ~ o
would form above pH 8.

. |

~ N - o

Although known to be very complex (see

ﬁkpreceding discussion of uranyl hydrolysis), /M052+1.-

solutions are 504 hydrolyzed at pH U4 for U(VI),

at pK 4.7 for Np (VI) and at pH 5.4 for Pu (VI).
Above this the major species becomes MOQ(OH)Q and

- probably MOQ(OH)3' between pM 8 and 10.

’

In their paper, Kraus, Nelson and

Johnsonlm plotted pH - potential curves for
’ uranium, plutonium and Weptunium. The equations
. . >
used were, unlike most dlagrams, based on

practical hydrolytic andetial,data. wWith

. uranium for example, four parts were used:

-

1) At low pH the reaction between y**+ and .
3 N ‘ .

v0," was considered to be most ‘important

. ’ 2




'in determining stability.'

- >

The reaction is:-

0.' ’ .
. : &
for which E = E°° - 0.059 (4) pH N .
= +0.60 - 0.236 pH ‘ . ‘ 5”’*
2). From pH 2 to 4, the. U(VY / U(VI) couple ‘ =
' B - ‘ g
was used: . - v | -7 lé
. | . i
wr + 1o = uo . ' ?
‘ 2 € 2 -0 i : i
. , A
. o . .
E = 00052 VOltB. \J * i‘ .
3) Around pH U4, hydrolysis of 'U02+ begins, resulting
in a modification of‘the preceding equation. This X
is represented by the curvature of figure 1.
r . i
\ s . o |




’_,.//‘.J\ “ ‘ » . . > - \ 1 ) 4 ) r ° . .
. " - .. e wkt o o W eovmn e e oy R I p——— e "
o v . . Yo t ) K
L. ~ \ J
% ’ o] 46 . '
;. g . - " - + & .
4) Prom pH 4 to 8, hydrolysis of .U02' T —
“ takes place with the unhydrolysed U(V) / U(VI) =
couple vﬁei.frxg replaced by: b : -,
' , . . l
K - . L
0 + , - . : - -
tL T U0y 4 4H,0 === UO,(O0H), + 2H30+ +¢1le” . )
N The Nerng_lt type equation for 'the,preceding ]

J

reactio,uzs .unknown arld, as the reaction has. l
- never been rigorouslir studied,*the only knowledge

about the behaviour 1s that the‘ pK vaiue is "around 8".

4

In order to use the potential-pH diagram technique ' Ly

: ) 6
"" of Pourbaix, Delahay and Van Rysselberghe5 s the .

. «<chemical potentials (partial molal free energles)
. ¢ .

. ‘must be known for all species. This could’ not ‘ .
: ¥ - ‘ R > .
¢ ‘ » - z
be found for. the compound 1102(0!{)2 so thdt a ¥

. , .
best guess 1s derived as follows:. N

e .
G=-Rf InK=-1.98 x 298 x 2.3 x 8

- = -10856 calories \ ~
. S
. \

AP =10 a0 % 204 o ald
Yoo, (@, P p o THO
. ,, ‘ \ .

22 '+ 257600 - 4 (-56,
.-10‘856 "Jul’z'(a{!)z < 2 (0). + '237690‘ 4 (-56,690)




Hogan, © U3 celoses.

»

——

Using the Pourbaix equation for the reactioh,

and neglectihg activity terms as the concern

is with unit activity at the boundries, ﬁﬁg
. \ | *

v &

resdlt~1s: &

(0 .
Moo, (o),

H
:

- 453,504 + 237,600 +4 (56,600) _
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* In the pH independent region between

PH 2.3 and 3.5, the thermodynam}e\gta/bility of

+
the U0, specles is highest as A E 4s most

K]

rnegative. This opt?;.mum stability regionlm is / "
considerably \smaller for uranium than for

plutonium or ‘neptunium as ca;'n be seen from Table ¥II.
'I'h}s is primarily because of the high hydrolysi's ”
of ‘1‘702+ 'relative to Mofr_,+ for the two succeeding

] elements. - ; e

Method of Pourbaix.

P

For any redox reaction we maiy write:
. v }
PR a Ox + ci' +ne === b Red +d H,0 _
. A\ . . .
! ad fusted such. that the charge balance:

© ¥
1o ) ~

B ‘ ')Red -'an=cH+'+ ne - ' o

1 ' , ‘ .
is satisfied. Writing all equations with the oxidized v

1‘~ species on the left side and hence expressing the half

Z cell potenti'al as electrode-solution potenpial‘by the

procedure of’ Delahayﬁ6 electrochemicél equilibrium
) .. ' ' e < .
' is satisfled f¥: '
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TABLE VIT

Optimum Stability Range (pH)

by

of u(v), Np(V), Pu(V).

ELEMENT
Uranium

Nepﬁunium

Plutonium

*

—

0.S.R. (pH)
2.3 to 3.5
1.8 to s.g

0.3 to 5.4

N
v v
)
- a
4~
. -
a” P.
\
‘
.
A
.
s
o
-

©

= - PR &
ol A, Y s g o T e
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srsson fpthe 5 et L L
———er T b L e T L o )

. ! ‘ . i : | .
(ap0x+cpH+ tnpt -bpg- deZO) )
. R . )
where , R ' -

Pe, Ps are the electric potentials of

1

-

the electrode (e) and solution (s)

_

1{\3:erf‘ace.

b > Py are the partlal molal free energ;es

of the reactants and products

' . ' F 18 the Faraday :

N i
\

Subbtituting - o

©a ) ' v ‘: o . ‘
Py <Py + RT In gi,.
where }fi’ are the standard partial molal
1 .
* free energies and ay are the corresponding -

. ‘ ' activities, ‘ -

.collecting and grouping terms,

¢ , . \ . - - X

L . 1 . .
. = . — 0 (o] . 0 (¢}
Po b= —LoCapl v ey v mplt - bhlg mOpg)
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\

ta® (ag)F
In ox- N T

; B )
F " G g

Setting E = Pe - Ps for a standard hydrogen
. .

AN

' electrode which gives ’)"l?f* =0 and }qu =0 2

. \
by assuming both metallic electrodes are conducting
@ equally, the condition of electrochemical equilibrium
becomes:
o - 0 0
ap. - bu - <
g oo —Pox © Pred FMWo | g oe9 & pH
, 23070 n n
: h
¥
(e )
+ 0,05 log —=
(8red) - °
For acid base reactions of the type :
o _ .
aA+bAY == cB+ dHO u
where the charge balance ‘ . " o
c B-ah = bH
T - N

Yo et
O

. 4
Y AR AR

PO N R AR AP N

g

N
a



i
i
H

,

o N
. exists, the equilibrium constants are:

N k" el t -,
Mﬂ LA RN o
Akl SR e AP L,

v
I/

(2% (g,0)°

g‘!‘ At ‘“"_,'.
y < 3, N
54 5""%-,( BT

. a b ’ ' . ’X‘}
(a )" Ca)” o
Again substitutin - .° '
= . S PRt R o

and }];.)l-}- = 0 , ' ét 'equil ibri‘m u. = 0 or :i;
) * Y /ﬁg i — N " fg;:;?jl
- loga. =
Y 2.3FRT L
- b
o ! e
% o .0 o RA
apm, - ¢ - d ' . et
: log K = A M3 M0 L, ) ,
b 2.3 RT B
Where A 18 the I‘Q\groxide and B the cation, 2.3 RT ¥
= 1363 calories per mole at 25°(;‘ and b =cd ‘ _ §§:
- . a . £§
'\ e

the expression becomes: . - ; g

g . o o (e} ’ ‘
LR s AN b ‘
1og‘aB T — - i gl - .o,
o 1363 . za : c

1

Depending on whethler a reaction 1is acid-

base or oxidation-reduction in nature, oné of the

preceding equations may be completed using standard

~-
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free energies from tables.
. method for iron is included in Appendi¥™I.

Applying the method to the uranium system, and

‘A
starting with the reaction: . T,
le + ZH* + Ze. = UOZQ e Hzo
»
we find
n -
e - e
- ’Y, ~ 7
an M. = - 257,000 eal
° . _ 56690 cml
a0 - 56690 em1
S . ‘ ,
-283,000 - ( - 257,000 ) - [ - 56690 ). - e
E = .

- 0.059 ——-pH .

[/ 23070 ( 2 ) L ; 2

0.059 - %up,

o } .+ ——— Jog =<
- - AN ’ ~ 2 ‘ alx)z
B : ‘ o
= +0.665 - 0.059 pH '+ 0.0295 log, —2
, 1
ly reaction: , y
or for the-reaction: : .
. A
; — 3+ -
W, + 3H F= uH + HO

The use of this . L

l
.

R

O




N . N -
s 55 - A
‘we find - ’
}fw = = 257,000 cal
2 ‘
' PSOHSJ' = ~ 193,500 cal
L ' o '« - 56,690 cal
: : Pu,0 e
* substituting
. é " -
Jog aUOl:13+ -257,000 - ( -193,500 ) - ( - 56690) - -
S A 1363 . | '
1 S | / ‘ 3 n
. o - — pH c
- \] . ' 1 -
* ! ! P L ) -

, - . = - 507 - 3pH

This procedure can then be used to

’

calculate thes electrochemlcal potential. eqﬁations

for all ‘known reactions at or near the optimum

’ . ? ) "stability.'range for U02+. /\ i .




- . .
~ 56
s
-, ‘ ,‘ For the reaction:
. ‘ \ T
- N o+ om0 = uon® + W
o logagh = plpd - ple o - F;ZO"- Q
~ v -193,500 + 138,400 + 56690
~ = AR - N - pH
1363
= 1,166 ~ pH
‘ For the simple couple:
‘ wi
vt '
-138,400 + 124,400
23070 (1)
- >
E-= - 0.607 &
) : ~ For the reactiont .
. U(omi" H o+ .= U+ HP
* ®”
v E o . 3 O3 o 0.0591 @ pH
9 = . % S + - - . _—
BT Pyom) Py M0 N—_—
, 3
e .
N . Jl

4 4

. "‘w N

A-1
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§
Ay LN
. " o .
o ‘ -193,500 + 124,400 + 56690
Vo E = - 0.059 pH
: ' 070 (1)
E= - 0.538 .- 0.059 ;:\ E-3
| and ~N
é \ PR ¢ *
, vyt v a L+ 2e” = U" « a0 A -4
- e
Y 0, : (o] ; . .
Yoo, T AT T Mo @ .
E = - 0#0‘591 (,‘) pH
23070 (2 ) ' 2 , .
237,600 + T .8 400- 2 ( (;6 ’) 4
_ - 0 + 138, + 2 (56690) _ . ;
1] | 73070 (D) 0.0591 fo5 P
r © = 0,308 - 0.118pH - T - E-4
Another boundary equation is:
o . ~~¢k ' y
- UOZ R e = y(OH)3+ . Hzo' ] A5
-~ Q .o .0 ' ' :
Puo, Py Pi0 . .
-\ EB= . — - 0.0591 L pn
- 23070 (1) . ..
- . ¢ N
{ . SR , -
| - 237,600 +' 193,500 + 56,690
| = — ' - " _ 0.0591 (3) pH
3 . ’,,".2307061) ' . ,
"— ' E=+ 0.546 - 0.177 pH | E-5 |\
} P .
; : (’ .




/. 23070 (2)

E= +0.298 - '0.0885 pH

}

v
-

‘. -236,400 + 193,500 + 56,690
. - : ' - 0.059 &

The best known equation ™ or caux_'se: 'd/ "

‘ - >
58
.Less important 1s: ~
vol"  + ST e 28 == " + 2mp0 A-6
\ E- —2— ' Z - 0.059 f on
‘ , 23070 (2) - :
= - 236,400 + 138,400 + 2 (56,690)
S - , - ~ - 0.089 (2) pH
s 23,070 (2) .
E= +0.333 - 0.118 pH E-6
~ v . - o %
‘and ¢ .
vl 4w+ 207 == U@ + HP A-T
¥ 0, - O 34 _ .0 _
. Puo2 Fu(or)”: 0 - 3
E = : £~ - 0.09 {5-H
23,070 (2) C -

e

-

Rl NP T T =i PO S
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R 2+ —_— + -
- ‘ - |
O\ - o .
, )“uog+ Fyo; 236,400 + 237,600 .
C E = = .
Voo 23070 (1) ~ 23070 (1) ‘ @‘
& P SRR
' . _— E = + 0.052 volts . E-8 -
o L T
. . .Although not listed as an actual equation
] _ fow uranjum, for: . )
) o+ - __.v. + \ A-
U0, (), + 2H,0° + & T= U0, + 4HO 9
h { . - . . 'l ".
. E= +0.471 - 0.118 pH . " E-9
could be calculated, as before. .
. The only side of the quadrangle not
\ ' described 1s the u02+ / U(0H), equilibrium. The
i \ ‘ ‘ o : :
Lo reaction: s
e oy S A-10
LU, + e T W, + 0 , 5
' 3 : “4
. c could be assumed and
by - 0 ) ) ) N
' - 4 1 \ r/ N
(o} - (o] 0 .
Poowy, T Mt T2 Mo -
E = : d S
, 23070 (1) . .
ot . ' : . Ty -
;é : " -351,600 + 237,600 + 2 (56,690) |
! I ‘. . " 23070 (1) | -
:.;& R ! ! \ R R ' ) '
” E = - 0.027 volts Coe . E-10
B : | A d
i : -
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L} R . .
B i e il ey - e i Eatl L e i L
J \ . /\ , N ¥
. .
; .
o = S Yy 6o !
» . , ; .
- \
. 4 ‘ - . N .

. By plotting‘these'rqaults on a Pourbaix
I . .

" typespH - potential diagrém((zigpres 3 and 4) an area

e s o sniom e 3
[N

- 'S
from pH 2.80 to 4.30 between the redox couples/E-8

T
| R 4
b - and E-10 1s obtained. S
Research Proposal . . R
¢ . - , ’ N . N . \J o i
; ‘ " It was the intention of this research to :
¢ e + attempt a verification of the diagram experimentally.
- ~ . . ; .
Lo A polanpgraphic tecinique was used to ascertain the
i T : ' : .. . ot
° N &£
F ' ratio of U(V) and U(VI) after electrolysis of U(VI) 3_
g \\ R , - N a - N ' B
{ L }’ solutions. Because nitrate ions are known to §
k v ‘ > ’ . E
3 .
- tnterfere with the polargridphic oxidations to be "%
X - o : | -3
¥ | - ¢ i
b v ~ followed, it weg,decided to convert. the uranyl ; §
: 2 . . . . . l . ’ ‘.i
F “*  nitrate to uranyl chloride. N o i
- e . e . < b ) ) . {
* e . i
, Lo P N . v
. d _1
-~ ’ ~ . ] ~
% N
i ‘ -\ . W
- A ’ ks L)
'. - s : .. o % ) ' i :
oo 1
. bl . . ‘i’ P Ji
, AN N ot .
. . . 8
¥ , . s~ . S
< ~ . Ve ;} 'Cb 5
:’":'M '\ / N " ‘ ’ \" - -
- - . . , N ‘ . ‘n > ' ‘. \
j’ N », / i, - d ' ‘;_:_,,i D,x /\ A ‘ - " h
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FIGURE

pH - POTENTIAL

DIAGRAM

FOR URANIUM
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1. Synthesis of Uranyl Chloride. ' :
‘ ’ ' Y oo
Uranyl chloride can be synthesized in = . %
Y < S
- the following ways: ' - .
P . v .
3 _ & \ ()
‘ i 'x “s
5 hd 4
Loy > . -
L [ ‘ - :
" . ' ‘ A
| Wy ¢ HL - W0l -
P N - ’ o \ \
L n 300
. utl, + 0, % UL, \
U + ++ HC1 —> ol
272 y ,
A - : ) .
. L U0,(N0g), + 7 6HO o+ ZHCL -
/ dryness' _ '
| : ‘ - B —_— U02C12. + ZM)2 + 02 + 6H20
However, 1t was felt that none of these methods
. would result in a product up?ontaminated by reaction
byproducts. A reaction sequence wasd }used wherein
" the 1less exﬁensivi and .\r'eadily available uranyl
acetate or nitrate was dissolved in water and the = |
' L uranium precipated by ammonia. : />
5 ! ‘ . .0 ‘ t
) i e ,
2002 (N03)%-6HZO + ZNH4OH (excess) , o S
o ) ‘ : ::.—: '(NHA) 211207 + 4!-N03’ + 9H20 “
\ ] \ . , ) S\g - s
° L i .




%

~— 65 7 g

- b - - %}?‘

*/ The voluminous ammpnium uranate precipitate was then %

' .. fi1ltered on a large Buchner funnel and washed wilth

dilute ammonium hydroxide. When the filtrate tested

free of nitratg27 ion by the sulfuric acid/ferrous

i .
N >
' >

! . sulfate test, the uranate was dissolved }n concentratead

* . HC1, and the filter was washed with dilute HCl. The
) . ammonia was removed by boiling. The mother liquor | ’
e ‘was concentrated by boiling and by vacuum distillation

. . of‘g resultant constant boiling HC1l and water mixture..
Uranyl chloride 6;;cip1tated from the cold, con-.
centrated mother liquor. Further concentration and

P ! * = [ :
cooling increased the yield to 8?%.

A\

. ‘ - L e . . . B -
-\ ' Although it was considered that. precipitation

.from other than aqueoué solvent might increase the

yield, it was difficult to find a solvent wHich-

ﬁould contain considerable hydronium, chloride and

ammonium ions and‘not hydrolyze extensively the

C - K ~ uranyl chlorigde. -

¥

The major contaminants would have to be’

}

t'-, ( .~ occluded chloride lons and hydronium ions. It is
| .

|




PRV CIMERTINIr T

& b6 .

.
* A
r

kﬁown that UUZCLZ' when dissoivea;‘is hydarolyzed

according to:

Y

] . -
T — (Z'X)t + -
,UOZCI2 o+ xHZO R UOZFOHDX .+ XxH + . 2C1
For the purposes of this research, however, both of
~ | ,
these lons are acceptable in low levels, as hydrochioric

" acld is added to the sample solutions to adjust the

. . v A
pH. As the exact value ‘of x -1s unknown, direct K

by N -

measurement of pH would not enable calcuiatlon of

the occluded (H30+).

2. Electrolysis 'fechnlques.

-

-

As has been mentioned, uranium (V) is

[

best produceé by electrolysi; of uranyl (VI)
gsolutions. Fromzthe posifi&e value for the free
enérgy/difference of the redox‘xouples previously
discu§§eq' 1t'would be expected that any potéﬁﬁial
adequate for the reduction of the stable u(1v)
state to U(V) would also be able to continue
reduction to +&. However, becau#e’ﬁhelU(IV) / 6(v)
couple 1s irreversible, the transitién’state must{ '

have a high enefgy profile and this apparently

results in high overvoltage: ~The difference “ .

S
ol
it

TR
3
u¥;
i Y
&,

T RS Y

i

Ept

-

p

0 B0 G ]
s

LR

T Tige 18]




_reduction of a slight amount of Uranyl (VI)-to -

-

between the half-wagp potentials is approximately

‘0.7‘vo}t§, and so the electrolysis must be kept

below 0.7 volts to avoid massive ﬁ(IV) fgrmation.
It was thought at first that a platinium/
platinum glectrode system woﬁld suffice., One was
used and 1nit1ally~1nlggatéruns féund to Be
adequate. Under "full‘load"'potggglals with proper
acidity and ?uppbrﬁiné el7ctrolyte, however, 1t was
found that the maximum cohcentrat&Pn\of ufanium (v)
was about 40%. Although.nét proven, the cathodic

platinum surface which became film coated with '

black material was probably rendered useless by the

an insoluble ﬂ(IV) specles,

To overcome this problem, a stif;ed;

. : \ ! .
mercury pool with large surface area was used as ¢

>
-

the cathode. Although it was anticipated that UO
2 .

wou%d still fbrm, especially at large negative

potentials, the much greater electrode surface‘

—

and agitation of the surface were expected to

overcome the problem. The affect of this will be
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- . .
discussed subsequently. In view of the fact

that the solution near the anode would have

a'gepleted chloride concentration ag a result) .

of the production of chiorine there,'thetanodic
and‘cathodic cells were separated by a sintered

glass disc. This also kept the reduced uranium
T -

in the required area for analysis. Both com-

-partmenfé were fllled with the same solution.

Solutions of pH 1.5, 2.0, 2.5, 3.0, 3.5,
-uﬂd and 4.5 were obtained by the addition of

hydrochlorile acid to solutions of uranyl chloride
[4 \.l o .

and potasNum chloride. The attempted measurement

with a combination glass electrode ﬂid not prove

9 ;
successful. 'quntually a simplg glass/saturated _

-

calomel electrode combinatlion was used, In order~@o

H N @) [T —

minimize error, the standard buffers used were 1.5,

z - ' 7
* 3.0, and 4.5 pH. Considerable deviation from linearity

-y 2
of: .

~
A

h sV

"E= K+ 0.059 pH
-\



4

“and confirmed that 1t was a one-electron - .

was found but the maximum shift at one end of

¢

the range was only O.4 pH units. By setting the

reference at pH 3.0, the uncertainty was decreaged

to about 0.2 units at each end of the range covered.

S

3. Polarographlc Techniques.

g

L

2
Herasymenko 9 first discovered and

identified the U(V) - U(VI) polarographic wave o

rgversﬁble process. Although the values do vary
slightly from author to author and - between
experiﬁental conditions, thefé can be no doubtj

that it 1s as first described. Compared to the
spectrophotometric method, polarographic determination

of the dmount of each um oxidation state is

fquigker and offers miore quantitative results.

a

For a I‘..év sible reaction occuring at an

'-elecﬁrode, where no mechanical agi%ation occurs,'p§i>

) ¢
oxidant concentration, near the electrode, becomes
much less than that of the bullhsolution and a

concentration gradient is established. As oA >

-

*




becomes greater with time.

electrolysis proceéds, the concentration gradieﬂt.

The rate of diffusion

L

of the oxidant to. the electrode wlll depend on the

length of the éoncentration gradient zone, and hence

on timer of electrolysis. It

_electrode is:

41

can be shown that the

number of molecules of the oxldant diffusing to the

\ :

| = number of oxldant

: molecules reaching)the '
E} ) electrode, per sq.cm.

} ) Dy - per second.

N=Cof 7% / ‘ |

j t = fime in seconds. -

¢ ) \
k . ' s

b \ Dy = diffusion coefficient, cm2
4 . '

i sec
] ;

‘ Co = bulk concentration of

L . \\\) oxidant in solution*in

E ‘ , ' m moles/litre.

3 -

e ’ ’ !

f < If A is the area of the ‘electrode and n the number

of electrons transfepred per molecule:

“

~
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¥ ig=nNAF : .
J Y )
- . L ! DO N o ;
=nPAC0\-~- , :
aIrt - v

where F= Faraday (96,490 C / eguiv.) = -~

b1, = diffusion. current in microamperes. .

'/( v *

It has been found that because of the
,negative voltages applied and the llkelihood of .

hydrogen formation, the use of a_ﬁercury surface,

which results in high overvoltage'fqr the reaction, ~
\ . As best. By the use of a rapid-cycle, short-lived,;
. ] | ‘ .
\“’ spherical, charged drop of mercury, t in the
diffusion equation can be averaged to a constant
value for the half life. W - s
. Iy ' ‘ /(f/ | ) ‘ . ) o
, The number of molecules ﬁiffusing'beqpmes: . ; I
. Do--‘“ "D ’ .
0 0 - )
e . = —— P em——— i . - X
N CQ( t T ) . o _ .
. L
’ , . : S : ‘ T
o .. where r, = drop radius in mm. , . '
o } : \ . . T A2 o I ' -t
L . ) ,' - !
y— B . )
. 1\ “ -~
o L B L R , ; '
.,f\” T . v § -
‘%{— . ‘ : . * v .
r‘:;: ' ¢ ? . . ) ) . e ) * \
e ’ e ’ , » v . *- ’
XL < . Lt . Doay e P
3| o o ‘ N




b 3
'Substitutihg typical values of
' . Dy = 10-5, t=3 sec.

and Q)=<L5 m

.\round in the study'® of uranyl lons at thls. pH
A .

. the equation becomes:

“~
f
Y

3
I

N=Cy (107 +  sx10%

\ ' “'W
This means that the equation reduces to the

simple equation for a plane electrode with' only
-a 0.01% approximation.

-
‘

v
[}

For a spherical drop:
[l o . .

o Area =
.\

- aw (Ep 3 3
( ,

~
3
3 “

where 4 =

.

density of mercury in g/cec.

m =" rate of mercury flow in mg’s.

—

. -
" . . py
) ) ) Aﬂ
i . R B ‘ ’
. : .
o,
. R
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3 . /-
| | 73 ‘ " |
_
. ‘ which substituted into the equation, yields
S . . .
v
3 . ' x 1d i "

M-
=]
. x>
: -
Blw
il
N
- S~
(7]
EN
S~
w
c+
(4
~
w
(o3
‘abu
*

EY ! - ‘."
. . <
@ ’ : .
Because of the effect of the drop surface R
L expanding into the solution, the above diffusion :
\ . o
‘ ‘ current increases by the square root of 7/3. . . \\
’ Substituting typical numerical values results in
the Ilkovic equation: - . A
¥ s ot , C,
| 2/3 /6 . . 1/ .
1 = Q8- nm~ 2 i ’ )
Q L d T708- t | (o4 0 D0 .
| . where id is in )u’amps for m in'mg per Second and C0 in m moles/liter.
a . . 1 , LI .
X LY . ’ ' , . \ .
- ‘ N N
! R
¢ .,\,‘ . p @ -
' % k \t‘ ! ‘ | < s
) ’

5 ' ) ‘/" ¢ o & &
1 . . -
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. For a reversible redox relationship 1n“‘"wh1ch the

B

Experimentally,

found because during eajch %drép life, the

W/ \
instantaneous dfffusion current varies with ¢, = _

~

.as follows:

. \ ’
.an average yLlu of 1d must be
> . _

0
L e
where: .id . = average diffusion current
g ¢ D . "
Il 7" & drop life

_\' .

Substituting° the previous equation into tHp

N “VQ a;abov}e integrand ané Afntegr_at ing ylelds:

.
3

= eotn md!
i _69‘7.nm

.

\ -

. . t o,
e i e

- ' '

Y

LR W o r .

.

o .
reﬁuctant is soqule s, the Nernst equation 1s: ~ !
\/
v E‘ ‘\ o ' s \ '; ¢
. 0 osg{ C v ' i , »

T OB ) o 0 S
) ;‘EOIR:" BO/R ] )/' 1ogCR (x-O) . \

where c

‘?R

0 and reductant R respectf‘ullv at the elex:trode

. &
. \ . ‘ . 2 LN

. : ¢ )
. ‘Vf{s the cathodic applied potent*lal '

surface

O/R

it ’ e \

. PO |

are the coﬁcentrations of bxidant

4

N
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;' and at applied pbtentlals beyond Eom the Tlkovic

? .

expression lgeco'més :

) . f/\

S : it
i

eda— =

- Gy (=0} )

- iy 607 nntl% 1/6 1/z ¢, (03

a §ubs_t1%nt1-ng‘he mass balance, p , ;

. . - - ’ ' . "\ .
o o { . .Gy - G (x=0) = CR'(X‘-'O)
. ’1-607nm2/3 I/GDl]i/&CR(x!O)_ °

-
»

. " rearranging the last two Ilkovi,c‘expreaslona

. for C'sfnd dividtné yields: . )

' N1/2 . ’ .
‘ uR oy - 1
/2
Dy "

\ > .
)

— (x=0) =

\\
y

|

= |S°

* ot -

~

L]
A i [ . vy ™ . - - r
. . . .

' Substititing this i» the Nernst relationship q
2 . L ‘ / - - ‘ ‘ . .. a ¢ o 4
: glves:. ‘ ’

s

*
Eo/r = E1/2 o/R

e

-

0.059, ’id'
o log :

abe LT

»

%~ "where ; L 1/2

' E o=t ] + anm DR

. - . N [ 4 . -1/2 O/R . O/R ‘a n. %Dllz N It
* e . - 0 °
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- The plot of log 1d -1 versus E

[N

r : , ,
~ reduced in the voltage range under study.

¥

A plot of the potential versus id /1 ylelds the '

classical polaragraphic wave shown ‘in Figure 5. oo

will vield a
om WY

v 1
straight line if the reversibility (non-hysteresis)

criteria of the theory asaumptions are valid °

‘Because the transference of charged cations

- ?

can also occur by electrostatic attraction to the

negative electrode, gnd’this non-diffusion process
would uﬁsét\the asshﬁptions of the Iikovié operation,
tqe mobility of these ions ;Le to such attrictiok must
be effeztively lowered By adding a large exesss of
a supporting electrblyte, whose catlons are\not
reduced at the pofentialg applied, the electrode
becomes surrouﬂded by these ions and hence its

fecé of electrostatic atéraction is eliminated.

o &

The aupportiné electnolyteTmust'not of course be
' \

- H . ’
\ \ 2+ :
;ﬂf\\Qghe reduction of - U0, . to U02+ results

v

. in a polaragraphic,wave at the cathodic'dropping#mercury’

_electrode wheré the cathodic diffusion cfirrent 1d(c) is

‘ proportional to U0

2+
.2

1 N + .
. The oxidation of U02 .pfOQpces an
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FIGURE
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Y . ‘ ‘
anodic diffusion current proportional to er+. . .-

Both waves occur at the same half-yWave potential K
. )

and differ in their gurgent shift or‘residuéf' /
1 - / . - !
"current. As the diffusion’ coefficients of uranyl (V) . i

] X g "

.and uranyl (VI) are known 4o be almost exactly
equal (Ratios 1.60 to 1.02), the.correc%edfdiffusion'_ ’ £

curréqts for similar concentration solutions of

> .

each specles are equal. In most instances a

mixture of theé two lons exists producing waves with

PSRN
-

‘boﬁh.cathbdic and anodic components. A typical !

4

seriés 1s shoyn in Flgure 6:

— - -
8 . e’

v \ F.
Another complication seldom discussed, . ) d

because other investigators worked at pH 1eve}s ,
’ it ) ] . 1

-

.. above 3, was the influence of further reduction.

1

:to uranium (IV) when 1arge neéative voltages were . .
~applied during’'electrolysis. As the- UOQ+ . | é. Q%
concentration 1is aimost nonexistent. before- | .
electrélysia and fhe diffﬁsioh coefficienés of

U02+. and U022+\ are almost equal,‘tpé loss due .

l ] ,. N
to U(IV) may be explained using:'i : . '
X - ' . ' . v .
s . . \‘ s N
- . ﬁvg_,; . ) . . . , L . , B
. ‘ ‘ / . ¢
“~~ ./; . ¥ 'I .
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FIGURE 6

[}

[V

1 .
Polarographic wlves,of Uranium :

<

Note: The plot of log (i3-1) versus E ylelds
! -1

straight lines with slopes of 0.060 for

N ' chlonideu3 38

: '
and 0‘062afqr perchlorate

‘solﬁtigns, confirming

both reverslbility

. % and single electron pxchange procesges.
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- . [}
T - 1% £ . £, | .
- tis = id(c) - (1d(a) + 1d(c)) =0 .

— K =
-

where . - &1 = diffusion current lost due to

conversion of the measurable U(V)

and U(VI) states to U(IV).

v :lo(c) ® = 1initilal cathodic diffusion current
d ) - o

: 1§ (a) = final anodic‘diffusion current

.

3,

:&g(c) =. final cathodic diffusion current
‘ %

. R = t

:A very approximate equation would therefore be

‘ Fractional concentfation 'of U(IV) speches =
. ’ . f . £, -
- - : 15(c + 1 .
| l.oo - _d(_ ) o a(ﬁ'.)
ke N Y N 1d(c)
\ .

¥, Experimental Conditions. .

" The conditions of electrolysis and

v

- 4
pblarographic measurement were fairly standard.
\n

The uranyl chloride and potassiurt chloride

concentrat_inéﬂ were 1.5 x lo'a3

ai:xd. 0.10 molar

respectively. The .appar~atus aé seen in Pigure 7, . .

‘consisted of a dc _power source (Hewlett—rackarld 6113}\)

’ - - ’ ).

@

B
*

’
4




[ * eonnected to a stirred mercu°ry cathode and a
large.platinium.2node. Because of the anticii)ated |

» . . production of considerable amounts of chlbrine, - ;
. ‘ - ‘ ’
| the surface area of the afode had to be large ‘ -

L]

and blown or agitated f‘\ree' of reduced gas. Both
o anodic and cathodic compaftments were swept free . 0 '
< of oxygen using N, for 60 minutes as the\.' ‘ :
r, Jg-esidual curr‘ent shape was still found to be

significant after only 30 minutes.

e L]

U * The applied poteritial was measured and
x:nanually controlled by a Metrohm model E 300B , ~

. 3
mercury cathode and a saturated calomel reference

' . potentiometer connected in series between the

electrod;a. Thve current-potential polarographic
" results 'were obtained using a Metrohm E 35118 dropping
mercury stand and E 261 Polaricord, using a silver-
silyer chloride (Kél) reference electrode. Cells were -
o 0 ’ 150 ml pyrex beakers into which rods of ‘plat-inum were

* . - -
sealed near the bottdm.. Stirring was accomplished

. using a 3 cm Teflon-coated magrnet on 5. Metrohm

stirring platform. The anodic cell was a pyrex tube
AR ‘

h \ ) b 1. \ ‘ ;u
) ' ‘




.

M . 5 ! , )
fitted with a medlum porosity fritted glass disc

! ?#nd bevelled teo permit a tight stoppered fit.

[}

Generally the sensitivity was 5 x 10-8 amps/milli-
¢- : o
meter and the starting veltage and range were

+0.25 and -1.0 volts versus SCE respectively.
N o

' The cell diagram 18 shown in Figure 7.

.

Experimentally i:he entire pH-potentia).
diagram from pH 2.0 to 4.5 ané from 0 :co perhaps
21300 milli—volti should be examined. If'pH is
adjusted in increments of 0.5 and potential in steps
of 7100 mv, 84 combined electro‘lysis-polarographic
experiments would be’'required for each guplicate
series. Initial tests were made to attempt to .

reduce the range of potential required.
' /

“
~

.The treatment of the data obtained to

\

calculate U(v) U(VI) and U(IV) fractions should

’

enable calculation of the coﬁﬁlete PH potential

diagram.
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pH
1.5

1.5<f' ‘

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

- 200

2.0
2.0
2.0

2.0

205 -

2.5
2.5

2.5

Results of. Electrolysis

TABLE VIII

'and ‘Polarography. "

%  Polar-

It Ia, Ic % %
-E(mv) (ua) (ud) (ud)’ U(V) U(vi) U(Iv) ogram
oo  1.75 0.05 1.70 2.8 97.1 0.1 1
250 1.35 0.10 1.20 7.4 88.9 3.7 2
3007 1.30 0.10 1.15 C?}Q} 88.5 3.8 3
550 “1.35 0.3 ‘0.90 22.2 66:1 1.1 &4
-~ 650 1.50 0.50 0.75. 33.3  50.0 16.7 -5
650 -1.80 0.40 0.95 26.7 | 63.5 10.0 6
800 . 1.80 0.45 0.¥5 32.1 53.9 1.3 7 {
950 1.45 0.35 0.65 241 A48 311 8 _
1000 '%;.20 0.20 0 167 O 8.3 9
1100 1.60 $0.15 -0.15 9.4 0 9.6 10
1160 '1.50 0.10 -0.45 6.7 0. 93.3 1T
50 1.70'° 0.52 1.046 30.6 6l.2 8.2 12
650 1.92 0.58 1.22 30,2 63.5 6.3° 13
850 1.70* 0.74 0.64 43.5 37.6 18.9 1
950  1.7%  O.7& 0.76 42.5  43.7 13.8 15
1205' 1.74 0.24 -0.52 13.8 0 86.2 16
400 1.78 0.08 174 45 97.8° o 17
40 2.02 0,48 1.50 23.8 743 1.9 18 ~'
1 0.9 0.88 46.9 bh9 8.2 19

550 1.96

550 - 2.06 -1.00 O0.T4 48.5

§

35.9 15.6 20
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TABLE VIII (Cont'd):

, It - Ia Ic % % Polar-
pH -E(mv)‘ (uA) {ud) - (uA)  w(v) U{vi) u(Iv) ogram

700  2.00 0.98 0.68 49.0 30 17.0 21
\ . - ;
\700 1.96 1.00, 0.78 5L.0 ~39.8 ‘9.2 22

750 1.70 .88 0.68 - 51.8% 40.0 8.2. 23
950 1.88 .92 ?qa.so 48.9 42.6 :8.§L~4 2;F
1050  2.02 é‘.96 0.62 47.5 30.7 21.8 25
1200 2.04 0.82 -0.08 %40.2 0 59.8 - 26
1300  2.14 0.46 0.30 2L.5  14.0 6.5 27
35 . 1.k2 042 0.88 29.6 63.§tj 8.4 28
4oo 1.ué 42  0.78 29.6 5h,9 'is.s 29
500 1.56 0.42 1.06 .26.9 ,27¢9 5.2 30

520 1.78, 0.80 ©.60 449 ° 33.7 2L.4

600 1.46" 0.4 1.04° 30.1  T7L.2 0
750 , 1.48 1.00, 0.32 67.6 21.6 10.8
1000  1.52 .78 0.523‘ 51.3>  32.9 15.8
1100 + 1§48 0.54 0.68 36.5 45.9 17.6
1100  1.42 - 0.52 0.70//'36,§~ 49.3  14.1
" 350  1.26 0.16 1722 12.7 96.8 0
%0 1.9% 0.02 1.8 1.0 | 94.8 4.2
‘500" 1.58 0.28 1.3 17.7 848 0
500 1.38 0.3 0.82 - 26.1 53'4,
600 | 1.80 .0k 0.52 57.7  28.9

an
Ca%
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TABLE VIII (Cont'd)s

4

It
pPH O-E(mv) qu[

1.62

3.5 600
3.5 650 1.40-
3.5 128' 1.?? :
3.5 <750  1.68
© 357 750 L.72
3.5, 80  1.40
3.5 900 1.96
3.5 1000  1.54

3.5 1100 1.38

3.5 1200 1.50

3.9 400  1.04
3.9 500 1.04
3.9 700 0.92
3.9'“if850 1 0.92
3.9 2100 1.20
3.9 1200  1.08
45 550 0.98
: k.5 700 0.8%
b5 750+ 0.66
~ [ .

AN

O sl (IO T NN

87
hs)
Ia ‘I % "% ' %  polar-
(ua)  (uA)- _u(v) U(vI) U(Ivz‘ggrmn‘
0.62 1.98 3.3 60.5 1.2 42
0.50 1.98 28.6 1 70.0 1.4 43 '
1.00 '0.56 58.i 32.6 9.3 4y '
1.26 0.24. 75.Q  14.3  10.7 b5 | i
1.3 0.00 79.1 0. 20.9 45 ‘
1.00 0.20 TLAC 143 - 143 <47
1.48 0.16 75.5 8.2 16.3 U8 0
1.42° 0.32 .93.5 o 6.5 by,

1.16
0.24
0.38
0.48
0.62
0.68
0.78
£0.34
0.26
0.42

'©»0.16

-0.}4

-0.18
0.34
0.16
0.10

-0.20

-0.04

-0.06

-0.70
-0.20

-0.32

84.0

16.0

'36.5
46.2
67.4
73.9

65.0 i
31.5

26.5

50.0

4

0o 16.0 50

0O  84.0 - 51

o
15.4 384 53,

30.8 52

10.9 26.1 54

0 26.1 55

L0 35.0 56

Ony 68.5 57
0 73.5 58

L

0.  §0:0 59

0. - T5.8 60 = -

.
:
.
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A FIGURE 9 PLOT OF PERCENT U(V)
; © L " .wversus ., ° .
. . © APPLIED, POTENTIAL AT pH 2.5
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) + . 8amdle Calcullations s .- o : e >

o N ‘ o -
‘The method normally used to«fujula A @
* the percentage of . U(V) is to divide thp anodic . _— %
e diffusion current by the sus of then anodic ‘and- . - g
cathodis diffusion currents after elect{olysis. g
'rhis procedure was used until the results produced 7 o -‘4_
U(v) valués grester than 100 pewent. The data
- were re-examined using the following solut'ions:, : / &
if(a) . E
% U(V) x 100 R, ¥
R g
& ’ ‘ C * A ‘:
C % U(VI) = d( 2 % 100 L : ;
S | @ T
: . . ¢ 4 ’ ! : ' i‘
L' % u(Ivkes 100°- % U(V) - % U(VD) f
n < ym . - . i . & .
Por pH 3.5 at ~ 600 mv, these yesults sre: - \ ’
: to \
2 ) . .
| £uv) = 3 x 100 38,270 <.
. T % i ~k3.8.27, — 3
. e » o, . R .

-
» WWW#M?M by LT wmm‘r‘;t ki o X ATy ¥
) ‘ J

FU(WVI) = 49 x 100 . _
g2 * 20 . 60

v

% U(EV) T - ~10b ':;,:— 38027 - 600“9 = 1,2
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Cmrglications arg)se when dealing with °

q

negative values of the final cathodic diffusion

current. The percentage of U(VI) wa,v#\et equal
\’ -

PRERY Q
to zero for these cases, : K

o ' .

. Graphically all values weretused

- irrespective of" deviation fz;om norm, except

K

_ where it was known berorehgnd that shp experiment

failed becauee of inadequate control of potential,

)1oss of solution during degassing, verykirregular

"3

polarograms ) inhibitinoating of electrodes by
u(1v) speciesg!g similar

deposited or precipitate
-procedural problems. Inkll gases the resultant

lines were drawn through the average of the val&es.

o ‘- _—/)

The upper and lower potential values

for 50% U(V) at each pH were derived graphically and
- . : .

plotted to.y d\ the predominance area diagram for

". y(V). Once again averages were used for each line.

]

—.THe final potential values were calculated

L ‘ >
by adding 0.66 volts to the: observed potentials.

" Phis 1nc'1uqed.o.eue volts to correct the saturated

“calomel electrodé walues to those for the standard w

-

“hydrogen electrode and_ ov_ervoltage for evolution

of- 8 gaseous oxidation product at the anode,

i
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"~ was only about 5% of the initial cathodic diffusion-

_potential values to eliminate this perturbation.

'Purther electrolysis had little effect, probably

due to increased-dispropprtionation as suggested °

Discussion : R 4

' As wit alf'wqu previously rgportedfin
bﬁe literature, no ipum suppressor was usegkfnd
the coﬁgentrationqwas keét at approximately 1.5 A__
x 1073 M U0, Clo. ‘This was acceptable for. all
but the solution of pH 3.5 in which maximum reduction © .
occurred. ~Even for this serles the plateau peak

G

current and readings were taken at more negative
P s

»

~, . ' . _ P . .
It was discovered early in the work that - ‘
the final percentage of UO," found depended
exponentially on the time span of eléctrolysis.

After?30 minuteé approximately 684 of the amount

» a :
reduced after one hour of electrolysis was found.

by the rate laws. The problem was that the predoMinance
area should 1ndicate»maximum stability and there-
fore all raQuctions were carried out for 60s minutes ‘

as thb\best approximation to this.

-
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The problgm of .disproportionation or

t

simple oxidation of (UO,)* "to U(IV) and U(VI)

‘caused concern because of its effect on accuracy

i " 7 *of results. For pH 2.5 and 3.0, the decrease in
! ." ") - anodic diffusion current was followed. In the

g fofmey case, “dhe reduction was apirbximately 3%

| in 5 minutes while in the latter - the loss was
;gi‘ in 20 minutes and 57i'1n 30 miﬁutes.‘ Alﬁhqugh
' . a half 1ife of 20 minutes would have normally aeem;d
to be very shoré, the‘e;pgrimentél'setup aliowed\ ‘

for final measurement in less than likminuﬁes.

\ S
Another problem known in -advance was

‘the extreme susceptibility of uranium (V) species

to oxidation. In this research, degassingephe
samples initially and maintaining the samples . v

} . free from oxygen as much as possible was considered
’ s

: important both from oxygen contribution to residual

LT

current and stability of the reduced species. It
. was found that after a degassing period of 10
“minutes with nitrogen, ‘the residual current varied by

- 2

e B as_ much as 15%. For solutions of pH 2.5, 30 minutes

1; ! " of nitrogen Plushing reduced the cathodic dirfusion

5 o T e A A
L IR TP S LN SOOI O Ro Ty o 7 v S WL A,

.y

.
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VR i : . ' . 'S -
. P : : current by 11% and little reduction to U(V)

1 | . occurred thereafter. For this reason, a peribd

r

: of at least 30 minutes degassing wag decided
'/ X‘ updno . ) ) .

The electrode system used by others 44,39

. P Sy
was a source of extreme frustration throughout the

?roJédt. To ensure mgfimum reduction, gufficieht'
current deqégiz had to he ﬁse&. Coiled platfnum |

_wire anodes simply did nat offer sufficient surface
area for the gaseous evolution at thekraﬁésfppplieq.
A large platinum sheet offering one ﬁun?red times
mére area was finally decide? upon. The stirred

“

N N v N \ N . EN
‘ mercury catho g proved even more of a problem.

it

The mercury became contaminated quickly with
. . P

uranium (IV) hydroxide and/or oxide especially atw-

higher pH ané*potential. Tha agitaf;oﬁ requirqdu
was finéllyﬁachieved with a qagnetic:stirring bar
pf length only 25% less ?héﬂ ?he cell diameter.
This caused excessive vibration of the—ceil‘aﬁd

. varying\bontacﬁ of the mercury, resulting in

fluctuation of the’ applied bo@ential. It seemed ©

-
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ical to substitute a platinum plate for the '

f

étlrred mercury cathode mailntaining the stirring

#fth a much smaller bar to avoid polarization of
- .
the surface. The results, shown in Table VIII

mdica;-.éd that the platinum-platinum electrode
systenl would never achieve 50% reduction. In

" additlon a zero shift on the potentiometer of
as much as 400 ﬁv between s;ccessive reduétiona

. was observed. Only at higher pH was the film S

coating on the plate finally observed. -An
experiment was carried out to determine onl&
the effect of the stirred mercury versus the
platinum cathode with all other factors constant.- |
Tég,réaﬁzkion was double with the former. The

" apparent ability of meﬂtun& to continually present
new surface justifies its use. It must be u
remembered that the contaminated mercury wi{lt

however, require changing, especially at highéf

PH and potential.

@

" One of the most confusing phenomena
" observed was the shift to more positive values

of the half-wave ﬁotential for certain polarograms.
s : ' e

N~z
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. TABLE _IX
‘ N
. Results Obtained Using a Platinum Anode (
o ein& Cathode Combination |
- s * o
| PH  E(@v) % U (V) U (V) .-
| g -
2.5 400 3’.2‘ 0
' ‘2.5 7 600 4.0 . 7
2.5 W70 ' 215 | ~0 4
3.0 - 400 3.7 0.6
- 3.0 500 . 27.3 5 (
3.0 600 | 26.4 0 |
/3.0 700 29,7 3
3.0 Tho 4337 2
{ 3.0 | 80 7.2 N 5 1
h 3.5 | Moo , o= . : 5 ]
3.5 500 0 () r 0 :
3.5 600 - o0 0 \ ,
3.,5 150 v 21.6 ‘2 |
3.:5 850 15.0 65
3.5 .90 1 '8..8'R o1
i | :
) |
. \"
e
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As this shifted upwards in one crse (=750 mv, o -
pH 3.0) by 128 mV, it became necessary to J ) ‘
ascertain 1ts cause. Thg—énodé reacbi&npis
known to be: . X | B ' - S
. _ . . . 7 . . - :
c1” ' »}012 Hle .. . -
E | :
é According to Kolthoff and Linsane,ul
% the half-wave potentlial becomes more positive as S 1
the concentfation of the supporting elecprolyte U ’ 1; g
increases. It would applar, therefore, thaf"' %
the loss of the species under study via electrolysis i
' results in an effectlve 1ncrease 3: the potassium é
*thopide molarity and the subsequent upward } ;

shifting of Ey. | 1 ‘

.

C

. Do
In all previous papers concerned with the

Py

h Y
Fovtmet S SRS 4 BB DL s TR =

polarography of uranyl (V), the percentage of U(V)
] R , was obtained by dividing the anodic diffusion current
+' ’ by the sum of the anodic and cathodic diffusion

éurrents after electrolysis. The loglec 1s acceptable

/m\ up to pH 3.53and/bf an applied potential of -700 my

! (versus SCE)' It is of course, based on the assumption

2+ .
2 . ?

.« that all uranium exists as either U0, + or U0
C The rapid precipitation of U(IV) apecies at

higher pH and potential negates the assumption and

Pad

.
I
.
{ ’ ) °




« ' % . . .
. cathodic diffusion current before electrolysis,

concentrations greater than 100% of -all uranium
J \ > \ ,

. U(vI) gguple to U(IV) or (u) of a large conversion

109

produces erroneously éigh values for pepgenf
U(V) as the cathodic diffusion current after
electrolysis becomes ﬁegati&e. A legitimate
assumption is that all uranium before electrolyais

exists as uranyl (VI) 1on. The anodi@vdirfusion

current after electrolysis, divided by the

should therefore yield the true concentration, ' .

_Experimentplly 1t was found that low-pH,.low potential

data yielded the same results for both.methods. At
higher pH and poten@ia}, however the‘new method/yieldqd

satisfactory results whereas the older method yielded

S

found, ///’\5; - ‘
" : N {
) : . v : . “

The assignment of zero per@?nt U(VI) to
all negative values of final cathodic diffusion
currént might well be challenged.' A negative Ir(c) '
is 1ndicat1ve ot (1) large slope, (2) too much
residual current (3) a combination of a ‘vebty

large anodic current and a small loss of the u(v)/
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to U(IV). It is assume§ that the first possibility |

was eliminated by the .lomk degassing periods used.
The Becond’two cages 1nvolv?;tﬁo knowﬁ and one or"
two unkn6Wn sﬁeaies. It is felt that the U(Q)

. percentége is correﬁt. As less fhaﬁ zero percent
U(V) cannot exist, the difference betweeﬁ 100%
and U(V) must therefore be the other specie(s).
For this reason it is felt that the assumption

is Justified.

PR . ,
The variation of results seem quite, "
substantial, Many pointé fell well off the:

*

“averages which-constitufe the curves. The 4d rule
-might well have hggffalplied to those points to
1mprove the appearance of the graphs. However,
that would alao%gead the obsqrver~tovbeliév;'
that the obtaining of data was without problems and
nothing oould be less correct. REach test run took
slightly over two hours, and as ﬁ;ny were reJected
on the basis of ;xperimental difficulties‘as were

used in calculating results. For those used, the

variability 15 en honest witness to the effects of

precipitation or a solid on electrode surfaces and '\,
to the 1mpossib111ty of accurately controlling 8 o\
. &
¢ -
"
© o 7
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. rapid :jd 1rregular1y cbanging potential manually

- S over 1long periods of time.

¢' {

a \

Tuo recommendations could be made. (1) The

L

88 of a larger diametel( cell with a platlnum
. wire ring to enaure greater contact with the

stirred mercury and (2) ‘an automatic controllibg ‘,
:device capable of reducing the poeent'ial of a power

N source from 12 volts down to 3 vol-ts as required to’

maintain the rq’quired millivolt 4pplied potential
. /

;
/

,i“
on the cell
-

fq\ The half cell reactions are: °

U022+ T U02+ "% + 0.06v

' ~
\\\ . ) N

201"== C1, +2e" E% - 1.359

The overall potential thererore is -1, 359

+ 2(0. 06) or - 1,239 volts versus SHE. As>the

saturated ca\}omel electrode was used for potentig_—/
y

measurement, this would becomes -0.997 volts versus .

SC\B»/'ll‘h/e values found normally were at maximum

-
v

e AL A PN Y I GT o e P




around ~-800 mv (ve SCE) and so approximately/

~0.200 “V 18 apparently unexpiained. As with many ' -
gaseous evolution products on platinum electroges,

1t must be assumed that overvoltage is the cause.
- . ! & N

Theoretical predictions of the lower -

%

PH predominance of uranium (V) were quite

__, accurate. At pH 1.5, a maximum of appr.:oximately "t
P + . .

w:fi 35% of er was found at an applied voltage of °
-700 mv. The more or" less Gaussian distribution
Ywas aé eicpected ,ralth‘bugh. the peak’cent;f "‘oqcurr;d
"\slizhtly lower than the e;cp?f'fmental average.
As the prédominant species is uoée* except at
* very-high potential, the higher reouci%yn than
*expected may be explained by pthe low energy c

requirements of the U(V) ~ U(VI) couple.

¢ ~ . f
Af pH 2.0, the peak center shifted to
higher negative potentials very close to othe '
average for r.naxlmu.;n reduction ang a Gaussian v
distributiop was maintained. Thje approximately
45% maximum obtained was slightly higher than .

expected and the ease of the, u(v)*- u(v:)
| =

couple is. probably responsiplq.




_the pH 3. 5 curve tails to .lower pH values, the

113

| © At ?H 2. 5, a Gaua?f:gudiqﬁriput?gn,—\%~ o
disappegpbs although the maximun occurs near the

experi entel average, The unusually wide gpread
only 6% below the peak must be attributed to.

chdnce a8 no other such distri?ﬁtions were attained.
The 52% reduction was obtained 0.3 pH units below

the theoretiqal value for 1n1tial‘predom;nance.

" As will be shown later this results in an even

lower experimental pH for initial predominance,

The éxpected bell curve was obtained
8t pH 3.0 with a& maximum reduction of 67.5% and,.

values roé pH 3, 5 aze 93% and ~1000 mv. Although

spread of points might well allow ror a true
gaussian plpot, The 870 mv, T4% reduction‘at
pH 3,9 tails even more than the«previoue set,
but more data at hdghly negative potontials

might have‘altered this, Because the optimum

~ stability rangeuu was estimated to end at pH b.0,

a reduction of perhaps 50 to 60%'was eproted for

N ®

this acidity. This high conversion can be explalnsd

L
by the comd@natlon of a rapid fall off of 0022+

>
A}

”

>
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}»» concentration agd 2 delayed rapid 1gcfe§se of
3 - ..‘

. U(IV) concentration at this combination‘of pH

-~

_and potential, ' It would appear that<the ’ 3
reluctance of U(IV) to polymerize 15 indeed, -

. ract, althoush the system was derinitely

Pl

- . autocatalytic. Precipitation often did not
AP starf until 55 minutes after elsctrolysis = ‘
started, but was very extensive 5 minutes

later, / -

& . < f‘
»\ ‘ The 56%, ~-700 mv peak for pH 4.5 extended

.tha théoreticé; sxpectation of pfedominance by
hal¥’s pH unit, It also introducéd a problem with
respect to the closing of the diagram poundrieé.
Beyause the bulk.or the area under both pH 3.5 and
3.9 curves lay on the low potential side of the
paak maiihum ordinate and the b, 5 maximum ocourred
at -700 mv ?2i3§,15 on the low potential side also,
a thraa dimensional cxamination of the E versus pH ~

”~
ve % U(V) plot botwoq? pH 4.0 to 4.5 would indicgte

i
. ) graater predominance on the low mv side. As ~700 mv
1§ very olose to the U02+/U022+ line, it was assumed’ ~— 5

y . that the line sloped from this point to the UO*/U(IV)

boundary.
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¥ wolutions of lover pH contain more UO
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Several additional plots are 1nclhded
for information, Although not without excéﬁ%ibnn,

2+ s
o~ 8t any

_potential than those of higher pH. The ion probably |

never exists as a predominant species at pH 4.5.
Vl‘

O

The vériation of results renders 'thg\trgv)
curve much more difficult to analyze. The

exponential “increase in U(IV) concentration
e ) ,»\
could vary well be the aﬁtocatalytic formation

of poi}merized species, Theﬂfapid 1ncrease 1n
\

concentr tion of U(IV) in this area renders attempte
to produ::\uCX) at this potential futgg

o

A final plot/f;r;ﬁe variation of U(V)
db;Xent &fth PH dt several potentials. Roughly
Gaussisn and skewed distributions were obtained.
The peak centers poincidq at pH 3.5 -as expected,
but once again most of the ares, or the«éreater
predominance‘:{ 6(V),lies,;n the low pH side. It

T —

is felt thét this is due to the ease of reduction

- of U022* to UO,* and to the irreversible removal

of U0, when disproportionation to U(IV) and U{VI)
occurs which alters the distribution to théuside

where 0022+ is most stable.
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‘data indicated.

The concentration of Uranyl (V)
Vﬁ .
ion has: been examined as-a function of applied

potential and pH. The position of maximum
concentration, 93%, was found to be at pH 3;5 and
. d H
applied potential -0.360 volts versus SHE,
Assumptions, based on preg;ous 1nformation, would

g

have placed this maximum at a lower pH and higher

potential.

-

| The pH range found, from 2.35 to 4.7;.wa§
considerably larger than the theoretically calculated.
one which extended from p? 2.8 to appfpximately b, L3
Tﬁe 0.59 volt applied po engial band where

predominance was found also exceeds expectatiops

. R

although no figures are avallable for comparison. ¢ N

AN . ,
Thls greater area of sggbility is attributed to o
formation of uraniwp (IV) polymers at even higher
pH than expected and to the fact that the

equilibrium:

00,2t +o= = on- u02 . | 4

favors the reductant slightly more than previous

— — =

NPT

-
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| . ( Boundary lines for the hypothetical .
U0,*/U0, and U0,*/U(OH), equilibria have been

drawn for the first fime. The longer and

)

shorter lines of contact respectively may
1S

) : ¢ . ‘
% be explained by the relative ease of polymer

¥

- . formatipn as compared to the overall energetics

of the irreversible one electron transfer. -

| The half life of ﬁoz+ was found to

be only 20 minutes: This explains whz the
*.Bpecies, with such a large area of predominance,

wgg not knowﬁ'unti} 3Q years agom\\raiﬁtenange

of'experihental conditions within the area of .

~predominanpe, will result in the formation of

uranium (V) compounds only when the bonds formed

are sufficie;tlto prevent‘diapr&portiona%iqn into
'J~ ‘ | ‘the much_more stable U(IV) and U(VI) states.. In
,ﬂ N ‘order to a;hieve this, multiple bondirig with t;:
| | vacant orbitals of uranium will most cefainly be

3

. e ‘
% required, L . }
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Appen@ixf 1°
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)

Diagram for Iron from the Delahay-Pourbaix -

C Van Risselberghe Equations.

"‘-

. The equatlons required for._the

. development of the iron diagram Ean easily

N

be éerived from general chemical reactions,

7

~and thermodynamic data using ths'procedure

'developed in the text..

+

(

For. the reduction of the ferrous
-

staﬁe to metallic iron of activity 1;

Fe2+ 42 e~ .= Pe
N we get55 ) ) |
E = -0.440 + '0.0295 1log & g,

o

k4

The other reactions and equations with which we

, N -
. are concerned are: -

Fe(OH)y + 20" == Pe* + 2H0

S .

log 8pg°t = 13.23 - 2pH

LU

b -

. . The Develﬁgmégg Qf a Potential-pH

2+

o

'

(1).

(2)

-

Lo el g

©
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, . Fe3* 4 e- = Fe?*+
£
1 . ¢ ’
E= 0.771 & 0.0591 log ap 3+ (3) .
. a_ 2+.
’ Fe +
Fe(OH); + 3H+ <= Fe3+ 4 3H,0
t o . a 3+ \= . 4 _ o ) - '
‘ - - log e 4,62 3,‘pH o : (4}
/ : Fe(OH), + 2H' '+ 2e~ <= Fe + 2Hy0
Fe(OH); + Htre™ == Fe (OH)p + HgO
T E'= 0.262 - 0.0591 pH ' “(6)
L - _zre(onr)'; + 30" +e” o= Fe? 4 3Hy0
- .. E =1.044 - 0.177 PH - 0.059¥0g 8pe2"(7)
’ . = ‘ . P i om
HPeO ™ + H' == Fe(OH), . :
\/ -, ‘ ' '\ .}
108 Ajpo0p" = '-18.30 + pH N (8)
3 (‘; ‘ l ’ /-\
| R HFeO_~ + 3H+‘+ 2e7 = Fe + 2H20 |
. 2 . »*
4 “) " . N {
- W i | E =2 Q.SO]. d 000886 DH T" 000295 "{
y LI . ‘
- L.t L . ?‘os a&HFGOg'{ (9) .
. - L
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’ 121 ot
Fe(OH)3 + e HFeOQ; + HQO
;o ' C
E = -0.839 - 0.0591 108 &pp,q.- " (20)
¥

Feb \the purposes of these diagrams, equal

activiyy of two species is c°nsideréd as equal

b ,concentrat;on or predominance. The ratio of
! activities is therefore unity and the log becomes
zero. Solids are qssigﬁed unit Qctivity,by
lconvention,;nd“in order to limit the number of .
. '11335, elther uﬁit orl;ome other designated
‘ activity is assigned. ‘ : P
! - - »
It 1s common to start érawing the
diagram using the equations of 0 or 90° slope:
Solving the equations. (1) to (4) as follows: .
E = -0.440"+ 0.0295 log (1)
& - B.= -0.440 \,
 and | «
pH = 6,61 . |
CE = 0.7T1 : )
' pH = 1.54 ‘ - y
N L Q‘

‘t) :

-~ T sq
3 s

[

(1)

(2)

(3).
(4)

-

4
B
i

-
PR R

. e

>
rfem 2% AN _aw Tl AN o

L oy " . ,r' N o
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Equation (5) is drawn by calculating

teo values of E corresponding to two pH'S from

v

eduat ion (5). The botent ials corresponding to

pH O and 10 are.- 0.049 ang - Q‘,6l4\0.‘ Equations
(6) and (7) are handled in a similar manner
except .that unit activit_y is assigned ~t° the
ferrous ion in equation“(7). The diagram

becomes” therefore: . - o

1.5 . )

12 14
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-
) The activity of the I{Feoz" ion is
known to be very low eo an activity of 10-6
- 18 assigned for use in equations 9 and 10.
The final £orm of the diagram becomes:
J}t . . V .
1.5
| * pe3* . ,
> 1.0 - ' . ) ."'0‘.
"_f‘ ‘
0,5 - ’ ’ -
I3 *; '
2+ ~
E Fe N
LS . °
0.0 1 “ )\
v "005 " .
’ Fe -
e .
"1-0 Kk
- \ i
0 2 Ll 6 8 10
i\ ) pH
\ o
) ’\ N ‘/) v
\ R -
tae " \. .
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