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Abstract

Distribution of Fission Products in the Homogeneous 

Liquid-Liquid Extraction of Uranium

by

Jizhang  Xu 

A dvisor: P ro fesso r Harmon L. F inston

The radioactive p roducts  from uranium  fission constitu te  a 

serious health  hazard  due to  th e  possib ility  of e n try  into th e  food 

chain and  up take  by  hum ans. The p rocessing  of sp en t uranium  fuels 

and  th e  separa tion  of uranium  from the  fission p roducts  and  th e ir  

sub seq u en t safe s to rage is of g rea t concern  to  the  nuclear in d u s try .

Separation of uranium  from fission p ro d u c ts  by  homogeneous 

liqu id-liqu id  ex traction  of uranium  from  one molar n itr ic  acid 

solution w ith addition of fe rr ic  n itra te  as  sa lting -ou t reag en t, into 

propylene carbonate has been perform ed. Uranium(VI) was 

quan tita tive ly  ex trac ted  into propylene carbonate from an aqueous 

medium of 0 .5  g/1 Fe(N 03) 3-9H20  and 1 M HN03 a t 99°C, then  

quan tita tive ly  s trip p ed  from the  organic phase w ith 0 .1 M sodium 

carbonate a t pH 9. Final separation  of uranium  (VI) was obtained by

- iii -
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e x tra c tin g  uranium (V I) in to  0.1 M dibenzoyl methane in  propylene 

carbonate  using  th e  homogeneous technique a t  pH 7.

Precipitation of fe rric  hydroxide from th e  initial aqueous phase 

a f te r  ex traction  of uranium , and  also from the aqueous sodium 

carbonate  phase  a f te r  s trip p in g  uranium  from the  propylene 

carbonate  phase a ffo rds effic ien t decontamination from significant 

fission  p ro d u c ts .

The rep re sen ta tiv e  fission p roduct elem ents, molybdenum, 

s tron tium , ru then ium , zirconium , and  cerium , rem ained in the  

aqueous solution a fte r ex trac tin g  uranium  (VI) in to  propylene 

carbonate  to an ex ten t g re a te r  th an  97 %; i . e . ,  less th an  th re e  

p e rcen t of th e  resp ec tiv e  elem ents were found in the  carbonate 

s trip p in g  solution. A fter the  final separation  s tep , the  ex traction  of 

u ran y l ion into p ropylene carbonate containing dibenzoyl m ethane, 

these  fission  p ro d u c t elem ents w ere no longer d e tec tab le . Ten 

p e rcen t of th e  orig inal concentration of iodide was found in the  

carbonate  s trip p in g  solution. However, i t  was removed in th e  final 

separa tion  s tep .

This uranium  ex trac tion  method can be applied as a p rac tica l 

method fo r sep ara tin g  uranium  from fission p roducts  to  recover the  

uranium  from sp en t fuel elem ents. The capacity  of fe rric  hydroxide 

fo r adsorp tion  of fission p ro ducts  and the  ab ility  to convert to the  

somewhat re fra c to ry  fe rric  oxide also prom ises convenience fo r long 

term  s to rage .

- iv -
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1

C hap ter I 

INTRODUCTION

1.1 Uranium Fission

Fission was discovered in 1938 by  Otto Hahn and  F ritz  Strassm an 

when th ey  observed  th a t the  bombardment of uranium  with neu trons 

produced severa l radioactive nuclides which were isotopes of much 

lig h te r e lem ents. These nuclides could be formed only b y  the 

sp litting  of th e  uranium  nucleus into two p a r ts  of comparable size.

Heavy nuclei which a re  excited  to an en erg y  equal to the  b a rrie r  

h e igh t, o r above, can undergo  fission almost in stan taneously . The 

potential b a r r ie r  fo r fission of 23SU is 6 Mev. The cap tu re  of slow 

n eu trons by  nuclei of 23SU produces the  compound nuclei 23SU with 

6.24 Mev of excitation en erg y . Some of th e  excited  236U nuclei 

decay to  the  g round sta te  by  emission of Y -rays, b u t the  m ajority of 

them are  d estroyed  by fission before th ey  have had  time to  emit 

p h o tons.

The n eu tro n  to proton ra tio  N/Z of a heavy nucleus ly ing  near 

the  6 -stab ility  line is much g re a te r  than  the  ra tio  fo r a stable, 

medium-weight nucleus. For example, N/Z for 236U is 144/92 or
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1.57, w hereas fo r the  stab le nucleus i a ,La it is  only 1.42. If the  

fission of a 236U compound nucleus p roduced  a nucleus of lanth anum 

w ith th e  same n eu tro n  to  p ro ton  ra tio  as 23 SU, it  would have to  be 

18 7La, which is v e ry  fa r  on the  n eu tro n  excess side of the  line 

of 3 -stab ility . Even allowing fo r th e  escape of two o r th re e  

n eu tro n s , it is  c lear th a t the  p ro d u c ts  of fission m ust be  n eu tro n - 

ric h , and  th e re fo re  will, fo r the  most p a r t ,  be u n stab le  to  

3 -decay .

The fissioning nuclei in a given system  do not all divide in the  

same w ay. In  all cases, the  to ta l num bers of p ro tons and  n eu tro n s  

a re  unchanged  before  and  a f te r  the  division, b u t th e  division may 

take  place in many d ifferen t w ays. I t has req u ired  a g rea t amount 

of skillfu l radiochem ical w ork to  m easure th e  y ields of each of the  

many d iffe ren t fission p ro d u c ts  for each of a  la rge  num ber of 

d iffe ren t initial fissioning system s.

In p rac tice , it  is  not o ften  possible to  determ ine th e  atomic 

num bers of th e  two prim ary fragm ents, because th e ir  3- decays a re  

usually  extrem ely ra p id . 118Ag w ith a 3 half life of only 4 seconds, 

is v e ry  d ifficu lt to  separa te  by  chemical means from the  dozens of 

o th e r fission p ro d u c ts  formed sim ultaneously, in  time to  m easure its  

rad ia tion . However 118Ag decays to 118C d, whose half life is  50 

m inutes, and  which is also formed in fission , so th a t a m easurem ent 

of its  rad ia tion  will give the  sum of the  amounts of 118Ag and 118Cd 

formed in fission ( p lus the  amounts of any o th e r nuclides w ith
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A = 118 which decay rap id ly  to  l l *Ag and thence to  l l f Cd ) .  A 

series  of p ro d u c ts  w ith the same mass num ber A is called a  fission 

p ro d u c t chain , and  instead  of obtaining the  yields of the  separate  

nuclides, i t  has been the  aim of most radiochemical experim ents to 

m easure th e  cumulative chain fission yield, Y (A ). T his quan tity  is 

defined b y  th e  equation

( Ntimber of p ro d u c t nuclei of mass num ber A ) x  100 %
Y (A) = -------------------------------------------------------------------------------------------

( Number of fissioned nuclei )

Obviously th e  chain  yield Y(A) is equal to the  sum of all the 

independen t y ields of the  various members of th e  chain . Since each 

fission ac t p roduces two fragm ents, th e  sum of all th e  chain yields 

m ust be 200 %, no t 100 %. A plot of chain fission yield against A is 

called a fission  yield  cu rve , which is shown in  Figure 1.1 fo r the 

fission  of 235U a t fa irly  low excitation.
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The most s trik in g  fea tu re  of F igure 1.1 is  th e  presence  of th e  

two large  maxima with a  v e ry  deep minimum betw een them. The 

minimum falls a t an  nAn value co rresponding  to  division of th e  236U 

fissioning nucleus in to  two fragm ents of equal size, and the  low 

fission yields in th e  region of A = 117 show th a t th is  symmetrical 

division is  v e ry  unlikely to  occur. The most probable division, as  

th e  positions of the  maxima show, is in to  fragm ents w ith masses 95 

and  138.

The fission yield curve of F igure 1.1 is v e ry  nearly  symmetrical 

about the  minimum, as of course i t  should be, since th e  yield of any  

mass num ber m ust be the  same as th e  yield of the  complementary 

fragm ent on the  o th e r side of the  cu rv e . However, the  stun of th e  

m asses of a fragm ent and its  p a r tn e r  is  about 233 ra th e r  than  236, 

because on th e  average  2.47 n eu tro n s  a re  em itted in  th e  fission of 

235U induced by  slow n eu tro n s .

The two small sp ikes n ear th e  maxima of th e  fission yield cu rve  

a re  associated  w ith mass num bers 100 and 134. T h e ir high yields 

may be due to  shell model e ffec ts , b u t th ey  a re  not fu lly  

u nderstood . The prim ary fragm ents w ith 82 n eu tro n s  should have 

mass num ber in th e  v icin ity  of 134 and because of the e x tra  

stab ility  associated  with th e  82 magic num ber*, th ey  might be

*magic num ber:
The investigation  of nuclear s tab ility  shows th a t certa in  nuclei 

a re  p a rticu la rly  s tab le . For example, the  energy  re q u ire d  to remove
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formed in  th e  in itia l fission process in h igh yield .

The com plem entary fragm ents of mass of about 100 would 

th e re fo re  also be formed in h igh y ield . In  addition, the  bonding 

en erg y  of th e  83rd n eu tro n  is unusually  low, and  if, in  many cases, 

fragm ents w ith  th is  n eu tro n  num ber lose a n eu tro n  b y  evaporation, 

th en  fragm ents of m ass 135 will end  u p  in  th e  mass 134 chain , so 

th a t the  y ield  of m ass 134 will be enhanced a t  the  expense of the  

yield of m ass 135.

a n eu tro n  from th e  various isotopes of lead  drops v e ry  sharp ly  
betw een 209Pb ( 126 n eu trons ) and  209Pb ( 127 n eu trons ) .  20,Pb
is th e re fo re  much more stable than  289Pb. The energ ies req u ired  to 
remove a n eu tro n  from the  various lead  isotopes a re  shown in the 
following tab le :

Isotope N eutron num ber E nergy to  Remove
One N eutron

20 5pb 123 6.64 Mev
2 0«pb 124 8.16 Mev
2 9 7pb 125 6.73 Mev
20,pb 126 7.38 Mev
2 09pb 127 3.87 Mev
2 10pb 128 5.23 Mev
211Pb 129 3.77 Mev

T h is re su lt  and  much additional evidence su g g ests  th a t the 
s tru c tu re  of the  2 0 *Pb nucleus ( w ith 126 n eu tro n s  ) is particu larly  
s tab le . T hroughou t th e  periodic table th e re  are  o th e r cases of a 
similar n a tu re , each associated w ith a p a rticu la r num ber of pro tons 
o r n e u tro n s . T hese num bers a re  called "magic num bers". The magic 
num ber of p ro to n s  a re  2; 8; 20; 28; 50; 82, and  of n eu trons a re  2; 
8; 20; 28; 50; 82, and  126. 20,Pb with 82 pro tons and 126 neu trons 
is doubly magic, and  so is 56Ni w ith 28 nucleous of each type . They 
a re  p a rticu la rly  s tab le .
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The dep th  of th e  cen tra l valley in the  mass yield curve is a 

function  both  of th e  excitation en erg y  and  the mass num ber of the 

fissioning nuc leus. As th e  excitation  en erg y  is increased , the  depth 

of the  valley decreases u n til finally  no valley rem ains, and the  most 

probable division is in to  two fragm ents of equal m ass.

As th e  fission yield cu rve  shows, th e  h ighest yield fission

p ro d u c ts  a re  90S r, 90Y, 95Z r, 99Mo, 131I, 10SR u, 137Cs, lfc0La,

1MBa, ^ “Ce e tc .

The Chinese sc ien tis t, Chien C hung, a t  Tsing Hua U niversity  in 

Taiwan reevalua ted  th e  independen t fission yield in therm al-neutron  

fission of 23*U by using  physical and  radiochemical techniques (1) in

1986. In th is  w ork, a to ta l of 625 experim ently determined

independen t fission  yields in 235U, covering 224 recen tly  reported  

fission p ro d u c ts  in 62 mass chains, are  review ed and compared to 

the  p red ic ted  values from recen t evaluations and model calculations. 

The con tribu tion  of independent fission yield to overall chain yield 

is small am ounting to  as much as 5 % only in the  case of 9SZr; 

usually  it is about 1 % or le ss .

The fission yield and half lifes of the  h igh  yield fission products 

a re  shown in Table 1.1

A
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8

Table 1.1 Fission yields and half lives of the high yield fission 

products

Fission Product Fission Yield % Half Life

" S r 5.9 29 y

9 Oy 5.9 64.0 h

95Zr 6.5 65.5 d

"M o 6.1 66.02 h

13 lj 2.77 8.04 d

1#6Ru 0.39 369 d

13 7Cs 6.23 30.1 y

14 °La 6.3 40.23 h

lk0Ba 6.3 12.79 d

“ “Ce 5.45 284.4 d
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1.2 Atmospheric Contamination

Radioactive elements can e n te r  ou r environm ent from fallout 

deposition which may re su lt from rou tine  o r accidental re leases from 

nuclear power p lan ts and  nuclear fuel-cycle facilities, as well as 

from nuclear explosions, and also because of inadequate sto rage  of 

fission p roduct w astes and subsequen t seepage in to  g round  w ater. 

Radioactive fallout p re sen ts  a sh o rt-te rm  r isk  due to  its  d irec t 

deposition on ag ricu ltu ra l c rops, as well as a  long-term  risk  

re su ltin g  from its  deposition on soil and subsequen t up take  by 

c ro p s . Contamination of ag ricu ltu ra l food chains is one mechanism 

which causes irrad ia tion  of the  population following the deposition of 

radioactive fallout in th e  environm ent.

The tra n s fe r  p rocesses of radionuclides th ro u g h  food chains can 

be described  as follows (2 ).

(a) Atmospheric fallout is deposited onto the crop canopy and th e  

g round. P a rt of the  fraction in te rcep ted  by  p lan ts  is re ta in ed , 

while the  rem ainder is deposited on the g round .

(b) Retained fallout is removed from plant su rfaces by w eather 

fac to rs  such as wind and ra in , and by p lant fac to rs such as 

the  shedding of aging leaves o r the  removal of p ro tective waxy 

layers  du ring  grow th.

(c) A fter absorption of the  radionuclides th rough  p lan t su rfaces, a 

fraction  is translocated  to in n er tissu es . This mechanism is 

v e ry  significant when edible p a r ts  are not d irec tly  exposed to
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fallout.

(d) Material th a t  deposits  on the  g round may be re -su sp en d ed , 

mainly by  th e  w ind, and  th en  deposited on p lan t su rfaces, or 

it  may p en e tra te  from th e  superfic ial soil lay er in to  the root 

zone.

(e) In  th e  roo t zone, rad ionuclides are  absorbed  by  p lant ro o ts , 

depending on soil, p lan t and  radioelem ent p ro p e rtie s , and from 

th e re  into th e  inner tis su e s  of th e  p lan ts .

(f) If th e  h a rv ested  crops a re  in tended  fo r human consumption, it 

is possible to  considerably  red u ce  th e  ex tern a l rad ioactiv ity  by  

food p repara tion  o r  p ro cessin g  m ethods, such  as washing leafy 

vegetables o r p a rin g  f ru its  and  vegetab les.

(g ) If h a rv ested  crops a re  consumed by  animals ( forage crops ) ,  a 

frac tion  of th e  in g ested  rad ioactiv ity  is absorbed  from the 

d igestive  system  in to  the  blood and  tra n s fe rre d  to  various 

tissu es  o r o rg an s , which a re  consumed by  hum ans, o r to  milk 

and  eg g s, which a re  also consumed by  hum ans.

(h) A fter the  consum ption of contam inated food b y  hum ans, the  

radionuclides concen tra te  in  certa in  o rg an s , irrad ia tin g  them 

and also ad jacen t o rg an s .

The scheme of th e  d iffe ren t p rocesses of rad ioactiv ity  tra n s fe r

in  the  food chain is shown in  F igure  1 .2 .
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Fallout deposition
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Fig. 1.2 The d ifferen t p rocesses of rad ioactiv ity  tra n s fe r  in  the 

food chain

( Koch, J . ;  Tadmor, J . ,  Health P h y s ic s , 1986, 50(6), 721 )
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The Israe li sc ien tis ts , J .  Koch and J .  T adm or(2), evaluated the 

tra n s fe r  of radionuclides th rough  the food chain , the  corresponding 

individual and  collective radiation doses and the  health  effects 

following a la rge  re lease of radioactiv ity  into th e  environm ent. A 

sample calculation was also perform ed. The uniform contamination of 

an  u rb an  a rea  ( w ith a population density  of about 10,000/km3 ) 

su rrounded  by  a ru ra l, b u t re la tively  heavily populated  area  ( with 

a population density  of about 800/km2 ) ,  was assum ed. Initial

contamination levels due to critical radionuclides a re  shown in  Table 

1 . 2 .

C onsidering the  fission yields, ha lf-lives, and levels of 

contam ination, we can see th a t some of the  fission p ro d u c ts , such as 

9#S r, 90Y, 9SZ r, 99Mo, x" R u .  13 l I,  137Cs, 1<,0Ba, ***Ce, are

significant hazards which should req u ire  isolation and  safe storage 

a f te r  uranium  is separa ted  from fuel elements in nuclear reac to rs . 

All the  fission p roduct elements we studied  have h igh fission yields, 

long half-lives and  a re  serious contam inants in the  food chain.
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Table 1.2 Radioactive contamination levels in food chain

Radioactivity

Radionuclide p e r  u n it area

( MBq/m2 )

,9 S r 1.85 x  101

90S r 1.85 x  lO

9 l y 5.55 x  101

95Zr 5.55 x  101

106Ru 1.85 x  101

1 3  l j 5.55 x  102

1 3 3 J 1.85 x 10a

13 7Cs 5.55 x  10'

1<,0Ba 5.55 x 102

lu<*Ce 1.85 x  101
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1.3 Chemical Processing by Solvent Extraction
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Solvent ex traction  on a micro o r macro scale is a w ell-established 

p rocess fo r th e  separation  of organic o r inorganic su bstances. I t  is 

of in te re s t h istorically  to  note th a t th e  u se  of d ie thy l e th e r  fo r th e  

separation  of uranium  as u ran y l n itra te  from th e  o th e r constituen ts  

of p itchblende fo r bo th  analytical an d  la rge-sca le  production 

pu rposes in th e  M anhattan Project can be tra c ed  back to the  use of 

e th e r  b y  Peligot in 1842 to  p u rify  u ra n y l n itra te  obtained from 

p itchb lende(3 ). The classical application to  analytical chem istry is , 

of course, the  ex trac tion  of fe rric  chloride from hydrochloric acid 

solution by  d ie thy l e th e r  in troduced  b y  Rothe in 1892(4). Today, 

w ith a v a rie ty  of ways available fo r  accomplishing solvent 

ex trac tion , almost e v e ry  element in th e  periodic table has been 

found to  undergo  solvent ex trac tion  u n d e r suitable conditions. Many 

con tribu tions to  th e  developm ent of m ethods, th eo ry , and techn iques 

of solvent ex trac tion  of inorganic su b stances have orig inated  in  the  

problems a ris in g  since the  1930s in  connection with ta rg e t chem istry 

associated  w ith the  production  of artific ia l rad ioactiv ity , and 

recen tly  in connection w ith the  utilization of nuclear energy  fo r 

peaceful and  m ilitary pu rp o ses.
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Chapter II 

A REVIEW OF EXTRACTION METHODS FOR URANIUM 

FROM FISSION PRODUCTS 

2.1 Basic Theory of Solvent Extraction

2.1.1 The Principles

a. Phase Rule

All th e  recen tly  developed separation techn iques, such as 

chrom atography and ion exchange, as well as solvent ex traction , 

involve the  d is trib u tio n  of m atter betw een two d ifferen t phases . For 

all phase d is trib u tio n s , the  classical phase ru le  of Gibbs can be 

ap p lied .

p  + V = C + 2

w here P is  the  num ber of ph ases , V the  variance or degrees of 

freedom , and C the  num ber of components. In the  p a rticu la r case of 

solvent ex trac tion , we a re  dealing basically w ith two essentially  

immiscible solvents and  one solute d is trib u ted  between them, so th a t 

P = 2 and C=3. U nder constan t tem perature  and  p re s su re , if we 

choose the concentration of th e  solute in one phase , the  solute
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concen tration  in  th e  o th e r phase is  fixed. Hence, th e re  is a definite 

re la tion  betw een th e  solute concentration in each of the  solvent 

p hases which is desc rib ed  by the  d istribu tion  law.

b. Distribution Law

The d is trib u tio n  law was f ir s t  s ta ted  by  B erthelot and 

Ju n g fle ish (5 ) in  1872 an d  elaborated  in 1891 by N e rn s t(6 ). For a 

so lu te , X, d is tr ib u tin g  betw een solvents 1 and  2, we have

X j j . X2

Kd  = [X2]/[X x]

w here is the  d is trib u tio n  coefficient, a constan t independent of 

to ta l solute concen tra tion , w here the  b rack ets  denote concentrations 

in  m oles/lite r. A solute will d is trib u te  betw een two essentially  

immiscible so lven ts in such  a m anner and  achieve an equilibrium . 

The ra tio  of concen tra tions of solute in these  two phases, a t a 

p a rtic u la r  tem pera tu re  and  p re s su re , will be a constan t, provided 

th a t  th e  solute has th e  same molecular w eight in each phase.

c. Distribution Ratio

In g enera l, th e  overall o r stoichiometric d istribu tion  of the 

component of in te re s t betw een the  phases, is b e tte r  described  by 

th e  d is trib u tio n  ra tio , D, which is a more p ractical quan tity . For

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

th e  ex traction  of metal ion from aqueous phase into organic phase, 

the  D is defined by  th e  equation

Total concentration in  organic phase
D  --------------------------------------------------------

Total concentration in aqueous phase

If we a re  aware of all the  significant in teractions of the 

d is trib u tin g  species, it  is usually possible to evaluate them in o rd er 

to  obtain D as a function  of the  experim ental p a ram eters . When 

th e re  a re  no in teractions of the  d is trib u tin g  species, D and are 

identical.

d. Degree of Extraction

The degree  of ex traction , %E, is a more usefu l concept in 

p rac tice  th an  is the  d is tribu tion  ra tio  D. For example, fo r values of 

II betw een 99 and 100 %, denoting essentially  complete ex traction , 

th e  corresponding  value of D ranges from 99 to  infinity  ( for equal 

phase volumes ) and is  ra th e r  more d ifficu lt to  ex p ress . The 

relation  of %E and D can be ex p ressed  as follows:

W ~o D
%E = --------------------  =   x 100 %

( Wo ♦ Wa ) D M  Va/V o )

where WQ, Vq , and Wfl, V& re p re se n t the  weight and volume of the 

organic and aqueous phases, respective ly .
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e. Process of Extraction

Although details of the  specific n a tu re  of th e  in teractions 

obviously m ust d iffer from one system  to  an o th er, a helpful 

organizational p a tte rn  may be adopted , based on th ree  essential 

aspec ts  of ev ery  metal ex traction  p rocess .

The f ir s t  s tep  involves reactions of metal ion in  th e  aqueous 

phase leading to  th e  formation of an ex trac tab le  species. Complex 

formation may be accomplished by  coordination, including chelation, 

and simple coordination, or by  ion association.

The second aspect is the  d is tribu tion  of the  ex trac tab le  complex. 

This is by  fa r the  easiest to u n d e rs tan d  from the  mathematical 

s tandpoin t, since the  d is trib u tio n  of the  ex tractab le  species between 

the two liquid phases follows th e  d istribu tion  law. However, fac to rs 

affecting  ex trac tab ility  are  quite  complex.

The th ird  aspect is th e  in teractions of the complex in the

organic phase; for example, polymerization o r dissociation; and

in teraction  with o ther components, such as the  reag en t as well as 

the  solvent comprising the  organic p hase . The organization p a tte rn  

fo r the  ex traction  process applies ju s t as well fo r ex traction  of

organic compounds with the  possible simplifying modification th a t

many such compounds a re  d irec tly  ex trac tab le  w ithout the necessity  

for a complex-forming reag en t.
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Since the formation of an ex trac tab le  complex is  a v ita l s tep  in 

th e  ex trac tio n  p rocess , the  n a tu re  of m etal complexes and the  

fac to rs  governing th e ir  form ation will now be explored .

a. Coordination Complexes

O ur un d ers tan d in g  of th e  metal complexes th a t may be term ed 

coordination compounds derives from W erner's concept of the  

coordination of ions o r  g roups in a  defin ite  geometric arrangem ent 

about a cen tra l ion which was tra n s la ted  in  term s of the  G. N. 

Lewis electronic th eo ry  b y  Sidgwick(7) and  Lowry(8 ).

The application of Lewis1 electronic th eo ry  of acid and bases to 

th e  consideration of coordination compounds is v e ry  usefu l. 

A ccording to th is  th eo ry , ac id -base  reactions involve th e  formation 

of a coordinate-covalent bond betw een an  acid, defined as an 

e lec tro n -p a ir accep tor, and  a base , o r e lec tro n -p a ir donor. A metal 

cation, being e lec tro n -p a ir defic ien t, is considered as an  acid 

capable of reactin g  with sev era l basic  en titie s , the  num ber of which 

is  re la ted  to the  coordination num ber of th e  metal.

The basic en titie s , ch arac te rized  by  possessing  a t least one 

u n sh ared  pa ir of e lec trons, a re  usually  e ith e r n eu tra l o r negatively 

ch arg ed . The n a tu re  of th e  bonds between the  acidic metal cation 

and  the basic coordinated g ro u p s, called ligands, ran g es  from almost
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completely covalent, to the  o th er extrem e of essen tially  e lec tro sta tic , 

w ith a la rg e  num ber of coordination complexes hav ing  bonds of 

in term ediate ch a rac te r . The tran s itio n  betw een e lectrovalen t and 

covalent bonding is considered in term s of th e  polarizabilities of the  

ions o r g roups invo lved(9). When a cation and  a ligand approach  

each o th e r, a deform ity, o r polarization, is induced in  th e  ligand 

due to  in teraction  w ith the  highly charged  metal cations, which have 

a n o n -in e rt-g as  electronic configuration.

According to  th e  Lewis th e o ry , we can anticipate th a t the  

stab ility  of a metal coordination complex will depend on (a) fac to rs  

re la ted  to  the  "acidity" of the  metal ion, (b) those re la ted  to  the  

"basicity" of the  coordinating ligand , and  (c) special fac to rs  re la ted  

to  the  configuration of the  re su ltan t complex.

Among the  many metal complexes of in te re s t in ex trac tio n , 

severa l ty pes may be d istingu ished . F irs t, th e re  a re  simple 

coordination complexes in which metal ions combine w ith mono- 

den ta te  ligands in a num ber equal to  th e ir  coordination num ber. 

Some of these  complexes a re  ex trac tab le  o r, if charg ed , can 

associate w ith o th e r ions to  form ex trac tab le  species.

A second category  derives from th e  in teraction  of metal ions w ith 

po ly -den ta te  ligands th a t can each occupy more than one position in 

th e  coordination sp h ere  of the  m etal. These complexes a re  called 

ch e la te s .
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A th ird  category , of which heterpoly  acids a re  an  illustra tion , is 

d istingu ished  by the  presence of a cen tra l complex ion ra th e r  than  a 

cen tra l monatomic ion. Heteropoly acids, many of which a re  

ex tractab le  into organic so lvents, form a large group of oxygen- 

containing acids possessing an atom of an element such as boron, 

silicon, phosphorus, or arsen ic  in combination with a num ber of 

atoms of ano ther element, such as molybdenum o r tu n g sten .

b. Chelate Complexes

Chelating reagen ts  play an im portant role in ex traction  of metals 

because they  comprise an im pressive body of both useful ex traction  

agen ts  and masking agen ts . The la tte r  a re  sequestering  ag en ts , 

which form soluble complexes p reven ting  the  in terference of certain  

ions in o ther reactions. Metal chelates re p re se n t a  type of 

coordination compound in which a metal ion combines with a  poly- 

den tate  ligand capable of occupying two or more positions of the  

coordination sphere  of the  metal ion to form a cyclic compound. The 

functional groups of the  base m ust be so s itua ted  in the  molecule 

th a t they  perm it the  formation of a stable r in g , generally five- or 

six-m em bered.

The physical and chemical p roperties  of a metal chelate will of 

course depend on factors re la ted  to the  basic na tu re  of the  

chelating agen t and the acidic na tu re  of the  metal, as well as on 

fac to rs inheren t in the metal chelate itse lf.
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Chelating agen ts  may be conveniently classified according to  the  

charge  type of the  basic g roups p re sen t. If bo th  basic groups of 

th e  reag en t a re  uncharged , positively  charged  metal chelates a re  

form ed. If the  reagen t has one anionic g roup , n eu tra l chelates 

usually  re su lt. The presence  of a multiple negative charge on the  

chelating ag en t may re su lt in  negatively  charged  chelates. All types 

of chelating agen ts  find  usefu l application in metal ex traction  

p ro ced u res . As a  c lass, the  n eu tra l chelates a re  those most easily 

ex tra c te d  into organic so lven ts. Some cationic chelates by  pairing  

w ith certa in  anions, form uncharged  species, i . e . ,  ion p a irs , which 

can th en  be ex trac ted  into organic so lvents. The g rea t usefu lness 

of reag en ts  forming anionic chelates res id es  in th e ir  "masking" 

action . The use of an ex traction  agen t and a masking agen t in 

combination can re su lt in  a m arked increase in the  selectiv ity  of the  

ex trac tion  system .

c. Ion-Association Complexes

A major frac tion  of th e  ex trac tab le  species o th e r th an  those th a t 

a re  chelates ex ist in the  organic solvent as associated ionic 

ag g reg a te s . A lthough, in ion -pa ir formation th e  forces of a ttrac tion  

a re  physical, as con trasted  to th e  chemical forces involved in  the  

formation of coordination complexes, both  types behave in accord 

w ith the  law of mass action. Hence, fo r two ions A+ and B which 

associate to  form ( A+, B ) according to the  equation
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A+ + B" ( A+, B ' )

the  equilibrium  expression  is

[ ( A+, B ' ) ]
K = ------------------------

[ A+ ] [ B" ]

The ex istence and  behavior of such  complexes was p red ic ted  by  

N. B jerrum (lO ), whose th eo ry  re la te s  the  value of th e  ion -pa ir 

form ation constan t K to th e  d ielectric  constan t of th e  so lven t e, to 

the  tem p era tu re , and  to the  size of the  ions involved. T h u s ,

4 ir N e 2
K = ------------------ Q (b)

1000 t  k  T

b = -------------
a t  k  T

w here N is A vogadro 's num ber, e is th e  u n it of ch arg e , k is the  

Boltzmann co n stan t, T  is th e  absolu te tem peratu re , Q (b) is a 

calculable function , and  a is an em pirical param eter w hich has been 

in te rp re te d  as re p re sen tin g  th e  d istance  betw een charge cen te rs  of 

the  p a ired  ions when in  con tac t.
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2.1.3 Distribution of the Extractable Species

a. Solubility and Distribution

I t  m ust be pointed out th a t  to  uncritically  equate th e  ra tio  of 

solubilities of a  solute in each of two solvents to  the  d is trib u tio n  

coefficient of th e  solute d is trib u tin g  betw een the  same two solvents 

could lead to  serious e r ro rs . D espite  th e  fact th a t the  underly ing  

mechanisms in  both  cases a re  qu ite  sim ilar, it  would almost always 

be in co rrec t to  expect a q u an tita tiv e  agreem ent of th e  solubility 

ra tio  and  th e  d istribu tion  coefficient. Two major fac to rs  a re  

responsib le  fo r the  d isp arity .

The f ir s t  of these  a rises  from the  changes th a t occur in the  

ac tiv ity  coefficients of the  solute in  each phase as the  to ta l solute 

concentration changes. The second cause fo r d iscrepancies betw een 

d istrib u tio n  coefficients and solubility  ra tio  is the  e ffec t of the  

p resence  of th e  second solvent on th e  solubility of the  solute in the  

f ir s t  solvent. Since the  solvent p a ir  is essen tially  immiscible, it  is a 

reasonable assum ption th a t th e  low m utual solubility does not 

appreciably  a lte r  the  activ ity  of e ith e r so lven t. However, th e  solute 

may re a c t w ith the  second so lvent to  form a new species ( e .g . ,  a 

solvate ) which may have solubility  charac te ris tic s  completely 

d iffe ren t from those of the  o rig inal solute.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25

b . F ac to rs  A ffecting Solubility

The p rocess of solvation which consists of solute molecules 

fo rcing  them selves betw een solvent molecules may be classified by 

th e  ty p e  of bonds involved (11).

The f ir s t  ty p e  of bond is the  e lectrostatic  bond, which involves 

fo rces betw een two ions, two dipoles, o r an ion and a dipole. The 

solubility  of e lec tro ly tes in  a h ighly  polar medium, such as w ater, is 

a ided by  e lec tro sta tic  fo rces. A comparison of the  solubilities having 

th e  same o r similar free  energ ies  of formation indicates th e  prim ary 

role of e lec tro sta tic  fo rces. In such a comparison, la ttice energies 

a re  usefu l in seeking  fac to rs  th a t govern solubility.

The second type  of bond is the hydrogen bond which is 

essen tia lly  e lec tro sta tic , b u t exceptional enough to w arran t separate  

consideration . Much of th e  solvent action of w ater is a ttrib u tab le  to 

its  hydrogen -bond ing  capacity . The solubility of a substance in 

w ater o r  alcohol is determ ined more by its  ability  to  form hydrogen 

bonds th an  by its  po larity  as m easured by dipole moment.

The th ird  ty p e  is the  chemical bond. These bonds depend upon 

th e  specific system  and , in general, are tem perature dependent. In 

th is  catego ry , acid-base  in teractions a re  of p a rticu la r in te re s t to 

u s . The solvent action of w ater, alcohols, and e th ers  on many salts 

re flec ts  the  basic ch a rac te r of these  solvents in the Lewis sense.
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c. Solubility Characteristics of Chelates

Most chelating ag en ts  used  as ex traction  agen ts  a re  of th e  type 

th a t contain one uncharged  and  one anionic basic functionality  so 

th a t both  the  electrovalency and  maximum coordination of th e  metal 

ion is satisfied  in th e  chelate form ed. The m etal chelates a re  

essen tially  covalent compounds and a re  fa r  less  soluble in  w ater 

th an  in  organic so lven ts , which th ey  resem ble s tru c tu ra lly .

The interm olecular fo rces affecting  the solubility  of many of the  

organic-like metal chelates in  organic solvents a re  characterized  as 

being rela tively  weak, and  as being physical, ra th e r  than  chemical, 

in n a tu re . For such solutions, in which specific chemical fo rces are  

ab sen t, the  classical dictum  of "like d issolves like" and  H ildebrand 's 

th eo ry  of reg u la r so lu tions(12) can be applied.

In  th is  th eo ry , a q u an tity , 6, called the solubility  param eter, is 

in troduced , defined as th e  square  roo t of the  heat of vaporization of 

th e  liquid  p e r u n it volume. The solubility param eters of solvent and 

solute a re  compared. I t  is a m easure of cohesive energy  density  or 

" in te rna l p re ssu re " . The solubility increases w ith increasing

sim ilarity of the  solubility param eter values since th e  heat of mixing 

of the  solute and solvent depends on the  difference of th e ir  6 

values. For the  solubility of a solid solute, the  heat of fusion of a 

solid and tem perature  affec t its  solubility in all so lven ts; so these 

same consideration lead to  the  choice of the b est solvent.
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d. Solubility Characteristics of Ion-Association Compounds

Ion-association compounds can be considered as polar molecules, 

i . e . ,  those having  dipole moments, whose solubility in  organic 

solvents depends in large measure on th e ir  s tru c tu ra l resem blance to 

those so lven ts. T h u s, if the ions involved contain la rg e  organic 

g roups, th en  solubility  in organic solvents is a  reasonable 

expecta tion .

Oxonium system s occupy a special place among ion-association 

system s because of the  participation  of the  solvent molecules in  the  

formation of the  ex tractab le  complex. O xygen-containing organic 

liquids serve  effectively as solvents for a num ber of metal salts 

because the  basic ch arac te r of the  oxygen atom enables the 

incorporation of th e  solvent molecule in the  coordination sphere  of 

the metal ion, giving r ise  to an  ion-association compound th a t bears 

a s tru c tu ra l resem blance to the  solvent.

The ability  of oxonium solvents to compete successfully  with 

w ater fo r the  acidic metal ion depends on the  basicity  of the  oxygen 

in the  molecule. The basicity , in tu rn , reflec ts  the  steric  

availability of the  electrons a t th e  oxygen atom as well as the  

e lectron density . S teric  considerations a re  of p a rticu la r importance 

in coordination with metal ions which are  much la rg e r  than  p ro tons. 

At the  same time, th e  competitive s tre n g th  of w ater may be reduced  

by the  use of high concentrations of salts and acid. High electro ly te 

concentration helps ex traction  in th re e  w ays: (a) by the mass action
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effec t, if the  electro ly te  possesses suitable coordinating anions ( the 

h igh anion concentration makes the  replacem ent of w ater by  the 

anion easie r ) ,  (b) by g rea tly  red u c in g  the  w ater activ ity ; and  (c) 

by lowering the  d ielectric  co n stan t, th u s  favoring  ion-pair 

form ation.

The re la tive  basicity  of solvents can be evaluated  by  in frared  

spectroscopic m easurem ents (13). The observed  decrease in base 

s tre n g th  of a series  of oxonium solvents follows the  o rd e r: alcohols 

> e th e rs  > ketones. However, w ith re g a rd  to  effectiveness for 

coordination to m etals, the  position of e th e rs  and ketones is 

sometimes rev e rsed  because th e  carbonyl oxygen, being more remote 

from th e  hydrocarbon  side chains th an  the e th e r  oxygen, is less 

subject to s te ric  in te rfe rence  to coordination.

The term  "sa lting -ou t"  ag en ts  is applied to those e lectro ly tes 

whose addition g reatly  enhances th e  ex trac tab ility  of complexes, 

p a rticu la rly  those encountered  in oxonium ex trac tio n s, where 

sa ltin g -o u t ag en ts  play a most im portant role. The use of such salts 

added to  the  aqueous phase to  improve the ex traction  has meant the 

d ifference betw een success and failure in many oxonium extraction  

system s. The functions of the salting -ou t agen t a re , a t f ir s t , 

providing a h ig h er concentration of complexing anion which, by 

mass action, increases the  concentration of th e  complex, and thus 

im proves the ex trac tio n . Secondly, d ifferences in salting -ou t agen ts 

also depend upon th e ir  influence on the  activ ity  coefficients of the
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ions p a rtic ip a tin g  in the  formation of the  complex. A nother 

im portant fac to r is the  binding of w ater b y  the  ions of the  salting 

ag en t. Water is probab ly  bound as a shell of o rien ted  w ater dipoles 

around  the  ion and  th u s  becomes unavailable as a free  solvent. 

F inally, it  is notew orthy th a t the  d ielectric constan t of the  aqueous 

phase decreases with increasing  salt concentration , which will favor 

the  formation of th e  ion-association complex.

2.1.4 Chemical Interactions in the Organic Phase

Chemical in te rac tions of the  ex tractab le  species in th e  organic 

phase owe th e ir  im portance to th e ir  effect on the  concentration of 

th e  complex an d , hence, on the ex ten t of ex trac tion .

One of the  most im portant ty p es  of o rgan ic-phase reactions is 

polym erization of ion-association complexes. By th e ir  v e ry  n a tu re , 

v irtu a lly  all ion -pa ir complexes te n d  to  form h igher agg regates as 

th e  concentration  in c reases. N aturally , since polymerization tends to 

reduce  th e  ac tiv ity  of the  ex tractab le  species in the  organic phase, 

th e  overall ex trac tio n  equilibrium  is sh ifted  in favor of h igher 

d is trib u tio n  ra tio s . I t  should follow th a t th e  ex ten t of most ion- 

association ex trac tio n s  depend on the concentration of the  metal 

involved, which is found to be the  case in p rac tice .

Dissociation of ion-association complexes may also occur in very  

dilute solutions, particu la rly  in the  more polar so lven ts(14) (15).
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T his reaction  would re su lt in increased  ex traction  a t  v e ry  low metal 

concentrations (16).

Since ex tractab le  metal chelates a re  essentially  covalent 

compounds, th e ir  solutions in n eu tra l organic solvents a re  relatively  

free  from chemical in te rac tion . One notew orthy exception arises  

when b u ffers  th a t have ex trac tab le  components a re  used . For 

example, an acetic acid-sodium  acetate  b u ffe r  used  to  ad just the  pH 

of the  aqueous medium could easily  re su lt in  ex traction  of acetic 

acid in to  the organic phase . The acetic acid might reac t with e ith e r 

th e  chelating reag en t o r the  chelate itse lf and th e reb y  affect the  

course of th e  ex traction .
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L iquid-liquid ex traction  is , of all the  various separation 

techniques for uranium  from fission p ro ducts  which have appeared  

in the  p a s t decades, the  one th a t has been used  almost universally . 

E xtractions of uranium  utilizing ion-association system s ten d  to  be 

more specific than  ex tractions utilizing the chelate system s, and , of 

th ese , th e  ex tractions of n itra te  complexes probably  constitu te  the 

most specific system s. Examples a re  th e  e thy l ace ta te -n itra te  salting 

system , the  e th e r-n itra te  salting system , the tr ib u ty l phosphate 

system , the  phosphine oxide system , and th e  methyl isobuty l ketone 

system .

2.2.1 Tri-n-butyl Phosphate (TBP)

The use  of t r i-n -b u ty l phosphate (TBP) as a separating  agen t in 

the  solvent ex traction  of uranium  has been developed to  a 

considerable e x ten t, and th e re  a re  many solvent ex traction  methods 

employing th is  reag en t in cu rren t u se .

TBP is a colorless liquid with a  boiling point of 177 to 178°C at 

27 mmHg, a flash  point of 14G°C, a v iscosity  of 3.41 centipoises, 

and a specific g rav ity  a t 20°C of 0.973. Its  solubility in w ater is 

0 ,4  g /l i te r  at 25°C, the solubility of w ater in TBP a t 25°C is about 

7 p e r cen t. The material is not v e ry  corrosive and can be sto red  

in most common laborato ry  containers.
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The separation  of uranium  from o ther m aterials w ith TBP is 

based  on the  fac t th a t in e r t d iluen ts  decrease the  d is tribu tion  

coefficients in general, th u s , if th e  p ro p er TBP to d iluent ra tio  is 

selected , the  uranium  d is trib u tio n  coefficient, a lthough decreased , 

will still be significantly  h ig h e r th an  the  coefficients of the  metals 

th a t e x tra c t similarly to  uranium . In th is  way, th e  absolute amounts 

of im purities ex trac ted  will be decreased .

The uranium  complex U 02(N 03)2(TBP)2 appears  to  be s tro n g e r 

th an  th e  analogous complexes of thorium , plutonium , cerium (IV ), 

and  zirconium, which e x tra c t in  a similar m anner to  uranium .

Since ex trac tions a re  usually  made from n itr ic  acid solutions, the  

stab ility  of TBP in  th e  p resence  of n itr ic  acid is im portant. Acid 

concentrations up  to  16 M a t room tem perature  were found to  have 

no e ffec t. However, th e  p resence  of hydrolysis p ro d u c ts , notably 

d ibu ty l and  monobutyl phosphates , m arkedly decreases th e  efficiency 

of s trip p in g  th e  uranium  from the  solvent because of the  ra th e r  

stab le complexes of th ese  hydro lysis  p roducts  w ith uranium . 

P retrea tm en t of th e  TBP w ith 1 M sodium hydroxide effectively 

removes hydro lysis  p ro d u c ts .

The type  of solvent u sed  to  d ilute the  TBP affects the  

d is trib u tio n  of uranium . For example, if one u ses  carbon 

te trach lo rid e , the  uranium  ex trac tio n  coefficient ( o rgan ic/aqueous ) 

is 20.1; if benzene is u sed , th e  ex traction  coefficient is 13.2; and  if 

chloroform is u sed , the  coefficient is decreased sharp ly  to  3 .22(17).
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In  general, kerosene-type  so lven ts, such  as  V arsol ( a m ixture of 

a liphatic hydrocarbons ) ,  carbon te trach lo rid e , hexane, and hexone 

a re  employed in chemical analysis , and p rocessing  of uranium .

V arious fac to rs  influence the  ex trac tio n  of uranium . The 

ex trac tion  efficiency varies  inversely  w ith the  tem pera tu re , w ith a 

change in the  d is trib u tio n  coefficient of uranium  by  a  fac to r of 2 

w hen the  tem perature  is varied  from 10 to 50°C. T he uranium  

d istrib u tio n  coefficient, when no salting  agen t is  p re sen t, increases 

w ith the  concentration of n itr ic  acid up to  about 5 M, b u t it  is  also 

a function of the  total n itra te  concen tration . Salting ag en ts  have a 

m arked effect on the uranium  d is trib u tio n  coefficient, an d  various 

salting  ag en ts , such  as aluminum n itra te , ammonium n itra te , calcium 

n itra te , fe rr ic  n itra te , and sodium n itra te  have been u sed .

The d is trib u tio n  coefficient of uranium  is  reduced  by  dilution of 

th e  TBP with an in e rt so lvent. The d is tribu tion  coefficients of 

metals w ith ex traction  mechanisms similar to  uranium  show a similar 

reduction  with decreased  TBP concentration . T herefo re , i t  is 

possible to  separa te  uranium  from th ese  metals by utiliz ing an 

optimum TBP concentration.

Various solutions have been used fo r the  recovery  of uranium  

from the  TBP solution, such as sodium carbonate , ammonium 

sulfa te  (17), and ammonium acetate (18), as well as hot w ater. 

C on tra ry  to one statem ent (19), uranium  is ra th e r  read ily  s trip p ed  

from TBP in a hydrocarbon diluent w ith sodium hydroxide and
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hydrogen  peroxide (20) o r  w ith ammonium hydroxide and hydrogen 

pero x id e .

A d ifferen t approach to stripp ing  uranium  from TBP ( 20 % in 

kerosene ) solution has been made b y  Petrem ent Eguiluz and

Palomares Delgodo(21), who employed 2 N sulfuric acid and granu lar 

metallic cadmium. The cadmium reduces the hexavalent uranium  to 

th e  te trav a len t form, which goes into the  su lfu ric-ac id  la y e r . The 

method was especially applicable for th e  separation of traces  of

uranium . No emulsions were formed, as sometimes happens when

sodium or ammonium carbonate solutions are  used  fo r s trip p in g . The 

efficiency of s tripp ing  with su lfu ric  acid and cadmium was g rea te r 

th an  with w ater, 2 N su lfuric  acid, or solutions of sodium 

carbonate , ammonium carbonate , o r sodium sulfate.

2.2.2 Diethyl Ether

Diethyl e th e r was u sed  fo r the separation of u rany l n itra te  by 

so lvent ex traction  to  a g rea t ex ten t in th e  early  phases of the  work 

on nuclear energy  problems bo th  in plant processes and in analytical 

chem istry . This solvent is no longer used to the  ex ten t th a t it 

form erly w as, bu t it is s till employed in some separations in

analytical chem istry. U ranyl n itra te  is soluble in d ie thyl e th e r, 

b u t, fo r complete recovery  from in te rfe ring  elem ents, it  is necessary  

to use salting  ag en ts . The early  work of Furman and 

cow orkers(22,23) described  the  effects of various salting  agen ts .
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Scott(24) made a tho rough  s tu d y  of th e  effects of salting  agen ts , 

acid  concentration, and  in te rfe rin g  anions as applied to  analysis of 

uranium .

Among th e  various sa lts , calcium and ammonium n itra te  have 

been used  extensively  as salting  ag en ts , and zinc, copper, fe rric , 

lithium  and aluminum n itra te s  a re  also v e ry  effective fo r th is  

p u rp o se . The efficiency of various salting  agen ts  a re  shown in 

Table 2 .1 (25).
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Table 2.1 The efficiency of various salting agents in the 

extraction of uranium with diethyl ether

Formula N 03 norm ality U d is trib u tio n  U ex tra c te d
from salting  agen t coefficient (o rg ./a q )  %

n h *n o 3 10.07 1.31 56.7

NaN03 7.72 2.85 74.0

LiN03 10.50 85.2 98.8

C a(N 03) 2 10.57 165.4 99.4

Zn(N 03) 2 10.68 259 99.6

C u(N 03) 2 9.31 162 99.4

Mg(NOa) 2 3.03 0.448 30.9

T h (N 0 3) , 5.54 1.71 63.2

A1(N03) 3 4.85 3.95 79.8

F e(N 03) 3 7.37 74.7 98.7
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The n itric  acid con ten t is also im portant; with increasing  n itric  

acid con ten t, up  to  about 5 N, th e  percen tage  of uranium  ex trac ted  

increases (24). A cidities h ig h er th an  6 N n itric  acid may lead to 

reaction  between th e  e th e r  and th e  n itr ic  acid. The elem ents which 

e x tra c t in v a ry in g  amounts and which may cause problems are  

cerium (IV ), vanadium , iro n , if p re sen t in large am ounts, thorium , 

zirconium, and molybdenum, if p re se n t as silico o r phosphomolybdic 

acid. N itric acid is also e x trac ted , and additional n itric  acid should 

be added e ith e r to  the  ex traction  funnel, o r to the  continuous 

e x tra c to r , depending on which method is used .

C ertain  anions cause difficu lty  in the  separation , e ith e r by  

ex trac tin g  o ther elem ents, such as fe rric  ion when chloride is 

p re sen t, o r by decreasing  the  uranium  d is trib u tio n , such as 

happens when fluoride, su lfa te , and phosphate ions a re  p re se n t in 

certa in  am ounts. This was investigated  by  Scott(24) who determ ined 

the  p e rcen t of uranium  ex trac ted  from solutions containing vary ing  

quan tities of the  common anions, in troduced  as the  sodium sa lts , 

th a t were 3 N w ith re sp ec t to n itr ic  acid and 1 M with re sp ec t to 

fe rric  n itra te . If th e  fo reign  anions do not reduce the  percen tage  

of uranium  ex trac ted  below 79 p e r cen t in a single ex trac tion , no 

modification of th e  rou tine p rocedure  using  th ree  ex trac tions is 

req u ired  to achieve 99 p e r cent recovery  of uranium . A lthough 

calcium n itra te  can be used  to  offset the  effect of su lfa te , it is the  

usual p rac tice  to p rec ip ita te  the  uranium  with C 02-free  ammonium 

hydroxide and to red isso lve the  prec ip ita te  in n itr ic  acid. The
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separa tion  as th e  hydrox ide  is not always complete in  the  presence 

of phosphate  ion. Phosphate can be removed by precip ita tion  with 

zirconium  n itra te  in  a n itr ic -ac id  medium(23), b u t th e  zirconium 

phosphate  p rec ip ita te  is  inclined to be gelatinous, and  some uranium  

may be occluded. Aluminum n itra te  o r fe rric  n itra te  can be used  to 

overcome the  influence of phosphate . A sa tu ra ted  fe rr ic -n itra te  

solution as th e  salting  ag en t has proven satisfac to ry  fo r th is 

p u rp o se (2 3 ).

Both continuous ex trac tio n  and batch  ex traction  have been 

employed w ith th is  solvent.

2.2.3 Methyl Isobutyl Ketone ( MIBK )

The use of m ethyl isobu ty l ketone fo r th e  ex traction  of uranium  

from n itra te  solutions was u sed  as fa r  back as  1945 by  K raus (26). 

The use of th is  re ag en t in p lan t separations has been quite 

ex ten siv e , b u t re cen tly , th is  reag en t has only been  u sed  for 

analysis . Paley(27) used  m ethyl isobu ty l ketone in a n itra te  solution 

w ith ammonium n itra te  as a salting -ou t agen t to separa te  uranium  

p rio r  to a  colorim etric determ ination with th iocyanate. Nietzel and 

DeSesa(28) modified th is  p rocedure  for th e  same purpose , in 

connection w ith th e  separation  of uranium  from fission p roducts . 

Booman and cow orkers(29,30) also made a ra th e r  complete study  of 

th e  use  of m ethyl isobu ty l ketone in analytical chem istry. From th e ir 

s tu d ies  i t  appears  th a t the  use  of aluminum n itra te  as a  salting-out
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agen t is p re fe rre d . The acid ity  of the  aluminum n itra te  salting  

solution affects the  d is trib u tio n  of fission p roducts  in a liquid-liquid  

ex traction  system . At constan t concentration of aluminum n itra te , 

fission p roduct ex traction  is increased 50-fold between 0 .1 N acid 

deficiency and 0.1 N free  acid . An acid-deficien t n itra te  solution is 

defined as one th a t contains less n itra te  ion than  a solution of the 

stoichiometric sa lt, i . e . ,  it  contains hydrolyzed species. Zirconium 

and niobium hydrolyze in an acid-deficient solution to give a species 

th a t does not e x tra c t. Ruthenium and rhodium  also have lower 

ex trac tab ility  from an acid-deficien t solution. A value of 1 N acid- 

deficient aluminum n itra te  was selected as optimum fo r the  system 

because in the  concentration range  from 2.4 M to 2.8 M it p rovided 

the  degree of bu fferin g  req u ired  for the  range of acidity expected 

in samples and it did no t cause emulsification of the  two p hases as 

did  the more highly  acid-deficien t solutions(30).

2.2.4 Trialkyl Phosphine Oxides ( TOPO )

In the  course of a system atic study  of organic complexing agen ts 

fo r uranium , investigato rs  a t Oak Ridge National L abora to ry (31) 

found a num ber of prom ising reagen ts  among the organophosphorus 

compounds. One class of these  compounds, the  tr i-n -a lk y l phosphine 

oxides, was found to have an extrem ely h igh ex traction  coefficient 

fo r uranium , significantly  g re a te r  than  the coefficients fo r iron , 

aluminum, thorium , and vanadium.
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On th e  basis of th is  w ork, White and R oss(32) made a qualitative 

investigation of the  ex traction  of some 40 additional metal ions from 

acidic solutions by  tr i-n -o c ty l phosphine oxide (TOPO) to obtain a 

general p ic tu re  of the selectiv ity  of these  compounds as e x tra c ta n ts .

The n eu tra l alkyl phosphine oxides (R3PO ), and  the  

phosphinates [R(RO )2PO] can be grouped with th e  familiar alkyl 

phosphate , tr ib u ty l phosphate (TBP), w ith re g a rd  to  th e ir  

ex traction  behavior.

These organophosphorus reag en ts , however, o ffer a g rea tly  

increased  range of ex traction  power. TOPO e x tra c ts  uranium  with a 

coefficient th a t is five o rd e rs  of m agnitude h igher th an  TBP and 

ex tractions can be achieved from sulfate and phosphate solutions in 

which TBP is completely ineffective. The phosphinates and 

phosphonates are  interm ediate between these ex trem es. In  all cases 

n itra te  is the  most favorable aqueous medium, with rap id ly  

decreasing  extraction  from chloride to sulfate solutions. As with 

the  acid compounds, re ag en t concentration is an im portant variable 

in determ ining ex traction  coefficients. Uranium coefficients, for 

example, v a ry  with the second power of the uncomplexed phosphine 

oxide concentration.

An im portant consequence of the  high ex trac tab ility  from n itra te  

solutions is th a t, by th e  in troduction  of relatively small amounts of 

n itra te  in much less favorable aqueous solutions ( e .g .  su lfate and 

phosphate  ) , uranium  can be effectively ex trac ted  by  a phosphine
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oxide. T his is  to be co n trasted  w ith the  inh ib iting  e ffec t th a t small 

concentrations of su lfa te  and  phosphate  have on ex trac tions with 

TBP from concen tra ted  n itra te  solutions (33).

It is in te re s tin g  to  note th a t the  varia tion  of uranium  extraction  

with reag en t type  and  w ith aqueous anion rough ly  parallels the 

ex traction  of m ineral acids b y  these  re a g e n ts . T h u s , all these

n eu tra l re ag en ts  e x tra c t phosphoric acid, su lfu ric  acid , hydrochloric 

acid, and  n itr ic  acid from aqueous so lu tions, th e  ex traction  

increasing  rough ly  in  th a t  o rd e r. In addition , th e  ex ten t of 

ex traction  of a given m ineral acid inc reases  in  the  o rder: 

phosphate , phosphonate , phosph inate , phosphine oxide. An 

im portant p ro p e rty  of th e  dialkyl phosphoric  acids is th a t in 

combination w ith n e u tra l organophosphorus re a g e n ts , a  strong  

enhancem ent ( synergism  ) of U(VI) ex trac tion  can be obtained (33).

The o th e r organic so lven ts, such as e th y l ace ta te ,

d ibu toxy te trae thy lene  glycol ( p en ta  e th e r  ) ,  d ib u ty l carbito l,

diethyldith iocyarbam ate, acetylacetone e tc . ,  a re  also used  as

e x trac tan ts  fo r the  separation  and determ ination of uranium  from 

fission productions (25).

2 .2 .5  Synergistic  E xtraction

The term  synergism  was f ir s t  in troduced  by  C. A. Blake e t 

al. (34) to  describe the  enhanced ex traction  of uranium  with
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dialkylphosphate and some organophosphorus e s te rs . The 

phenomenon has been explained by  an o rgan ic-phase  reaction in 

which one o r two moles of phosphate e s te r  add to the  n eu tra l 

thenoyltrifluoroacetone ( TTA ) complex(35).

The most in tensively  studied  system s a re  of the following ty p es :

(a) a chelating  ag en t such as TTA or IPT ( 3 - isoprop yltropolone ) 

and a solvating solvent such as TBP, MIBK, DBSO ( d ibu ty l 

sulphoxide ) , and (b) a dialkylphosphoric acid and a n e u tra l 

organophosphorus e s te r .  Considerable w ork has been done in the  

a rea  of chelating  agen t-so lva ting  solvent system . Irv ing  and  

Edgington(36) postu la ted  th a t the  conditions fo r synerg ic ex traction  

a re : (a) one of th e  active reag en ts  ( HX ) should be able to

neu tra lize  the  charge  on the  metal ion, p re fe rab ly  by forming a 

chelate; (b) th e  solvent should displace any  residual coordinated 

w ater from the  n eu tra l metal complex, ren d e rin g  it  less hydrophilic; 

(c) the  so lvent should not itse lf be hydrophilic and coordinated less  

strong ly  th an  HX; and (d) the  maximum coordination number of the  

metal and the  geom etry of the ligands should be favorable. T hese 

postu la tes  appeared  valid for the  U(VI)-TTA-TBP(TOPO) system  b u t 

not for th e  tr iv a len t lan thanides and ac tin ides, which are  apparen tly  

coordinatively sa tu ra te d . With U (V I)-TTA -TB P and U (V I)-TTA - 

TBPO ( trib u ty lp h o sp h in e  oxide ) m ix tures, synerg ic  enhancem ent 

fac to rs  of the  o rd e r of 103 and lO1* respec tive ly  were observed . The 

ex trac ted  species w ere assigned  the  compositions U 0 2 X2TBP and 

U0 2 X 2 (TOPO)a resp ec tiv e ly (3 7 ,3 8 ,3 9 ), from isopiestic and in fra red

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

m easurem ents. The studies were ex tended  to  plutonium (VI), 

americium ( I I I ) , europium (III) and  thorium , and the  species identified 

w ere PuX 3 (T B P)2, AmX3 (T B P)2, AmX3 TBPO, ThX 3 (N 03)TBP and 

T hX (N 0 3 ) 3 TB P0.

Healy(40) rep o rted  the synerg ic  ex traction  of uranium (V I), 

thorium , lanthanides ( I I I ) , actin ides (III) and alkaline e a r th  metal 

with TTA-TBP, TTA-TBPO and TTA -TPP; TPP is trip h en y l 

phosphate . The ex trac ted  species a re  U 0 2 (TTA )2 S, U 0 2 (T TA )2 S2, 

T h(T T A )„S , Pm(TTA)3 S2, Am(TTA)3 S2, Cm(TTA)3 S2  and 

C a(T T A )2 S, where S is an organophosphorus e s te r . It was observed  

th a t th e  synergic effect increases with increasing  basicity  of the 

e s te r , i . e . ,  in the  o rder TOPO > TBP > TPP.

Newman and Klotz(41), in th e ir  s tu d y  of the  ex traction  of 

thorium  with TTA and tri-n-octy lam ine, dem onstrated th a t 

T h(T T A )„R 3NHCl is the ex tractab le  species. H. L. Finston and Y. 

Inoue(42) observed synergism  in the  system  Fe(III)-TTA -SC N  and 

a ttr ib u te d  th is  to a kinetic effect ra th e r  than  to formation of some 

mixed ligand complex. Synergic ex tractions of gallium and cobalt(II) 

w ith TTA and tetraphenylarsonium  chloride from acetate medium also 

have been done by M. S. Rahaman and H. L. F inston(43,44). E. 

Gnizi(45) investigated  the effect of SON on the  ex traction  of Zr- 

TTA complex. The extraction system  Zr-TTA-SCN was s tud ied , 

using  9SZr tra c e r , with two solvents system s. It was found th a t in 

benzene, the ra te  of zirconium ex traction  was increased by SCN ,
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b u t no synerg ic  effect was observed . When m ixtures of hexone and 

benzene were used  as so lven t, in  addition to  the  ra te  promoting 

effect, SCN also had  a synerg ic  effect on the  ex traction  in those 

system s w here Zr-SCN was itse lf ex trac tab le . This re su lt  was

a ttr ib u te d  to  a  mechanism fo r the  synerg ic  effect th a t was the same 

as fo r th e  Fe(III)-TTA -SC N  system .

More recen tly , Chinese sc ien tis ts , Dong Zhou and  Jinwen 

Ding(46) separa ted  uranium , thorium , iron  and ra re  e a r th  elements 

in monazite by  u sin g  a m ultistage co u n te r-cu rren t ex trac tion  with 

dim ethylheptylm ethylphosphonate ( DMHMP ) and TBP in  kerosine 

and  s trip p in g  w ith (NH,, ) 2S 0 U + H 2 SOu. This p rocess is

characterized  by  simple operation and h igh  economic efficiency and a 

recovery  of 99.5 % U (V I), T h (IV ), and ra re  e a r th  metals from HC1 

and HN03 solution.

The Romanian sc ien tis ts , N istor Perescu , Anca Ionescu, D anut 

B ujoreanu and  Valeriu Balan(47) developed the Thorex acid process. 

T his p rocess consists  of solvent ex traction  of aqueous solution 

containing Th(IV ) (220 g /1), U(IV) (32.75 g/1), HN03  (3 M), and

A l(III) (0.25 M), using  as so lvent a m ixture of TBP 30 %, dodecane

60 %, and diethylbenzene 10 %. The Th(IV ) and U(VI) are  both 

ex trac ted  from the aqueous solution in  e igh t stages of ex traction , 

then  the  organic ex trac tan t phase is rep rocessed , the Th(IV ) being 

separa ted  by  ex traction  w ith dilute aqueous solution of 0.02 M 

HNO3 . The p ro ducts  of the p rocess a re  an  organic phase containing
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U 12 g/1 and Th < 50 mg/1 and  the  aqueous phase containing Th 56 

g / 1  and U < 1 0  m g/1 .

J .  D uarte Neto(48) recovered  uranium  from phosphoric acid by  

sy n erg istic  ex trac tio n . The e x trac tin g  m ixture was b is(2 -e thy lhexy l) 

phosphoric  acid ( D2EHPA ) and  triocty lphosphine oxide ( TOPO ). 

A m icro-pilot scale installation was made to g e t data fo r a continuous 

p ro cess . The recovery  of uranium  from phosphoric acid by  two 

ex trac tion  processes was also s tu d ied . Uranium was reduced  to 

te trav a len t s ta te  and ex trac ted  by dioctypyrophosphoric acid . The 

s trip p in g  was made with concen tra ted  H 3 POi, and an oxidizing agen t. 

T hen , uranium  was ex trac ted  by  D2EHPA and T 0 P 0 (4 9 ).

R. Misiak and M. Tlalka(50) determ ined the  optimum condition 

fo r p recip itation  of ammonium u ran y l carbonate and re p o rted  a 

p recip ita tion  recovery  of 97-98 % uranium  for the  sy nerg istic  

ex trac tion  system  of 0 .3  M D2EHPA and 0.075 M TOPO.

2.2.6 Homogeneous Extraction

The liquid-liquid  ex traction  method has been ex tensively  applied 

to  stud ies of chemical equ ilib ria , the separation of d ifferen t 

elem ents, and the syn thesis  of inorganic compounds. However, some 

problems do remain in solvent e x trac tio n , e .g . ,  slow extraction

ra te s  and incomplete ex trac tio n s. M urata e t al. have devised  a new 

homogeneous liquid-liquid  ex traction  method and  obtained
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sa tisfac to ry  re su lts  in  the  ex trac tion  of molybdenum (VI) with a 

simple p ro ced u re (51). This method is based on th e  high solubility  of 

an  organic solvent in  w ater a t h ig h er tem peratu re  and is 

charac te rized  by  immediate formation of the  complex ( w ith a 

su itab le  complexing agen t ) upon a tta in ing  a s ta te  of homogeneous 

solution consisting  of w ater and  the  organic solvent d u rin g  the 

p ro ced u re . A t elevated tem pera tu re , th e re  is a tran sitio n  to  a 

single homogeneous phase which separa tes  into th e  two p hases again 

upon cooling. D uring these  sequen tia l p ro ced u res , th e  species in 

th e  aqueous phase tra n s fe rs  in to  th e  organic phase , i . e . ,  the 

ex trac tio n  is achieved. T his method of equilibration by  achieving a 

homogeneous s ta te  is d ifferen t from th e  common mechanical shaking 

m ethod. Molecules of the  organic solvent e n te r  into the  aqueous 

solution ra th e r  free ly , and consequently , the  w ater s tru c tu re  of the  

aqueous media and  the  environm ent of solute species will be a lte red  

rem arkably  b y  partic ipation  of th e  organic solvent molecules. T his 

"unshield ing" of the  environm ent may affect ex trac tio n ; such a 

condition is no t satisfied  in the  conventional ex traction  m ethod.

Propylene carbonate , which has found recen t use in  solvent 

ex trac tio n  and  also in electrochemical stud ies, is a most suitable 

organic solvent fo r homogeneous liquid-liquid  ex trac tion . I t  has a 

h igh  d ielectric  constan t ( 65 a t 25°C ) , low vapo r p re s su re , high 

boiling poin t, h igh flash  poin t, and the  unique p ro p e rty  of being 

completely miscible w ith aqueous solutions above 71°C and becoming 

immiscible again upon cooling. A nother special advantage of
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propylene carbonate is th a t it  perm its a d irec t comparison of analyte 

concentration  in each phase with a  s tan d ard . Propylene 

carbonate /aqueous/e thano l medium in  the ra tio  2 : 2 : 1  yields a single 

homogeneous phase .

The only d isadvan tage of propylene carbonate as an ex trac tan t 

is the  re la tive ly  h igh  solubility of propylene carbonate in  w ater. 

The phase diagram  of th e  propylene carbonate-w ater system  was 

investigated  (52) a t atm ospheric p re ssu re  and the phase behavior is 

shown in F igure 2 .1 . A lthough propylene carbonate is soluble in 

w ater, the  chelate complex which has been ex trac ted  remains in the  

organic phase . L arge-scale  processing of aqueous media could re su lt 

in significant losses of propylene carbonate. The possibility  of 

recovering  propylene carbonate from aqueous solutions was 

in v estiga ted .

C. Hong(52) stud ied  th e  homogeneous liquid-liquid  ex traction  of 

TTA complexes of some metal ions, such as F e (III), C u (II), N i(II), 

Z n(II) e tc . ,  and a v a rie ty  of chelate and ion association complexes 

of iro n , such as iron  complexes with 5 -d iketones, 8 -quinolinol, 

cu p fe rro n , th iocyanate , benzoate, chloride, bromide e t c . . The 

ex trac tion  ra te  was in all cases very  rapid  compared to the  slow 

ra te  of conventional ex trac tio n . All those metal complexes can be 

ex trac ted  in to  propylene carbonate quantitatively .
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Fig. 2.1 Phase diagram of propylene carbonate-water system
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N. Rajapakse(53) stud ied  th e  homogeneous liquid-liquid  

ex traction  of some metal chelate complexes, such  as  TTA chelates of 

F e (III) , C o(II), C u (II), a t n ea r n eu tra l pH ( 6  to  8  ) by  propylene 

carbonate. The ex tractions were v e ry  rap id  and  quan tita tive  un d er 

optimum conditions. The system s stud ied  included C u (II), C o(II), 

Fe(III) complexed with ta r ta r ic  acid as auxiliary  ligand, and both 

TTA and acetylacetone in propylene carbonate as e x tra c ta n ts . The 

advantage of TTA over acetylacetone does not ex ist at these  h igher 

pH 's. TTA is a s tro n g e r acid than  acetylacetone and  consequently is 

more highly dissociated a t low pH th an  is acetylacetone. However, a t 

pH > 6  the  d ifference may not be significant.

The homogeneous liquid-liquid  ex traction  of uranium  as u rany l 

n itra te  also had been done in th is  s tu d y . U ranyl ion was ex trac ted  

into propylene carbonate from u ran y l n itra te  solution su p ersa tu ra ted  

with ammonium n itra te  as a salting -ou t reag en t by heating  ( to

99°C ) and s tir r in g  equal volumes of aqueous and propylene 

carbonate phases. The uranium  ex trac ted  from n itra te  solution into 

propylene carbonate was s trip p ed  from the organic phase with

sodium carbonate solution a t vary ing  pH v a lu es . The final

separation step  consisted  of ex traction  of u rany l ion into propylene 

carbonate containing dibenzoyl methane ( DBM ) . The carbonate 

complex was f ir s t  destroyed  by heating  the  aqueous phase with

n itric  acid, and pH was ad justed  from 6  to 8  before the  ex traction . 

The recovery  of u rany l n itra te  by ex traction  into propylene 

carbonate with ammonium n itra te  as a salting -ou t agent was 97 %
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u n d e r optimum condition.

The uranium  (VI) ex trac tion  by  propylene carbonate shows 

promise fo r separa tion  of uranium  from fuel elem ents. However, the 

optimum conditions and  the  behavior of typ ical h igh-y ield  fission 

p ro d u c t elem ents had  not been  stud ied .

I t  was th e  purpose  of th is  s tu d y  to  determ ine th e  behavior of 

th e  significant fission p ro d u c ts  and  to  determ ine optimum conditions 

fo r an effic ien t and  economic separation  of uranium  by  homogeneous 

solvent ex trac tio n .
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CHAPTER III 

EXPERIMENTAL

3.1 Reagents

U ranyl n itra te , ammonium molybdate and strontium  hydroxide 

( A .C .S . certified  reag en ts  ) were obtained from J .  T . B aker 

Chemical Company.

R uthenium (II I ) chloride ( 49.1% Ru ) and  zirconium metal powder 

( M3N ) w ere obtained  from Morton Thiokol, I n c . .

C erous n itra te  ( re a g en t g rade  ) was obtained  from G. Frederick  

Smith Chemical Company.

F erric  n itra te  and  sodium carbonate ( A .C .S . certified  

reag en ts  ) w ere obtained from F isher Scientific Company.

Propylene carbonate , MCB reag en ts , 98 % by  GC, was distilled 

u n d e r reduced  p re s su re  ( b .p .  92°C a t 4 .5  mmHg ) fo r purification .

All th e  o th e r chemicals such  as n itric  acid, hydrochloric  acid, 

ethanol, ammonium hydrox ide , e tc . ,  were the  h ighest p u rity  grade 

available and u sed  as such .
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3.2 Apparatus

Metal cation concentrations were determ ined by  visible 

spectrophotom etry using  a Perkin  Elmer Lambda 3B UV/Visible 

spectrophotom eter coupled to the  PE 3600 data  station  and  by  atomic 

absorption spectrom etry  using  a Perk in  Elmer 372 atomic absorption 

spectrophotom eter.

pH measurements were made with a Beckman $43 pH m eter using  

glass and calomel electrodes.
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3.3 Procedures

3.3.1 Preparation of Model Solutions of Uranium and Fission 

Product elements

Uranium solutions were p rep a red  by  dissolving u ran y l n itra te  in 

1 M n itr ic  acid , which w ere th en  mixed w ith solutions of the 

d iffe ren t fission p ro d u c t elem ents, and  ad ju sted  to  th e  desired  

concen tra tion .

Molybdenum solutions were p rep ared  b y  dissolving ammonium 

heptam olybdate te tra h y d ra te  in 1  % ammonium hydroxide solution, 

which was th en  d ilu ted  w ith n itric  acid, and  ad justed  to 1 M n itric  

acid solution.

Strontium  solutions w ere p repared  b y  dissolving strontium  

hydroxide in 1 M n itric  acid and ad justing  to the  desired  

concen tra tion .

Ruthenium  solutions were p repared  by  dissolving ruthenium  (III) 

chloride in a minimum volume of concen trated  hydrochloric acid, 

which was evapo ra ted  to incipient d ry n e ss , w ith the  residue  

dissolved in 1 M n itr ic  acid solution.

Metallic zirconium powder was heated w ith concentra ted  su lfuric  

acid and  concen tra ted  hydrofluoric acid to  fumes in a platinum 

vessel. A fter cooling, the  walls of the vesse l were rin sed  with w ater
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and  the  solution evaporated  again to  w hite fum es. The res id u e  was 

cooled and  d issolved in  a  minimum amount of w ater w ith heating , 

and th e  solution made 1 M in n itr ic  acid.

Cerium solutions were p rep a red  by dissolving the  cerium  (III) 

n itra te  in 1 M n itr ic  acid solution and  ad justing  to th e  d esired  

co ncen tra tion .

3.3.2 Extraction of Uranium in the Presence of Fission Product 

Elements

U ranyl ion was ex trac ted  into propylene carbonate  from u ran y l 

n itra te  solution containing d iffe ren t fission p ro d u c t elem ents w ith 

fe rr ic  n itra te  as a sa lting -ou t reag en t by  heating  ( to  99°C ) and 

mixiup equal volumes of the  aqueous and propylene carbonate  phases 

in a 125 ml erlenm eyer flask . A "cold-finger" condenser placed in  

the  neck of th e  flask  minimized any loss of solution by  evaporation . 

When a  single homogeneous phase was achieved , th e  m ixture was 

cooled to room tem peratu re .

The uranium  ex trac ted  from n itra te  solution into propylene 

carbonate was s trip p ed  from the  organic phase w ith 0 .1 M sodium 

carbonate solution which had been p rev iously  eq u ilib ra ted  with 

propylene carbonate  before s trip p in g  to minimize the  loss of 

propylene carbonate . The pH of the  s trip p in g  solution was ad justed  

to 9 by adding  anhydrous sodium carbonate , which re su lted  in the
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form ation of a  fe rric -h y d ro x id e  p rec ip ita te . The m ixture of organic 

ph ase , aqueous phase and  prec ip ita te  was filte red  off u sing  a  fine 

fil te r  u n d e r red u ced  p re s su re  ( vacuum  pump ) .  The f il tra te , a 

m ixture of organic and aqueous phases  was tra n s fe r re d  to a

sep a ra to ry  funnel fo r separa tion . The uranium  was concen tra ted  in 

the  aqueous ph ase , i . e . ,  the  s trip p in g  solution.

3.3.3 Determination of the Recovery of Uranium

The uranium  concentration  in th e  s tr ip p in g  solution was 

determ ined by  absorp tion  spectrophotom etry u sing  th e  dibenzoyl 

methane m ethod (53). The absorbance was compared w ith calibration 

stan d a rd s  p re p a red  by  mixing propylene carbonate-.uranium

concentration  s tan d a rd :e th an o l solution of 0 .1  M dibenzoyl m ethane 

in the  ra tio  2 :2 :1  to  yield a single homogeneous ph ase . The pH of

the  homogeneous phase was ad ju sted  to 7 .0  before

spectrophotom etric determ ination.

The uranium  carbonate  complex in the  s trip p in g  solution was 

f i r s t  d estroyed  by  heating  th e  aqueous phase w ith n itr ic  acid to 

incipient d ry n e ss . T he res id u e  was dissolved in d ilu te  n itr ic  acid, 

and mixed w ith propylene carbonate , an ethanol solution of 

dibenzoyl m ethane in the  p ro p er ra tio , and  the  pH ad ju sted  to 7 .0  

fo r determ ination of the  uranium  concentration .

The concentration  of uranium  in the  s trip p in g  solution was
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com pared with th e  concentration in the  original aqueous phase to 

determ ine the frac tion  of uranium  recovered .

3.3.4 Determination of Fission Product Elements

The concentrations of fission p roduct elements in both the 

aqueous phase a fte r  ex traction  and the s tripp ing  solution were 

determ ined by  various m ethods. The methods selected for the 

analysis  of the  fission p ro d u c t elements and of the  uranium  were 

free  from  m utual in terference  according to  the  refe rence  and the 

re su lts  which were checked in th is  s tu d y .

The concentrations of molybdenum, ruthenium  (III) and  strontium  

in th e  s trip p in g  solution, and the concentrations of ru thenium  (III), 

s tron tium  in  th e  aqueous phase , a f te r  ex trac tion , were determ ined 

by  atomic absorp tion . For each determ ination, the reference 

solution is identical with the  sample excep t for the  element which 

would be determ ined.

The concentration of molybdenum in the aqueous phase a fte r 

ex trac tio n  could not be determ ined by  atomic absorption because of 

in te rfe ren ce  of the  large quan tity  of F e(III) . I t was determ ined by 

abso rp tion  spectrophotom etry using  th e  thiocyanate m ethod(54). The 

p ro ced u re  consists  of adding  30 ml of weakly acidic sample solution 

containing not more than  0.1 mg of Mo, to a separa to ry  funnel, 

followed by addition of 5 ml of concentrated  HC1, 5 ml of 20 % citric
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acid solution, 5 ml of 10 % potassium  thiocyanate solution, and , with 

sw irling, 5 ml of stannous chloride solution ( 10 % SnCl2 ’2H20  

solution in  HC1 ) .  A fter 5 m inutes, the solution was ex trac ted  with 

two portions of isoamyl alcohol, which were then  combined and 

d ilu ted  to the  mark with th e  solvent in a 50 ml volumetric flask .T he  

absorbance was m easured a t 460 nm, using  th e  solvent as  re ference . 

F e(III) does not in te rfe re  in  the  determ ination of molybdenum since, 

u n d e r the  reaction conditions, it is reduced  to  Fe(II) b y  stannous 

ch loride. Large quan tities of uranium  in te rfe re s ; b u t in th e  aqueous 

phase a f te r  ex traction , the  uranium  is p re sen t only in  tra c e  amount 

and  also, the  molybdenum is separa ted  from uranium  b y  ex trac tin g  

in to  isoamyl alcohol, th u s , it  does not in te rfe re  with the  

determ ination .

The concentration of zirconium  in the  s trip p in g  solution was 

determ ined by absorp tion  spectrophotom etry  using  th e  Alizarin S 

method (54), since the  sen sitiv ity  of atomic absorp tion  fo r 

determ ination of zirconium is too low. The p rocedure  consists  of 

acidifying the  s trip p in g  solution w ith HC1 to  0 .1  M hydrochloric  acid 

solution, containing not more th an  0 .5  mg of Zr in  a 50 ml 

volum etric flask , to  which is th en  added 1  ml of 1  % gum arabic 

solution, 5 ml of 0.05 % Alizarin S aqueous solution, and  the  m ixture 

is d ilu ted  w ith 0 .1  M HC1 to the  m ark, and mixed well. A fter 15 

m inutes, the  absorbance is  m easured a t 520 nm, using  a reag en t 

b lank as re fe ren ce . Large amounts of Fe(III) should be reduced  to 

F e (II) , p re fe rab ly  with ascorb ic  acid . Uranium does no t in te rfe re  in
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th e  determ ination of zirconium by th e  A lizarin S m ethod. T hus, th is  

method can even be used  for de tec ting  zirconium in  uranium  alloys.

The concentration of zirconium in the  aqueous phase a f te r  

ex trac tio n , was determ ined by  absorp tion  spectrophotom etry  using  

th e  A rsenazo III method (54). The p rocedure consists of add ing  4 

ml of 0.05 % Arsenazo III aqueous solution and  37 ml of concen tra ted  

HC1 to  the  acidic sample solution in  a 50 ml volumetric flask  

containing not more th an  0.04 mg of Zr; the  solution is then  dilited  

w ith w ater to the  mark and  mixed well. The absorbance was 

m easured a t G65 nm, using  a reag en t b lank as re fe ren ce . O ver the  

acid ity  range  2-10 M HC1, only thorium  and uranium (IV ) in te rfe re ; 

o th e r metals do not reac t with A rsenazo III in  strong ly  acid medium.

The concentrations of cerium (III) in  both s trip p in g  solution and 

aqueous phase a f te r  ex trac tio n  were determ ined by  absorp tion  

spectrophotom etry using  the  8 -hydroxyquinoline m ethod(54), because 

th e  sensitiv ity  fo r determ ination of cerium by atomic absorp tion  is 

too low. For the  s trip p in g  solution, the  p rocedure is to acidify the  

sample solution containing not more than  0 .5  mg of C e(III) , which is 

th en  d ilu ted  with w ater to  10-15 ml, followed by addition of 1 ml of 

the  1  % solution of 8 - hydroxy  quinoline in ethanol, 2  d rops of 1  % 

solution of phenolphthalein in e thanol, and  ammonia solution ( 1  + 

1  ) un til a red  color ap p ea rs , and  then  1  ml more of the ammonia 

solution is added ( the  pH of th e  solution should be w ithin the  

ran g e  9 .9-10 .6  ) .  The solution was quan tita tive ly  tra n s fe red  to  a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sep a ra to ry  funnel, and th e  cerium  ex trac ted  w ith two successive 

portions of chloroform , eq u ilib ra ted  for 5 m inutes each . The 

e x tra c ts  were combined and d ilu ted  w ith chloroform to the  m ark in a 

50 ml volum etric flask and  th e  absorbance of the  solution m easured 

a t  485 nm ag a in st the  so lven t. Cerium in  the aqueous solution, was 

f i r s t  sep ara ted  as the  oxalate from th e  huge amount of iron solution, 

to  avoid in te rfe ren ce . T his was done by  adding 20 ml of 8  % oxalic 

acid  solution and 6  mg of lanthanum  ( in the  form of a salt 

solution ) , th en  ad justing  the  pH of the  solution to  2-3, heating  the  

solution to 70-80°C, and  m aintaining it  a t th is  tem peratu re  fo r 1 

h o u r. A fter 2-3 h o u rs , the  p rec ip ita te  was filte red  off and washed 

thorough ly  f i r s t  w ith 1  % oxalic acid solution and then  w ith w ater. 

Finally, the  p rec ip ita te  was ignited  to th e  oxide and  dissolved in a 

small amount of hot 4 M HC1 fo r determ ination of cerium  by  

absorp tion  spectrophotom etry  as desc rib ed .
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C hap ter IV 

RESULT AND DISCUSSION

4.1 E x trac tion  of Uranium

The methodology fo r ex trac tio n  of uranium has p ro g ressed  to  a 

g rea t e x te n t du rin g  the  p a s t fo u r decades w ith the  development and  

grow th of nuclear power to  meet worldwide energy  dem ands. As 

early  as  1842, Peligot(3) found th a t uranium  in n itr ic  acid is 

ex trac tab le  in to  d ie thy l e th e r . Since th a t time, the  ex traction  of 

uranium  w ith many o th e r so lven ts has been stud ied  by  many 

in v estig a to rs  and a  m odern technology for uranium  ex traction  now 

e x is ts . However a num ber of techn iques have been , o r a re  being, 

developed which could fu r th e r  improve the  efficiency of uranium 

ex trac tio n , lower costs o r reduce  environm ental impact. R ecently, 

Fath i H abashi(55) poin ted  o u t th a t  a major b reak th ro u g h  in 

hydrom etallu rgy  was the  in troduction  of an "in -situ "  leaching 

p rocess fo r uranium  ore in which sodium carbonate is pumped 

d irec tly  in to  the  deposit to  remove uranium , th u s  obviating ore 

tra n s p o r t ,  and  solvent ex trac tion  was used  for recovering  the  

uranium . More recen tly , a num ber of advanced methods for 

ex trac tio n  of uranium  have been achieved by  many
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in v estig a to rs(46-50).

I t has been shown in  th is  laborato ry  th a t uranium (VI) can be 

ex trac ted  into propylene carbonate from n itra te  medium and the  

uranium (V I) in the  organic phase can be s trip p ed  into aqueous 

phase using  aqueous carbonate solutions. The final separation  of 

uranium  (VI) can be achieved by  ex trac tin g  uranium  (VI) into 

dibenzoylmethane in propylene carbonate (53).

4.1.1 "Salting-Out” Agent

H istorically, the  ex traction  of u ran y l n itra te  into organic 

so lven ts, e .g .  e th e r , TBP, MIBK, e tc . has always req u ired  a 

sa lting -ou t agen t, and Rajapakse(53) has verified  th a t th is  was also 

the  case fo r ex traction  in to  propylene carbonate.

V arious sa lting -ou t agen ts  have been investigated  fo r ex traction  

of u ran y l n itra te  into propylene carbonate. Previously it was found 

th a t ammonium n itra te  as a sa ltin g -o u t reagen t a t a concentration of 

2 g/ml in  1 M n itric  acid solution gave 97 % recovery  of uranium . 

However, th is  concentration of ammonium n itra te  corresponds to a 

su p e rsa tu ra ted  solution a t room tem peratu re, and when the 

homogeneous solution cools down a fte r ex traction , the  ammonium 

n itra te  crystallizes o u t, causing  some practical d ifficu lty . The 

following sa lts , a t the  concentrations given, can all be used  in 

re la tively  low concentration as sa lting -ou t reag en ts , b u t th ey  all,
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excep t fo r fe rr ic  n itra te , increase  the solubility of propylene 

carbonate in  w ater. The re su lts  obtained in th is  s tudy  a re  shown in 

Table 4 .1 .

F erric  n itra te  o ffers  th e  following advantages:

(a) Ferric  hydroxide can be p rec ip ita ted  a t  pH > 2. The p rec ip ita te  

is a v e ry  effective scavenger due to its  large su rface  a rea  

which can adsorb  and  c a rry  down fission p ro ducts  th u s  

provid ing  a decontam ination s tep  in the overall ex trac tion  of 

uranium . I t  may also serve  as a  usefu l m atrix fo r long term  

sto rage of radioactive fission p ro d u c ts .

(b) A lower concentration of fe rric  n itra te  ra th e r  th an  the h ig h er 

concentration of ammonium n itra te  can be u sed , which simplifies 

the  p rac tica l p ro ced u res .

(c) As is the  case w ith ammonium n itra te , the moderate solubility of 

propylene carbonate in the  aqueous phase is acceptable.

The optimum concentration of fe rric  n itra te  was determ ined; the  

re su lts  a re  shown in Table 4 .1 .

Finally, 0 .5  g/m l F e(N 0 3 ) 3 -9H20  was selected as th e  optimum 

saltin g -o u t agen t in th is  system .
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Table 4.1 Optimum condition of sa ltin g -o u t ag en t fo r th e  ex traction  

of uranium .

u o 22+ S alting-out

concentration reag en t 
(moles/1 )

% E x trac ted

1 0 _fc 0.35 g/m l A1(N03 ) 3 Solubility of PC 
in w a ter increases*

1 0 " “ 0.87 g/m l C a(N 0 3 ) 2 Solubility of PC 
in  w ater increases*

1 0 "“ 1.56 g/m l Z n(N 0 3 ) 2 -6H20 Solubility of PC 
in  w ater increases*

1oiH 0.72 g/m l LiN0 3 Solubility of PC 
in  w a ter increases*

1 0 "* 0.10 g/m l F e(N 0 3 ) 3 -9H20 35

io '* 0.25 g/m l F e(N 0 3 ) 3 -9H20 6 8

1 0 " u 0.50 g/m l F e(N 0 3 ) 3 -9H20 97

1 0 '* 1.00 g/m l F e(N 0 3 ) 3 *9H20 97

* In these  cases, th e  % E x trac ted  was not determ ined; th e  solubility 
of PC in w ater in the  p resence  of these  sa ltin g -o u t reag en ts  made 
them im practical.
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T he addition of n itr ic  acid to the aqueous phase favors the  

ex trac tion  of uranium  by p rev en tin g  o r decreasing  the hydro lysis  of 

..uranyl ion and  by  increasing  th e  n itra te  ion concentration (56). 

However, la rg e  concentrations of n itric  acid  a re  generally  not 

desirab le ; the  formation of H N 03• complexes reduces th e  amount 

of free  so lven t; the  ex traction  of o th e r elem ents is enhanced; and 

the d anger of an explosive reaction  betw een solvent and  acid is 

increased  (57). The optimum m atrix  for u ran y l n itra te  ex traction  

in to  p ropylene carbonate  was a medium 1 M in HN0 3 containing 0 .5  

g/m l F e(N 0 3 ) 3 *9H2 0 .

4.1.2 Optimum pH for Stripping Uranium from Propylene Carbonate

Uranium was s trip p ed  from propylene carbonate  w ith  a  sodium 

carbonate solution ra th e r  than  with w ater o r acidic solutions because 

it has th e  advan tage  th a t many cations ( e .g .  those of the  

tran s itio n  metals ) a re  insoluble in a solution w ith a m oderate to 

h igh carbonate  concen tra tion , th u s  fu r th e r  elim inating a num ber of 

fission p ro d u c ts . I t  has been long known th a t u ran y l compounds 

show considerable solubility  in sodium carbonate solutions, indicating 

the formation of stab le  complex io n s . T h is unique p ro p e rty  of 

uranium  has been u sefu l in analy tical separation  p ro cedu res and  in 

in d u stria l uranium  separation  p rocesses. As early  as 1842, the 

p a rticu la r compound sodium u ran y l trica rb o n a te , Nai,U02 (C 0 3) 3, had 

been p re p a red  and  identified  by  M. £belm an(58), and its  solubility
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had been m easured in 1947 by W. E. Bunce and  cow orkers(59). In 

addition , Haldar(60) observed  d iscontinuities in conductom etric 

titra tio n s  of u ran y l n itra te  with carbonate solutions a t points 

corresponding  to  carbonate :uranium  mole ra tio  of 3:1 and  2:1. 

C. A. Blake and  cow orkers(61) investigated  pro tions of the  phase 

digram  fo r the  four components system  U 0 3 -N a 2 0 -C 0 2 -H 20  a t 26°C. 

Solubilities were determ ined for U 0 2 C 0 3 in sodium carbonate 

solutions and fo r Na„U02 (C 0 3 ) 3 in sodium carbonate and  o th e r salt 

solutions as a function of the  concentration of co-so lu te. A solubility 

of 320 gU/1 was obtained a t molar ra tio  C 0 2 :N a:U  close to 2 :2 :1  and 

pH close to  7. From solubilities and  spectrophotom etric

m easurem ents, evidence was obtained fo r the  existence of

U 0 2 (C 0 3 ) 2 ” 2 and  U 0 2 (C 0 3 ) 3 *, w ith an estim ate of the  stab ility  of 

the  la t te r ,  and also for an  additional complex ion having  the  molar 

ra tio  C 0 2:U = 0 .5 .

S tripp ing  uranium  from propylene carbonate by sodium carbonate 

is  incomplete a t  low pH, which may be due to  the low concentration 

of carbonate  ion, insufficient to form the  complex. The effect of pH

on the  s trip p in g  of carbonate is  shown in Table 4 .2 .
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Table 4.2 The effect of pH on stripping of uranium by carbonate 

solution

pH of S tripping  R ecovery of Uranium %

6 11.25

7 45

8 63.75

9 97

1 0 97
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The re su lts  shown in Table 4 .2  can be illuminated

mathematically. The fractional concentration  of th e  carbonate ion 

( i . e . ,  th e  frac tion  of to ta l carbonate species th a t ex is t as

CO3 2 ) ,  o2, can be ex p ressed  as follows:

[C 032"]
o 2 = ---------------------------------------------------------------------------------------

[H 2C 0 3] ♦ [ H C 0 3' l  + [ C 0 32"] 

1

[H 2C 0 3] [H C 0 3“ ]
  +   + 1

[C O a2' ]  [ C 0 32' ]

1

[H+ ] 2  [H+]
+ 1

KjK 2  k 2  

1

1 0 (pK 2 +pK2 -2pH) + 1 Q(pK 2 -pH ) + ±

Here K is ionization constan t, and  pK = -logK. For carbonic acid, 

pKj. = 6.34 and pK 2  = 10.36. So,

1

<*2 = ----------------------------------------------------------------------------

10(16.7-2pH) + 10(10.36-pH) + ±

When pH = 8 ,

a2 = --------------------------------------------------- = 4 .3  x  10 ' 3

100 ,7  + 102 ‘36 + 1
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T h u s , as pH increases from 8  to 9, the  fractional concentration

r ise s  1 0 -fold , i . e . ,  the  concentration of carbonate ion increases ten  

tim es, and  the  s trip p in g  of uranium  from propylene carbonate will 

be complete.

The success of the  carbonate s trip p in g  is  due to the  large 

overall form ation constan t fo r u rany l-carbonate  com plexes(62).

UOa 2 + + 3 C 0 32" =?=*= [1102(0 0 3 ) 3]*"

$ 3 = 2  x 1 0 1*

U 0 22+ + 2CO32" = =  [ U 0 2 ( C 0 3) 2 • 2H20 ] 2 ”

& 2 = 4 x 101*

U nfortunate ly , the  s tab ility  of th e  complexes limits the

possib ility  of a quan tita tive  reaction  betw een uranium  and any

known colorim etric re a g e n t(63). T h u s, i t  is necessa ry  to free  the  

uranium  from th e  carbonate complex b y  adding n itr ic  acid and

boiling to eliminate the  C 0 2. The uranium  libera ted  from the

carbonate  complex reac ts  w ith th e  colorimetric reagen t

q u a n tita tiv e ly .

In the  final separation  s tep , the  u ran y l ion is  ex trac ted  into 

p ropylene carbonate containing dibenzoyl m ethane, a t  pH betw een 6  

to 7; th e  ex trac tion  is complete. As the  pH of the aqueous solution

in creases above 7, the  pe rcen t ex traction  d ecrea se s(53,64), which
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may be due to  in c reasin g  hyd ro lysis  of u ran y l ion. The effect of 

in itia l aqueous pH on the  homogeneous ex traction  of u ran y l- 

dibenzoylm ethane in to  p ropylene carbonate is shown in F igure 

4 .1 (5 3 ) . I t  is known th a t the  dibenzoyl methane ex ists  in the enolic 

form  C6H5COCH=COHC6H 5 (65) a t pH = 7, and the  s tru c tu re  of the 

yellow complex is g iv en ( 6 6 ) as:

U 0 2

/ ~ \  o o

in  alcohol-w ater medium. The absorp tion  spectrum  of uranium  

dibenzoyl m ethane is  shown in  F igu re  4 .2 . The maximum which is 

m easured  ag a in s t a  reag en t b lank  occurs a t 405 nm. T he medium is 

a  2 :2 :1  ra tio  of p ropylene ca rb o n a te :aqueous phase:e thano l, a t pH 

7. Yoe e t al. ( 6 6 ) also re p o rte d  th e  same spectrum  in ethanol- 

aqueous medium a t pH 7. The calibration cu rve  for determ ination of 

u ran ium  using  dibenzoyl m ethod is shown in Figure 4 .3 .
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100

co•HVU(4
U■U
Xw

PH

Fig. 4.1 The effect of initial aqueous pH on the homogeneous 

extraction of uranyl-dibenzoylmethane into propylene 

carbonate

[U 02+2] = 4.4 x 10 ' 4  [DBM] = 0 .1  M

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



71
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1.10  -
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390 405 410395 415 420400

NM

Fig. 4.2 Absorption spectra of uranium-dibenzoyl methane in 2:2:1 

ratio of PC/aqueous/ethanol at pH 7 

[U02+a] = 10 ppm
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4.1.3 Effect of Fission Product Elements on the Recovery of Uranium

T he effect of some fission p ro d u c t elem ents, such  as Mo(VI), 

S r ( I I ) ,  R u (II I) , Z r(V I), C e(III) and m ixtures of all these  elem ents, 

on th e  homogeneous ex traction  of uranium  was investiga ted . The 

optimum m atrix  fo r u ran y l n itra te  ex traction  into propylene 

carbonate  was 0 .5  g/m l F e(N 0 3 ) 3 " 9 ^ 0  + 1 M HN03. The pH of 

solution fo r s tr ip p in g  of uranium  from propylene carbonate with 

0 .1  M sodium carbonate  was 9. A fter filte rin g  off th e  p rec ip ita te  of 

fe rr ic  h yd rox ide , the  uranium (V I) is homogeneously ex trac ted  into a 

solution of 0 .1  M dibenzoyl methane in  propylene carbonate at 

pH = 7.

T he effec ts  of Mo(VI), S r ( I I ) ,  R u (III) , Z r(V I), and Ce(III) 

resp ec tiv e ly  and  all th ese  five ions to g e th e r in  the overall p rocedure 

a re  shown in  Table 4 .3 .

The recovery  of uranium  in the  p resence  of fission product 

elem ents by  homogeneous ex traction  of uranium  is sa tisfac to ry .
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Table 4.3 The recovery of uranium in the presence of fission 

product elements

[Fission P roducts] [U02+2] [UOa+2] % U
initial found recoverd

93.6 

100

93.0

97.0 

97.5

94.1
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[Mo(VI)] = 30 ppm 4.40 x  10"“ M 4.13 x  1 0 '“ M

[S r(II)]  = 100 ppm 4.40 x 1 0 '“ M 4 .40  x  lo '*  M

[R u(III)] = 50 ppm 4.40 x  10- * M 4.09 x  10'* M

[Z r(II)] = 50 ppm 4.40 x lO- * M 4.27 x  1 0 '“ M

[C e(III)] = 100 ppm 4.40 x lO"* M 4.29 x  1 0 '“ M

All five of above 4.40 x  10 * M 4.14 x  10 4 M
1 0  ppm of each
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4.2 Distribution of Fission Products in the Extraction of Uranium

4.2.1 Distribution of Some Significant Fission Product Elements

The separation  of uranium  from fission p roducts  by  ex traction , 

re q u ire s  a suitable ex trac tan t system  which can e x trac t the  uranium  

completely and  give adequate separation  from the  fission p roducts. 

Propylene carbonate was selected for s tu d y  as the  solvent for 

sep ara tin g  the  u rany l n itra te  complex. The d istribu tions of some 

typ ica l fission p roduct elem ents, such  as Mo(VI), S r ( I I ) ,  R u (III), 

Z r(V I) and  C e(III) , between propylene carbonate and aqueous 

n itra te  solutions were investigated .

a. Molybdenum

T here  a re  four radioisotopes of molybdenum, "M o, 1 #1Mo, 

1 0 2 Mo, and  I 0 SMo, which a re  formed from uranium  fission; the  half 

lives a re  66.0 h r ,  14.6 m in ., 11.1 m in ., and  0 .9  m in ., respectively . 

The only significant radioisotope based on half life is  "M o with a 

co rresponding  overall fission chain yield of 6.1 %. Molybdenum has 

six  oxidation s ta tes : 0, +2, +3, +4, +5, and +6 . The + 6  oxidation 

s ta te  is the  one most commonly found in aqueous solution. 

Molybdenum is generally  considered to ex ist in solution as an 

oxygenated  anion in the  + 6  s ta te . Water soluble compounds of 

molybdenum (VI) include the  ammonium, sodium, potassium  and
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magnesium salts  of normal m olybdates.

76

The ex traction  of molybdenum from an  aqueous solution into an  

organic solvent has been  stud ied  by  many in v estig a to rs  for d ifferen t 

system s. Molybdenum in  d ilute acid in the  p resence  of a reducing  

agen t, such  as stannous chloride, forms a red -co lo red  complex w ith 

th iocyanate . This reaction  has been used  for many y ea rs  as a means 

of determ ining molybdenum colorim etrically. H iskey and  Meloche(67), 

in a s tu d y  of the  complex, s ta ted  th a t it  consisted  of 

thiocyanate:m olybdenum (V ) in the  ra tio  3 :1 . R . B ock(6 8 ) made a 

detailed investigation  of th e  ex traction  of various metal th iocyanates 

a t 0 .1  M concentra tions into e th y l e th e r  from 0 .5  M hydrochloric  

acid solutions which w ere 1 to 7 M in ammonium th iocyanate . 

Molybdenum can be sep ara ted  from a num ber of fission p ro d u c ts , 

uranium  (V I), and o th e r elem ents by  v a ry in g  th e  ammonium 

thiocyanate concentration , volume ra tio s , e tc . .

Molybdenum can also be ex trac ted  in to  e th y l e th e r  from halogen 

acid solutions. Sw ift(69) rep o rted  80-90 % ex trac tio n  from 6  M HC1. 

O ther in v estiga to rs  rep o rted  54 %, 9 .7  %, and 6 .5  % ex traction  from 

6  M H B r(70), 3 .5  M H F(71), and  6.9 M HI(72) solutions

resp ec tiv e ly . A rap id  separation  of molybdenum and technetium  

from fission p ro d u c ts  and from each o th e r was effected  by  

ex trac tin g  molybdenum (VI) with e thy l e th e r  from a 6  M HC1 solution 

of irrad ia ted  uranium , p rec ip ita tin g  the  molybdenum as the  

8 -hydroxyquinolate  and  separa ting  o r "milking" th e  technetium  from
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molybdenum by p recip ita ting  n itron  p ertech n e ta te  with rhenium  as 

the  c a rrie r(7 3 ).

T rib u ty l phosphate  (TBP) is an excellent e x tra c ta n t fo r 

molybdenum. Nelidow and Diamond (74) rep o rted  d is tribu tion  

coefficients (Mo) /(Mo) of 4 .0  and  65 resp ec tiv e ly , from 1 M
O f g  • &C| •

and  2 M hydrochloric  acid solutions, w ith d is trib u tio n  coefficients 

increasing  with increasing  acid concentration . G erlit(75) rep o rted  

d is trib u tio n  coefficients of 8 .5  and 21.6 from n e u tra l medium, and  

from 2 N su lfu ric  acid solutions, respec tive ly . TBP is u sed  fo r the  

so lvent reco v ery  of uranium  and  plutonium , from fission p ro d u c ts .

More th an  99 % of molybdenum(VI) was ex tra c te d  from uranium  

leach liquo rs  by  0 .4  M DDPA (mono e s te r  of dodecylphosphoric acid) 

in  k e ro sen e (76). Extraction coefficients la rg e r  th an  1000 were 

observed  fo r molybdenum(VI) when su lfu ric  acid solutions (pH = 2) 

containing about 3 mg Mo/ml were contacted w ith  an approxim ately 

equal volume of 0 .1  M solutions of the  am ines, dilaurylam ine, 

l - (  3 -e th y l-p en ty l )-4-ethyloctylam ine, and m ethyl dilaurylam ine, 

resp ec tiv e ly  in an  aromatic hydrocarbon  d iluen t. However, these  

amine ex trac tio n s  have th e  charac te ris tic  th a t as  the  concentration  

of molybdenum in the aqueous phase d ecreases , so does its  

d is trib u tio n  coefficient (77).

White(78) stud ied  the ex traction  behavior of o ver fo r ty  elem ents 

with the  trialky lphosphine oxides. Molybdenum(VI) was completely 

ex trac ted  from 1 M hydrochloric o r su lfu ric  acid solutions b y  0 .1  M
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tri-n -o c ty lp h o sp h in e  oxide (TOPO) in cyclohexane and partially  

e x tra c te d  from the same aqueous media by 0.1 M 

t r i s  - 2  -ethylhexylphosphine oxide.

Molybdenum(VI) was not ex trac ted  into propylene carbonate from 

u ra n y l n itra te  solution with 1 M n itric  acid and 0.5 g/ml fe rric  

n itra te . A fter ex traction  of uranium  into propylene carbonate and 

s trip p in g  uranium  by sodium carbonate solution, th e  concentrations 

of molybdenum(VI) in both the s trip p in g  solution and the original 

aqueous phase were determ ined to ge t the d istribu tion  of 

molybdenum in the  homogeneous ex traction  of uranium . The re su lt 

is shown in Table 4 .4 .
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Table 4.4 Recovery of fission product elements in their 

co-extraction with U02+2

[Fission Products Cation]

% E xtrac ted
initial

(ppm)

Found in 
aqueous 

(ppm)

Found in 
organic 

(ppm)

[Mo(VI)] = 30 29.64 0 . 6 2 . 0

[S r(II)]  = 100 97.50 2.5 2.5

[R u(III)] = 50 49.15 0 . 6 1 . 2

[Z r(II)] = 50 48.00 1.25 2.5

[C e(III)] = 100 96.60 2 . 8 2 . 8

notes: 1. [U 0 2 + 2] = 4.40 x  10”* M

2. Determined a f te r  s trip p in g  with 0 .1  M Na2 C 0 3  a t pH 9
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The concentration of molybdenum (VI) in  the  s trip p in g  solution 

was determ ined by  atomic absorp tion  spectrophotom etry which u ses 

th e  reag en t as a re ference  b lank . The s tan d ard  curve is shown in 

F igure 4 .4 .

The concentration of molybdenum in the  aqueous phase a fte r  

ex traction  of uranium  cannot be de tec ted  by atomic absorp tion  

spectrophotom etry due to th e  in te rfe rence  of large amounts of fe rric  

n itra te . I t  was determ ined by  UV/Visible spectrophotom etry using  

th e  th iocyanate method (54). The absorp tion  spectrum  of the 

molybdenum(V) complex w ith th iocyanate is shown in  Figure 4 .5 . 

The maximum which is m easured against a solvent blank occurs a t 

4G0 nm. The calibration cu rve  fo r determ ination by  UV/Visible 

spectrophotom etry  is shown in F igure 4 .6 .
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b. Strontium

T here a re  nine radioisotopes of strontium  produced  in  fission of 

uranium , namely , 9 S r, " S r ,  9 1 S r, 9 2 Sr, 9 3 S r, 9 l,S r, " S r ,  9 eSr, 

and 9 7 S r, which have half lives of 50.5 days, 29 y r s ,  9 .5  h r s ,  2.7 

h rs , 7 .5  m in ., 1.3 m in ., 26 s , 4 s , and  < 0 .2  s, respec tive ly . The 

most sign ificant, because of half life and  fission yield is 9 0 S r. The 

soluble sa lts  of strontium  include th e  aceta te , halides (excep t S rF 2), 

n itra te , perm anganate, sulfide, chlorate, bromate, and  perch lo ra te .

Strontium  (II) can form a complex with thenoyltrifluoroacetone 

(TTA) which is ex trac ted  into organic so lven ts. For example, 

strontium  has been ex trac ted  a t pH g rea te r than  10 into a 0.02 M 

solution of TTA in benzene(79). The equilibrium  constan t fo r th is  

ex traction  is 7.5 x 10 15. The equilibrium  constan t of ex trac tio n  is 

defined by

( S rT 2 ) ( H V A

KSr= ----------------------------
( S r+2)A( HT ) 2b

where B and A re p re se n t the  benzene and aqueous phases, 

respective ly . A TTA ex traction  a t pH 5 has been used  to  separa te  

Y 9 0  from S r90(80-82). Y ttrium  ex trac ts  into a benzene solution of 

TTA a t th is  pH, b u t strontium  does not. Kiba and  Mizukami(83) 

rep o rted  the  ex traction  of strontium  a t pH 8  into a  0.05 M solution 

of TTA in  hexane. Strontium  may be separa ted  from o th e r metals by 

ex traction  with TTA in MIBK(84,85) or with TTA and  TBP in carbon 

te trach lo rid e (8 6 ).
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Strontium  can also be e x trac ted  in to  a 1 M solution of 

8 -quinolinol in  chloroform (87). An aqueous solution of less than  0.1 

mg of strontium  is b ro u g h t to  a pH of 11.3 w ith sodium hydroxide 

and  d ilu ted  to 16 ml. T his is shaken with the  o rgan ic  solvent, and 

approxim ately 96 % of th e  strontium  is ex trac ted .

A 1.5 M solution of d i-(2 -e th y lh ex y l)-o rth o p h o sp h o ric  acid 

(HDEHP) in to luene has been used  to  sep ara te  Y 9 0  from S r9#. The 

Y 9 0  is ex tra c te d  by  th is  re ag en t from a 0 .1  M HC1 solution leaving 

most of the  strontium  in the  aqueous p h ase . The d is trib u tio n  ra tio  

fo r strontium  in th is  system  is 1 . 6  x  1 0  2 and  th a t fo r y ttrium  is 

g re a te r  than  lO ^S S ).

Similarly to  m olybdenum (V I), s tron tium (II) is also not ex trac ted  

in to  propylene carbonate  from 1 M n itr ic  acid solution containing 

u ran y l ion and  fe rric  n itra te . The concen trations of stron tium (II) in 

both  th e  s trip p in g  solution and  th e  orig inal aqueous phase a fte r 

ex trac tio n  of u ra n y l n itra te  in to  propylene carbonate  were 

determ ined by  atomic absorp tion  spectrophotom etry . The re su lts  a re  

shown in Table 4 .4 .

T here  was no in te rfe ren ce  from fe rric  ion in  th e  detection of 

strontium  using  a reag en t b lank containing fe rr ic  n itra te  as a 

re fe ren ce , even though  th e  concentration  of fe rr ic  n itra te  was 

h ig h er in the  aqueous phase th an  in the  "s trip p in g  solution". The 

calibration cu rv e  fo r th e  determ ination of stron tium  by atomic 

absorp tion  spectrophotom etry  is shown in Figure 4 .7 .
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c. Ruthenium

103Ru and 106Ru which have ra th e r  long half lives of 39.6 days 

and  369 days respective ly , are the  im portant radioisotopes of 

ru then ium  produced in uranium  fission.

Ruthenium  belongs to subgroup VIII, th e  platinum m etals. In 

radiochemical p rocesses, ruthenium  may be p re sen t as R u (II), 

R u (II I) , R u(V I), R u(V I), R u(V II), o r R u(V III). Ru(V) ex ists  bu t 

is unlikely to be encountered . The chemisty of ruthenium  is 

complicated because of its  many valence s ta te s . The metal is usually  

dissolved by  means of alkali-metal n itra te  and  peroxide fusion; acids 

and  m ixtures of acids have little  dissolution effect. The fluorination 

o r  chlorination of ruthenium  a t high tem peratures yields various 

soluble fluorides o r chlorides. Ruthenium  is analogous to  the  

tran sitio n  elements cobalt, iron , and nickel in its  formation of 

num erous coordination complexs w ith the  ligands, O 2, Cl 1, NO, 

N 0 2_1, N O / 1, OH-1 , OH2, C N '1, SCN"1, e tc . .  Specific halogen 

compounds and complexs of d i- , t r i - ,  and te trav a len t ruthenium  are 

known. The chlorination of ruthenium  metal produces ruthenium  

trich lo ride  and possibly ruthenium  te trach lo ride , b u t pentachloride 

has no t been isolated. Commercial ruthenium  chloride is usually  a 

m ixture of trich loride  and te trach loride  (89).

The oxides of ruthenium  th a t a re  encountered  most often  in 

radiochem istry  a re  the  te trox ide , RuO«, and  the  dioxide, R u 0 2. The 

te trox ide  is formed in acid solutions by s tro n g  oxidants. The oxide,
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R11O4 , has been isolated, and its  chemical and physical p ro p ertie s  

have been determ ined(89). Ruthenium  te trox ide  melts a t about 26°C 

and beg ins to volatilize a t 45°C; th e  volatilization is nearly  complete 

a t 110°C. The volatility  of the  te tro x id e  has been u sed  extensively  

in radiochem istry  (90). Ruthenium can be decontam inated from the 

o th e r fission p ro d u c ts  by  distillation  as ru thenium  te trox ide , 

especially  if perch loric  acid is the  oxidizing ag en t. The high 

boiling point of HCIO,, • 2H20  ( 200°C ) en su res  the  complete

distilla tion  of ru thenium  te tro x id e . Halogens th a t d is til u n d e r these 

conditions can be oxidized to th e ir  nonvolatile oxyacids b y  adding 

sodium bism uthate before the  distillation (89).

Ruthenium (IV ) in the  system , HCl-5% triisooctylam ine-xylene, 

has been  found to  e x tra c t efficiently  from dilute hydrochloric  acid 

concentration  (91). The ex traction  of n itro sy l ru thenium  n itra te s  by 

trilaurylam ine and  d i(trid ecy l) amine in toluene has also been 

d e sc rib ed (92). Increasing  ex traction  of ruthenium  w ith decreasing  

acid ity  was observed  over the  ran g e  of 8  N n itric  acid to  2 N n itric  

acid ♦ 4 N sodium n itra te  in  the  trilaurylam ine- toluene system .

In the  homogeneous ex trac tio n  of uranium  in the  propylene 

carbonate  system , ru th en iu m (III), which is a common valence form 

of rad ioru then ium (93), has no affin ity  fo r propylene carbonate . More 

than  98 % of ru thenium  (III) remains in the  aqueous phase , th u s  

afford ing  separation  from uranium . C oncentrations of ru thenium  in 

both  the s trip p in g  solution and  th e  orig inal aqueous p h ase , a fte r
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ex traction  o£ uranium , were determ ined by  atomic absorp tion  

spectrophotom etry . The re su lts  a re  shown in Table 4 .4 .

The in te rfe rence  of h igh concentrations of fe rric  ion in  atomic 

absorp tion  w ere overcome by  adding  fe rric  n itra te  in to  the  reag en t 

as a re fe rence  b lank. The calibration curve fo r determ ining 

ruthenium  b y  atomic absorp tion  spectrophotom etry is shown in 

Figure 4 .8 .
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d. Zirconium

Uranium nuclear fission produces the zirconium radioisotopes 

93Z r, 9sZ r, 97Z r, " Z r ,  and 99Zr; th e ir half lives are  1.1 x  10s 

y r s ,  65 d ay s, 17.0 h rs ,  1 min. and 35 s e c ., respectively . The 

significant health  h azard  is 9SZ r. Zirconium has v ery  h igh melting 

poin t and  re a c ts  vigorously  a t high tem perature with carbon, 

oxygen, an d  n itro g en . The d ry  metal powder is pyrophoric and 

should be m oistened fo r safe handling. In compact form, and a t low 

tem p era tu re , the  zirconium metal is very  in e rt chemically, being 

a ttacked  appreciab ly  only by  HF, aqua reg ia , and fused  KN03.

The solution chem istry of zirconium is not v ery  well understood, 

and  considerable confusion ex is ts  in the  lite ra tu re  regard ing  the  

ionic species p re sen t in aqueous solutions. This re su lts  mainly from 

th e  form ation of colloids and the  fact th a t zirconium ions undergo 

ex tensive  hydro lysis  and polymerization, strongly  dependent on pH 

and  concentration  (94). The only im portant oxidation number is +4. 

The n itra te , chloride, brom ide, iodide, perchlorate, and sulfate 

sa lts  of zirconium a re  all soluble in acid solution. Zirconium can 

form complex ions w ith many substances. As is the  case with the  

h y d ro ly sis  p ro d u c ts , the  species p resen t in solution a re  not well 

estab lish ed . Connick and  McVey(95) have studied the complexing 

ab ility  of a num ber of substances, and have indicated th a t the 

fluoride is by  fa r  the  most stable complex; among the dicarboxylic 

acid , oxalic has a much g re a te r  complexing power than  can be
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accounted fo r simply by a comparison of the  acid dissociation 

co n stan ts .

The formation of chelate complexes of zirconium with 

acetylacetone, TTA, trifluoroacetylacetone (TFA ), 8-quinolinol, and 

cupferron  e tc . ,  which a re  soluble in organic so lvents, has been of 

g rea t im portance to  the development of radiochemical separation 

p rocedures (95-99).

The common so lvent, e th y l e th e r , is effective fo r th e  ex traction  

of many elem ents from halide system s. Extraction of zirconium, 

however, is not appreciable, th e  fluoride being ex trac ted  to the  

ex ten t of only 2.9 % and the o ther halides even le s s (100). The 

d istribu tion  of Zr(IV ) between aqueous HN03-C a(N 03) 2 solutions 

and hexone has been stud ied  by  R ydberg and  B ern stro m (lO l). 

D istribution ra tio s  approaching un ity  were obtained fo r zirconium 

from solutions 3 .5 -4 .0  M in C a(N 03) 2 and about 3 M in HN03. 

Scadden and Ballou (102) investigated  the d i-n -b u ty le s te r  of 

phosphoric acid (DBPA), alone and  in a  m ixture with the  m onoester 

( as in  commercial "butylphosphoric acid" ) ,  as e x trac tan ts  for 

zirconium and niobium. Both tra c e r  and  macro levels of zirconium 

were found to e x tra c t quan tita tively  from aqueous solutions 1 M in 

HN03, HC1, HCIO*, o r H2SO„. A 0.06 M solution of the  

d ibutylphosphoric  acid in  d i-n -b u ty le th e r ex trac ted  > 95 % of the Zr 

and < 5 % of the  Nb. T ri-n -b u ty lp h o sp h a te  (TBP) is an excellent 

e x tra c ta n t fo r zirconium. I t  may be u sed  p u re  or w ith an in e rt
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d iluent such  as n -b u ty le th e r , e th e r , kerosene , benzene, o r CC1*. 

The ex trac tab ility  increases w ith acid  s tre n g th , and  a  d is tribu tion  

ra tio  of about 100 is observed  from 8 M HC1 and 1000 from 13 M 

HNO3(103).

Propylene carbonate  does not e x tra c t zirconium(VI) from uranyl 

n itra te  solution w ith 1 M n itr ic  acid and  0 .5  g/m l fe rr ic  n itra te . The 

concentrations of zirconium in both s trip p in g  solution and aqueous 

phase , a f te r  ex traction  of uranium , w ere determ ined to get the 

d is trib u tio n  of zirconium ion in th is  system . The re su lts  are  shown 

in  Table 4 .4 .

It was d ifficu lt to use  atomic absorp tion  spectrophotom etry for 

determ ining the  concentration  of zirconium in bo th  s trip p in g  solution 

an d  aqueous phase a f te r  ex trac tion  of uranium  due to  its  low 

sensitiv ity  ( about 500 ppm ) .  The concentration  of zirconium in 

the  s trip p in g  solution was determ ined b y  UV/Visible 

spectrophotom etry  using  the  A lizarin S m ethod. A lizarin S reacts  

w ith  zirconium ions in acid medium ( pH 0 .5 -1 .0  ) to  form a p u rp le - 

re d  compound which is sparing ly  soluble in w a ter. Moderate 

quan tities  ( 1-10 mg ) of Fe do not in te rfe re  a t pH around  1. The 

sensitiv ity  of th is  method is 4-10 ppm. The spectrum  of the 

zirconium complex w ith A lizarin S is shown in F igure  4 .9 . The 

maximum which is m easured ag a in st a re ag en t blank occurs a t  520 

nm. The calibration  cu rve  for the  Alizarin S method is shown in 

F igure 4 .10 . The concentration  of zirconium in the  aqueous phase
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a f te r  ex trac tio n  of uranium  was determ ined by  UV/Visible 

spectrophotom etry  using  the  A rsenazo III m ethod. Zirconium reac ts  

w ith  A rsenazo III in strong ly  acidic medium ( 2-10 M HC1 ) to form 

an em erald g reen  w ater-soluble complex. Only thorium  and 

uranium (IV ) in te rfe re  over the  acid ity  ran g e  2-10 M HC1; o th er 

m etals do no t re a c t with Arsenazo III in s tro n g ly  acid . T h u s, th is  

m ethod can d e tec t zirconium in cas t iron and stee ls . The sensitiv ity  

of th is  m ethod is 2-8 ppm. The spectrum  of th e  zirconium complex 

w ith A rsenazo III is shown in F igure 4.11. The maximum, which is 

m easured  ag a in s t a reagen t blank, occurs a t 665 nm. The calibration 

cu rv e  fo r A rsenazo III method is shown in F igure 4.12.
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e. Cerium

141 l Ce, ll,3 Ce, and  lhhCe which have half lives of 30 d ay s , 33 

h r s ,  and 284.4 days respec tive ly , are the  im portant radioisotopes of 

cerium  produced in uranium  fission. The most significant one is 

14,4,Ce.

Cerium is the most common of the ra re  e a r th  elem ents. The ra re  

e a r th  elem ents ex ist in  aqueous solution, u n d e r normal conditions 

only as the  triv a len t ions. However, some of th e  ra re  e a r th s  can 

ex is t in  o th e r than  the  +3 oxidation s ta te ; fo r example, cerium  is 

the  ra re  e a r th  element which has a usefu l -*-4 oxidation s ta te ; and 

th is  fact is often of value in effecting  th e ir  separa tion  from o ther 

members of the  g roup . Cerium (III) has the  same chemical p ro p e rtie s  

as all th e  o th e r ra re  e a r th  elem ents. C erium (III) can be oxidized in 

acidic medium w ith bism uthate, s ilv e r(II) oxide, p e rsu lp h a te  (in  the  

p resence  of A g+) o r bromate (in  9 M HN03) . Cerium(IV) resem bles 

thorium , zirconium, and uranium (IV ) in  many of its  chemical 

p ro p e rtie s  b u t is also a powerful oxidant. However, cerium (IV ) is 

no t completely s tab le , b u t oxidizes w ater v e ry  slowly. Duke and 

A nderegg(104) have shown th a t the  reaction is su rface  catalyzed 

and Evana and  Uri(105) have shown th a t i t  is pho tosensitive , so 

reasonable p recau tions must be taken  if cerium (IV ) solutions a re  to 

be k ep t fo r any  leng th  of time. Like o th e r ra re  e a r th  elem ents, 

cerium (III) can be separa ted  as the  sparing ly  soluble oxalate (106); 

Calcium, barium , o r any of the  o th er ra re  e a r th  elem ents ( e .g .
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P eppard , F aris , G ray, and Mason(107) conducted an extensive 

s tu d y  of the  ex trac tab ility  of the lig h te r ra re  e a r th  elements by 

TBP. They confirmed the  strong  dependence of ex trac tab ility  on 

TBP concentration . V ery good extraction  of all ra re  e a r th  elements 

was noted from 7.2 M A1(N03 ) 3 -0 .2  M HNOa and from 10 M 

NH„NO3 -0 .2  M HN03, using  100 % TBP.

TTA is also a successfu l reagen t for ex trac tin g  ra re  ea rth  

elem ents. Smith and  Moore(108) repo rted  a rap id  separation from 

fission p roducts  based  on th e  v e ry  high ex tractab ility  of the  Ce(IV) 

ion by  TTA. They e x tra c t from 1 M sulfuric acid containing 

potassium  dichromate and sodium bromate, using 0.5 M TTA in 

xylene, and  s trip p in g  the  cerium with 10 M n itric  acid. They also 

rep o rted  severe in te rfe rence  from chloride ion, which effectively 

p rev en ts  the  oxidation.

M arsh, Maeck, Booman and Rein (109) developed a solvent 

ex traction  method in which cerium in  fission product m ixtures was 

oxidized to the  quadrivalen t s ta te  with bivalent silver and ex trac ted  

as the  tetra-n-propylam m onium  n itra tocerate  ion-association complex 

in to  n itroethane . Cerium was then  s trip p ed  from th e  organic phase 

w ith H 2 0 2 -HC1 and prec ip ita ted  as cerous oxalate. This method was 

applicable to aluminum, thorium , zirconium, and stainless steel 

nuclear fuel m atrices and to lerates up to 1  ml of concentrated  n itric , 

su lfu ric , perch loric , hydrochloric, and hydrofluoric acids and
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0.25 ml of concen tra ted  phosphoric acid. The to ta l recovery  of 

cerium was 98 %.

Cerium (III) is no t significantly  ex trac ted  into propylene 

carbonate from n itric  acid solution. In  the  homogeneous ex trac tion  of 

uranium  from u ran y l n itra te  with a  high concentration of fe rric  

n itra te , most of th e  ce riu m (III) , 97 %, remains in the  aqueous phase 

a fte r  ex traction . The re s u lt  is shown in Table 4 .4 .

The concentration of cerium (III) in the  s trip p in g  solution can be 

determ ined by  UV/Visible spectrophotom etry  using  the  

8 -hydroxy  quinoline ( oxine ) which forms a sparing ly  soluble chelate 

w ith cerium ions in  ammoniacal media. The red -b row n chelate can be 

ex trac ted  into chloroform and also into o ther organic so lvents, 

th e reb y  allowing the spectrophotom etric determ ination of cerium . 

Alimarin e t a l .( llO ) have found th a t cerium in  th e  red -b row n 

oxinate is in the  +4 oxidation s ta te . In  the p resence  of reducing  

ag en ts , a pale yellow cerium  (III) oxinate is obtained . When reducing  

agen ts a re  ab sen t, the yellow cerium (III) oxinate is  rap id ly  oxidized 

to the  more in tensely  colored cerium (IV) oxinate by  atm ospheric 

oxygen. The spectrum  of cerium(IV) complex w ith oxine in 

chloroform solution is shown in Figure 4.13. The maximum which was 

m easured against a solvent blank occurs at 485 nm. The calibration 

curve fo r determ ination of cerium by  the 8 -hydroxyquinoline method 

is shown in F igure 4.14.
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Since a h igh  concentration o£ fe rric  n itra te  ex ists  in the aqueous 

phase a f te r  ex traction  of uranium  which causes severe in te rfe rence , 

it was necessary  to  separa te  cerium from th e  fe rric  n itra te  solution. 

Cerium can be sep ara ted  as its  oxalate by  p rec ip ita ting  with 

lanthanum  as the  collector in acidic solution ( pH 2-3 ) . A fter 

heating  and  filte rin g , the  p rec ip ita te  can be ignited  to  oxide, then  

dissolved in acidic solution fo r determ ination.
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4.2.2 Behavior of Iodine in the Extraction of Uranium

105

Iodine is the  only environm entally significant non-m etal element 

among the  fission p ro d c ts . The major radioisotopes are  125I and  1 3  l I 

w ith half lives of 59.7 days and  8.04 days respectively .

Iodine is a  solid non-m etal which is fa irly  volatile a t  room 

tem peratu re  and  easily sublim ed. Iodine dissolves readily  in aqueous

KI solutions to yield the  I 3 complex, and it is also soluble in

organic solutions, e . g . ,  chloroform, carbon te trach lo rid e , and 

benzene. I t occurs mainly in the  -1 , +5, and  +7 oxidation s ta te s , 

iodide, iodate, and  periodate , respective ly . Iodide reveals reducing  

p ro p e rtie s , in co n tra st to  iodine, iodate, and periodate which have 

oxidizing p ro p ertie s .

The behavior and effect of iodide in the  recovery  of uranium  by 

homogeneous ex traction  was investigated . The presence of iodide 

does not effect the recovery  of uranium . The to tal recovery  of

uranium  in the p resence of iodine, a f te r  th ree  procedures 

( ex trac tin g  by  propylene carbonate, s trip p in g  by  sodium 

carbonate , and  final sep ara ting  with dibenzoyl methane ) is 93.5 %.

However, in the presence of a h igh concentration of fe rric  

n itra te  in  the  initial acidic aqueous solution, the  following reaction 

occurs, w here the  iodide is oxidized to iodine by Fe(III) ion:

2 Fe3+ + 2 I" -------► I 2  + 2 Fe2 +

Propylene carbonate shows an affin ity  for iodine similar to
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chloroform, carbon te trach lo rid e , and  benzene. When ex trac tin g  

uranium  into propylene carb o n ate , the  iodine e n te rs  the  organic

phase with uranium . A fter s trip p in g  uranium  by  0.1 M sodium 

carbonate a t pH = 9, it  was found th a t 10 % of the  initial

concentration of iodide was in the  s trip p in g  solution. This

phenomenon may be due to reduction  of the  iodine in  propylene 

carbonate by  Fe(II) which is partia lly  ex trac ted  into th e  organic 

phase as well as some F e (I I I ) . However, re s id u a l iodide will be 

separa ted  from uranium  efficiently  by  the  final separation  s tep ,

i . e . ,  by  ex trac tin g  u ran y l ion into propylene carbonate containing 

dibenzoyl m ethane. The fe rric  ions were removed by  p rec ip ita ting  

fe rric  hydroxide before the  final separation  s tep . Iodide was no 

longer oxidized to  iodine and  rem ained in  the  aqueous phase during ' 

the  final separation  s tep .

The concentrations of iodide in  the  s trip p in g  solution both 

before and a fte r  the  final separation  step  w ere determ ined by

UV/Visible spectrophotom etry u sing  the  s tarch -iod ine  m ethod(54). 

Iodide can be determ ined colorim etrically, a f te r  oxidation to  iodine, 

as the  blue iod ine-sta rch  adsorp tion  compound. The sensitiv ity  of 

the  iodide determ ination is enhanced  sixfold if iodide ions a re  f ir s t  

oxidized to iodate ions w hich, in tu rn , a re  reacted  w ith added 

potassium  iodide in an acidic medium.

I 0 3" + 5 i" + 6  H+ ---------3 I 2 + 3 H20

Bromine w ater is usually  u sed  fo r the  oxidation of iodide to
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iodate (111). The excess of bromine is removed by  brom inating 

phenol. The spectrum  of the  starch -iod ine  complex in aqueous phase 

is  shown in  F igure 4 .15; the  maximum occurs a t 625 nm a fte r  

su b trac tin g  th e  reag en t b lank. The calibration cu rve  fo r 

determ ination of iodide by the  s tarch-iod ine method is shown in 

F igure  4.16.
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4.3 Adsorption of Fission Products on Ferric Hydroxide

To evaluate the  effectiveness of fe rr ic  hydroxide as a 

scavenger, fe rric  n itra te  ( 0.05 g/ml ) was added to a n itric  acid 

solution of the  various fission p roduct elem ents, and the  pH 

ad justed  to 9 by adding anhydrous sodium carbonate. T hus, the 

fe rric  hydroxide was p rec ip ita ted , carry in g  down th e  fission p roduct 

elem ents. The clear sup ern atan t solution, a f te r  cen trifugation , was 

analyzed fo r each of the  fission p ro d u c t elem ents respective ly , by  

the  same methods as applied for the  determ inations of the  fission 

p ro d u c t elem ents in the s tripp ing  solutions. The re su lts  a re  shown 

in  Table 4 .6 .

All of these  fission p roduct elem ents, excep t molybdenum, can 

be scavenged by  p rec ip ita ting  fe rric  hydrox ide. The incomplete 

p rec ip ita te  of molybdenum in s tro n g  basic solution may be due to 

the  more soluble complex of molybdenum form ed. B ut molybdenum is 

no t significantly  ex trac ted  into propylene carbonate , and its  half life 

( 6 6  h r s . )  is sh o rt, so th is  p rocedure  will give sa tisfac to ry  resu lts  

fo r separation  of uranium  from th e  longer-lived  h igh-yield  fission 

p ro d u c ts .
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Table 4.5 Adsorption of Fission Products on Ferric Hydroxide

Fission P roduct Elements °o Remaining a f te r  P recip ita te  of
Fe(OH ) 3

Mo 2 0

S r 1.5

Ru 2 . 0

Zr 1 . 8

Ce 2.5
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4.4 The Capacity for Extraction of Uranium by Propylene Carbonate

The concentration  of uranium  in these experim ents was 4 .4  x  

10 M, which is optimal for determ ination of uranium  by 

spectrophotom etry , b u t not adequate for a p rac tica l in d u s tria l 

p ro ced u re . In  o rd e r to determ ine the  capacity  fo r ex trac tio n  of 

uranium  by propylene carbonate , the  concentration  of uranium  was 

increased  100-fold, i . e . ,  4 .4  x 10 2 M ( 10.5 g/1 ) ,  and  the

ex trac tio n  perform ed as p reviously .

The to ta l recovery  of uranium  was 93 % a fte r  ex trac tion  by 

propylene carbonate , s trip p in g  b y  sodium carbonate and  finally 

separa tion  by  ex trac tin g  uranium  in to  dibenzoylm ethane ( DBM ) in 

p ropylene carbonate . T hu s, th e  p re se n t uranium  ex traction  method 

can be applied  as a p rac tica l method fo r sep ara tin g  uranium  from 

fission p ro d u c ts .

The summary of analytical re su lts  fo r th e  ex traction  of U 0 2 + 2 in 

the  p resence  of fission p roduct elements is shown in  Table 4 .6 ; and 

the  flow c h a r t of th is  uranium  ex trac tion  method is shown in F igure 

4 .17.
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Table 4.6 Summary of analytical results for the extraction of 

U02 + 2  in the presence of fission product elements

[Fission P roducts] [U 02+a] [U 02+a] % U
initial found recoverd

[Mo(VI)] = 30 ppm 4.40 x 10~ 4  M 4.13 x 10' 4  M 93.6

[S r(II)]  = 100 ppm 4.40 x 10" 4  M 4.40 x 10' 4  M 100

[R u (III)] = 50 ppm 4.40 x 10" 4  M 4.09 x 10" 4  M 93.0

[Z r(II)] = 50 ppm 4.40 x  10~ 4  M 4.27 x 10" 4  M 97.0

[C e(III)] = 100 ppm 4.40 x  10‘ 4  M 4.29 x 10“ 4  M 97.5

AH five of above 4.40 x 10" 4 M 4.14 x 10" 4  M 94.1
1 0  ppm of each
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uo2+2

1 M HN03 ♦ P C
Fe(N03 ) 3

A Q P C
F.P. U02 + 2 + NaCO,

Fe*3, N03”x Fe+3, NO3 " 1

A Q

HNO3 + U02+a

C0 3 ’ 2

Fe(OH),

C 0 2

NH*OH
adjust ♦ A Q + P C
pH to 7 U0 2 + 2 DBM

A Q P C + DBM 
U02 + 2

Fig;. 4.17 Flow chart of the homogeneous extraction method of 
uranium
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Chapter V 

CONCLUSION

Separations of uranium  from fission p roducts  by  homogeneous 

liqu id-liqu id  ex traction  of uranium  from one molar n itr ic  acid 

solution w ith addition of fe rric  n itra te  as sa lting -ou t reag en t into 

p ropylene carbonate  have been  perform ed. T he d is trib u tio n s  of 

selected  typ ica l h igh-y ield  fission  p ro d u c t elements in  the  

homogeneous ex trac tion  of uranium  have been investiga ted .

Uranium(VI) was quan tita tive ly  ex trac ted  in to  propylene 

carbonate from an  aqueous medium 0 .5  g/m l F e(N 0 3 ) 3  *9H20  an d  1 M 

HN03  a t 99°C. The uranium (V I) in  the organic phase was 

quan tita tive ly  s trip p ed  from the  organic phase w ith 0 .1 M sodium 

carbonate a t  pH 9. Final separation  of uranium  (VI) was obtained  by  

ex trac tin g  uranium (V I) into 0 .1  M dibenzoyl methane in p ropylene 

carbonate u s ing  th e  homogeneous technique a t pH 7.

The rep re sen ta tiv e  fission p ro d u c t elem ents, molybdenum, 

strontium , ru thenium , zirconium , and  cerium, remained in the  

aqueous solution a f te r  ex trac tin g  uranium  (VI) into propylene 

carbonate to  an ex ten t g rea te r th an  97 %; i . e . ,  less th an  th ree
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p e rc en t of the  respec tive  elem ents w ere found in the  carbonate

s tr ip p in g  solution. A fter the  final separa tion  s tep , the  ex traction  of 

u ra n y l ion in to  propylene carbonate  containing dibenzoyl m ethane, 

th ese  fission p ro d u c t elements were no longer detectab le . Iodide in 

th e  o rig inal aqueous solution was oxidized to  iodine by F e(III) ion 

an d  followed the  u ran y l ion in to  propylene carbonate . Ten p e rcen t 

of the  orig inal concentration of iodide was found in the  carbonate  

s tr ip p in g  solution. However, i t  was removed in  the  final separation  

s tep .

The role p layed by  fe rric  n itra te  in  th e  homogeneous ex trac tio n  

of uranium  is not only as a sa ltin g -o u t reag en t, b u t also as a

scav en g er; fe rric  hydroxide p rec ip ita tes  a t  pH > 2. As pH is

ad ju sted  to  9 by  adding  anhydrous sodium carbonate , the  fe rric

hydrox ide  p rec ip ita te  can c a rry  down more th an  97 % of the o rig inal 

concen tra tions of strontium , ru then ium , zirconium, and cerium  in  

solution. Furtherm ore, the  fe rric  hydroxide which adsorbed  the  

fission  p ro d u c ts  is easy  to ign ite  to  a somewhat re frac to ry  oxide 

which may be read ily  incorporated  into g lasses, a n d /o r  concre tes . 

T h is  may be one of th e  b e st ways fo r tre a tin g  the  radioactive w aste 

fo r  long time sto rage .

The capacity  fo r ex traction  of uranium  b y  propylene carbonate  

was in v estig a ted . As much as 10.5 g/1 uranium  can be e x tra c te d  

in to  p ropylene carbonate effic ien tly . T h u s, th e  proposed uranium  

ex trac tio n  method can be applied  as a p rac tica l method fo r
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sep ara tin g  uranium  from fission p roducts .
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The possib ility  of recovering  propylene carbonate from aqueous 

solu tions, in  which it has a low b u t significant solubility , may be 

achieved b y  freezing  the  aqueous solution containing the  propylene 

carbonate . The aqueous phase  and propylene carbonate will be 

sep ara ted  due to th e ir  d iffe ren t freezing  point.

T he homogeneous ex trac tion  of uranium  described  h e re  can be 

applied to  separa te  uranium  no t only from sp en t fuel elem ents, bu t 

also from o res  and  sea w ater. In  general, these p rocedures will 

re s u lt  in  more effective  and  rap id  ex traction , and will enable the  

design  of a  commercial ex trac tio n  process. The conditions for batch  

and  continuous homogeneous ex traction  of uranium  w ith propylene 

carbonate  will have to  be s tu d ied .
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