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R esults have been obtained fo r  the ex tra ctio n  of uranium, plutonium,

n it r ic  ac id  and f i s s io n  products in to  te r t ia r y  amines in  eth er d ilu e n ts ,
♦

and fo r  the backwashing o f plutonium from the organic phase. Most o f the 

work has been w ith  a so lu tio n  o f Alamine 336 in  d ibutyl c e llo so lv e  (DBC). 

The r e s u lt s  show th a t the p r e fe re n tia l ex tra ctio n  o f plutonium from a 

mixture o f plutonium, uranium and f i s s io n  products i s  f e a s ib le ,  and that 

a c e t ic  a c id -n itr ic  ac id  mixtures can be used fo r  backwashing.
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1 . In tro d u o tio n
«

The choic© o f an aad n e -e th e r oom hiaatlon (Alamine 3 ^  and DBC) and the  

choice of so lven t ex traction  systems fo r  examination have been d iscu ssed  in  Part 

 ̂ Various amines and ethers were examined before a f in a l  choice was made

and the r e s u lt s  given  here therefore cover severa l am ine-© ther com binations. In

general the r e s u lt s  are c lo se ly  p a r a lle l  to  those obtained by other authors fo r  

amine-hydrocarbon s y s t e m s t h e  main d ifferen ce  i s  th at the eth er d ilu en ts  

themselves ex tra ct appreciable amounts o f  n i t r i c  a c id .

2. Experimental

D ibuty l c e llo so lv e  was p u r if ie d  as described in  Part I ,  E th e r 710 (from ■ 

I . e . I , )  was washed with ac id  ferrous sulphate to  remove peroxides. Alamine 33^ 

(from General M ills Chemicals, U .S .A .) was used as rece ived .

Amine-ether mixtures were prepared by taking a known volume o f amine in  a

measuring f la s k , and making up to  the mark w ith e th er . References in  the te x t

to , say, 10^ v /v  amine in  ether im ply th at the s ta r tin g  m aterial was made up in

th is  wayI during' the experim ents, th e amine concentration  i s  o f coTxrse reduced 

below the i n i t i a l  value by n it r ic  ac id  and other substances en ter in g  the organic 

phase.

Plutonium(lV) n itra te  was p u r if ied  by adsorbing the plutonium on t o  D eacid ite

IP from about 8M HKÔ , and e lu tin g  i t  again with 1M HNÔ j americium was not

adsorbed, and was therefore removed from the plutonium. The f i s s io n  products 

were obtained from R.C.C. Amersham and were f i r s t  fumed down sev era l tim es with  

concentrated n it r ic  a c id  to  ensure th at they were in  the n itra te  form. This 

was unnecessary with ruthenium which was supp lied  in  the form o f nitrosylruthenium  

n itr a to  complexes in  n it r ic  a c id .

D istr ib u tion  measurements were u su a lly  made by s t ir r in g  togeth er equal 

volumes o f the organic  and aqueous phases fo r  three m inutes, cen tr ifu g in g ,

separating the phases and determ ining the concentration of the sp ec ie s  concerned
91 95 ,95 ji.i.

in  each phase . The d i s t r ib u t io n  c o e f f ic ie n ts  fo r  I ,  Z r/ Nb, Ce and 

^^^Pm in  the presence of 1 .4 M aluminium n itr a te  were obtained by adding a known

- 1 -



amount o f the tracer  to  the i n i t i a l  aqueous phase, measuring th at found in  the 

organic phase a fte r  e q u i l ib r a t io n ,  and c a lc u la tin g  th at in  the aqueous phase a t  

equilibrium  by d ifferen ce .

3. R esults and D iscussion

3.1 Uranium(VI) ex traction

The tim es needed to  reach eq ^ lib riu m  during e x tr a c t io n  were checked by 

s t ir r in g  equal volumes o f 10^ v /v  TLA in  BBC or 10^ v /v  Alamine 336 in  BBC 

with an aqueous phase whose i n i t i a l  com position was 11 HNÔ  + 0 . 126M 

002( 10^)2 and measuring fo r  d iffe re n t tim es o f  s t ir r in g  a t  25°C. The 

r e s u l t s  show th at eq u ilib riu m  i s  e sta b lish ed  w ith in  20 sec:

S tirr in g  tim e (s e c )  20 40 120 5OO 6OO

By fo r  10^ TLA in  DEC O.19O O.190 0.190 0.191 0.194

fo r  1C^ Alamine 53$ in  DBC 0 .24  0 .24  0 .24  0 .24  0 .24

The dependence o f By on the concentration  o f amine a t low uranium

concentration (O.OI26M) and constant a c id ity  (2M HNO-) was determined fo r
3

10^ v /v  TLA in  E th e r  710, and fo r  10^ v /v  Alamine 336 in  DBC. Both
( 2 )systems g ive the usual slope of about u n ity ' ' fo r  the p lo t o f lo g  B  ̂

aga in st lo g  0^ ^ ^ (Eig.  1 ) .  The ex tra ctio n  of uranium in to  the organic 

phase, a t any given equilibrium  concentration o f uranium in  the aqueoqs 

phase, in creases w ith  the a c id ity  o f  the aqueous phase as  shown in  Table I .  

Table I  a lso  shows th e add ition al ex tra ctio n  o f uranium found with DBC as 

d ilu e n t.

The d is tr ib u tio n  o f uranium between aqueous n it r ic  a c id  and 5s 10 and 

19^ Alamine 336 in  DBG i s  given in  Table I I .

3 .2  PlutoniumCiV) ex tra ctio n

A p lo t  o f  lo g  Dp  ̂ aga in st lo g  (F ig . 4 ) y ie ld s ,  as  expected ,

a l in e  o f  slop e about 2 fo r  the Alandne 336 in  DBC system . The change 

in  Dp  ̂ w ith plutonium concentration a t a f ix e d  a c id ity  and amine concentra­

tio n  i s  shown in  P ig . 2.

-  2 -



TABLE I

The extraction  o f urahlum from aqueous n it r ic  ac id

by v /v  (0.156m) TLA in  Ether 710 and in  DBC

Equilibrium Concentrations
D

Aqueous phase Amine phase

UNO,
3

U
U

Ether 710 DBG
Ether 710 DBC

1M O.OO63M 0.00122M 0 . 0023M 0.19 0.36

0.126 O.OI7 0.0228 0.133 0.18

r 0.315 0.031 0.048 0.099 0.15

0.650 0.051 0.099 O.O81 0.15

1.260 0.082 - 0 .065 “

2M 0,0063 0.002 - 0.33 -

0.126 0.023 - 0.184

0.315 O.OA1 - 0.130

0.630 0.059 - 0.094 -

1.260 0.091 0.072 -

4M 0.0063 0.004 0.61

0.126 0.037 “ 0.296 -

0.315 0.053 - 0,169 -

0.630 0.070 0.112 -

1.260 0.123 - 0.098

6m 0.0063 0.005 ~ 0 .73

0.315 0.066 ■“ 0.21

0.630 O.O63 - 0.131

1.260 0.127 - 0.101



TABLE I I

The esctractioH  of uranium from aqueous n i t r i c  a c id

E qu ilib rium  Concentrations

Aqueous Phase
Amine Phase 

5$ v /v  (0.099M) 
Alamine 336/DBC

D ensity  o f  
organic 
phase

HNO_
y

U HWO-
j

U

0.5M 0 , 0126m 0.081 0.000925M 0,073 0.840 g /co
0*126 0.11 0.00976 0.077 0.842

0.315 0.13 0.0232 0.074 0.845

;
0.630 0.16 0,0466 0.074 0.854

1 iOM 0, 0126m
0.126 0.15 0.0134 , ' 0.11 0.845
0.315 0.175 0.0290 0.092 0.851
0.630 0,215 0.0623 0.099 0.862

10fo v /v  ( 0.1 98m) 
Alamine 356/DBC "

0,3M 0.0126 m 0.152 0.00227 0.1 80 0.842
0 . 126 0.175 0.0224 0.177 0.847

0.315 0.205 0.0500 0.158 0.858
0.630 0.225 0.0955 0.1 51 0.872

1.0M 0. 0126m 0.24 0.00466 0.37 0.840
0,126 0.265 0.0301 0.27 0.850

0.315 0,29 0.0592 0.188 0.862
0.630 0.325 0.118 0.186 0.880

1^  v /v  (0.297M) 
Alamine 33 /̂OBC

1. 0M 0.0126m 0.00597M 0.48
0.126 0.355 0 . 0Aif5 0.35 0.864

0.515 0.375 0,0840 0.27 0.876

0.630 0.385 0,150 0.24 0,897

(a )
(b )

(c)

( a ) ,  (h ) and ( c ) .  See sec tio n  3 .2 .
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fh® e x tra c t io n  o f plutonium  b j  amin® i s  in  most oases reduced  by the 
(•5 .)

presence o f u ra n iu m /''^  as th e  fo llo w in g  r e s u l t s  f o r  r / ' f  Alamine 336
I

in  DBC and 1M HNÔ  (aqueous) show:

0.01261 0.1261 '0*6301

®Pu(lY) 27*5 ' 10 .5

(The co n d itio n s  correspond to  (a)*  (h )  and (©) r e s p e c tiv e ly  o f  Table I I . )

Such values are s t i l l  s u f f ic ie n t ly  high to  enable v ir tu a lly  complete 

ex traction  of plutonium in  presence of uranium to  be achieved in  a counter- 

current system.

3«3 Fiaaiott product ex traction

I t  i s  well-known th at most f i s s io n  products are but weakly extracted  

in to  am ine/dlluent system s. A few confirm atory r e s u lt s  fo r  10?2 v /v  

Alamine 336 w ith DBC as d ilu en t have been obtained under strong sa lt in g -o u t  

conditions (aqueous phase, 1«8m n it r ic  acid  and 1 .AM aluminium n itr a te ) ;

Dy 3 .0  X 10“  ̂ Dgg 8 .7  X 10“ ^

hr/m> 1. 5 x 10-5

Even lower fig u res  would be expected in  the absence o f a sa lt in g -o u t agent.

E xtraction o f ruthenium, however, i s  no t n e g l i g i b l e . T e r t i a r y  aminea 

extract the t r i -  and te tr a n itra to  nitrosylruthenium  complexes from n it r ic  

acid  s o l u t i o n s , a n d  the use o f DBC as d ilu en t enhances the ex tra ctio n  

e sp e c ia lly  o f  the tr in i t r a t e  complex. Typical p a r tit io n  c o e f f ic ie n ts  a t  

20°C with a hydrocarbon d ilu en t are ( f o r  0.25M TLA in  to lu en e): ^̂  ^

11 2M 3M 6M HNO,

T rin itra to  oon^lex 0 .3 5  O.O9 O.OI6

T etran itrato  complex 75 25 8 0*3

The fo llow in g  r e s u l t s  a t  20°C show the e f f e c t  o f  th e  DBG d ilu en t; the 

sta r tin g  s o lu t io n  (aqueous) contained 48^ o f  the ruthenium as the t r i -  and 

1<^ as the te tr a n itra to  complex; s t i r r i n g  tim es o f  30 sec were used. The 

d is tr ib u tio n  c o e f f ic ie n ts  were:

-  5 “



E x tra c tio n  Backwash
(1M 110 j )  (61  HHO^)

0 ,251 TLA in  to lu en e  0 ,3  0*3

0,251 TLA in  DBG 0 ,8  2«2

0,25M A lasine 33^ in
to lu en e  0*45 0*35

0,25M Alamine 3%  in
DBC 1*0 2*2

Pure DBC 0*05 0*5

These r e s u l t s  in d io a te  a  relatlTely h i ^  partition c o e f f ic ie n t  (> 2 ) fo r

th e  t r i n i t r a t o  eomplex between 0®25M aiaine and 11 n i t r i c  acid^ when DBC i s

used as th e  d i lu e n t ,   ̂ Both th e  t r i~ .  and th e  t e t r a -  complexes must th e re fo re

b© tak en  in to  aocouat in  c o n sid e rin g  ru thsn ium  d e co n taa in a tio n j a b o u t '2~7^

of th e  ruthenium  i s  i a  th e se  forms a t  1 -21  n i t r a t e  io n  e o n e e n tra tio n .

Furtherm orej under the  c o n d itio n s  of i n t e r e s t  th e  t r i n i t r a t o  complex n i t r a t e s
i c \

to  the  t e t r a n i t r a t o  fd th  a  h a lf - t im e  o f on ly  about 5 m in j' * so t h a t  e-ren 

w ith  a Ijydroearbon d i lu e n t ,  when th e  t r i n i t r a t o  complex i s  n o t i t s e l f  

ap p rec iab ly  e x tra c te d , i t  c o n tr ib u te s  in d i r e e t ly  to  poor d e c o n ta id n a tio a  

from ruthenium  under low a c id  conditions#

3*4 The e s t r a o t io n  o f n i t r i c  acid

The r e s u l t s  in  Fig# 3 f o r  th© e x tr a c t io n  of n i t r i c  a c id  by 0 ,1 1  TM in  

agrlene a re  ty p ic a l  o f  amine behairiour when d i lu te d  w ith  so lv e n ts  which d© 

n o t e x t r a c t  n i t r i c  a c id  to  any g re a t  ex ten t#  Over th e  aqueous a c id i ty  range 

from 0*1 to  1*01 HIO^ the  amount o f  ac id  e x tra c te d  corresponds to  th e  

fo rm ation  o f a 1s1 TM.iHKOj complex# At h i ^ e r  a c id i t i e s  more n i t r i c  a c id  

i s  ex trac ted #

With DBC as  d i lu e n t  the  p o s i t io n  i s  more com plicated  as DBC i t s e l f

e x tr a c ts  some n i t r i c  a e id  (see  P a r t  l)»  Th© e x tra c t io n  o f n i t r i c  a c id  by

15^ v / t  (0»297®) Alamine 3 ^  in  DBC i s  shown in  Pig# 3 , For e q u ilib riu m

aqueous a c id i t i e s  l e s s  than  the  I n i t i a l  co n ce n tra tio n  o f  amine, Dju q̂ i s
3

— 6 -



g re a tly  in  favotir of the organic phase owing to the formation of the araine 

n itra te  complex. At h ig h e r a c id it ie s  up to  ahout 1M HKÔ  the excess acid  

in  the organic phase (over and above that needed f o r  the 1i1 complex) i s  

mainly due to  ex traction  by the DBC.

When 10^ v /v  (O.198M) Alamine 53^ in  DBG was s t ir r e d  with aqueous n it r ic  

acid  of i n i t i a l  concentration le s s  than 0.2M, emulsions were formed, but 

none were formed a t a c id it ie s  greater than 0.2H. No emulsions were observed  

w ith 15^ v /v  Alamine 336 in  DBC.

I t  i s  important to  note th at when uranium i s  extracted  in to  10^

Alamine 33^ in  DBC the amount of n i t r ic  ac id  ex tracted  in creases as shown in  

F ig . 4} th is  a f fe c ts  flow sh eet c a lc u la tio n s .

3*5 The backwashing of plutonium from the amine phase

Simple backwashing of plutonitim(lV) from the organic phase w ith d ilu te  

n it r ic  acid  i s  im practical as i s  s t i l l  as high as 7 even a t 0.2M

HNOj with 15^  v /v  Alamine 33^ in  DBC. Both reducing and complexing back­

washes have therefore been considered, e sp e c ia lly  ferrous sulphamate in  the

former category, and a c e t ic  acid^^^ in  the la t t e r .
( 8 )Champion and Chesne^ ' have reported a time-dependence in  the backwashing 

o f plutonium (If) by 0.05M ferrous sulphamate from 20^ TLA in  dodecane, the 

rea ctio n  being s t i l l  incomplete a fte r  30 rain w ith a 0.5M n it r ic  a c id  aqueous 

phase. We have obtained s im ila r  r e s u lt s  in  our own system (2 g / l  

p lu ton iu m (lf) in  1 ^  v /v  Alamine 33^ in  DBC, backwashed in to  0.1 M ferrous  

sulphamate, 0.5M n it r ic  ac id ):

Time 1 3 10 50 60 min

Dp  ̂ 11.0 2 .4  0.33 0.06 0.05

We have a lso  observed a time-dependence in  backwashing p lu ton iu m (lf) w ith  

a c e t ic  ac id  (organic phase as b efore, backwashed in to  0.5M a c e t ic  a c id ):

Time 1 3 10 30 60 min

Dp  ̂ 1.85  1.23  0.93  0.86 0.81
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aB’d S tr e s to a  has fouad a  s im ila r  a f f e c t  w ith  araBiaia(l?)®

W© ■believe th a t  th ese  tim e e f f e c t s  'a r is e  from th e  h ig h  p a r t i t i o n  

c o e f f ic ie n ts  of plutoniniB(lV) (and nranium (iv)) in  amine s js te m s . Yfliether 

we depend on redaction or complexing, the reaction  concerned presumably 

occurs in  the aqueous phase; but most o f  th e  unreacted m a te r ia l  a t  any 

in sta n t i s  in  the organic phase, and only a sm all fr a c tio n  i s  a v a ila b le  in  

the aqueous phase to  p a r tic ip a te  in  the rea c tio n . I f  th is  explanation o f  

the k in e t ic s  i s  co rrect, then the time e f fe c t s  must be regarded as a rather  

general phenomenon, and we can only hope to  e lim in a te  them by using a reagent 

th a t en ters the organic phase, i f  any su ita b le  one can be found. The 

shorter tiiae required to  reach equilibrium  with a c e t ic  a c id , as compared 

with ferrous sulphamate, may indeed be due to  a c e t ic  acid  en tering  the 

organic phase.

The use o f ferrous sulphamate fo r  backwashing a t room temperature would 

n e c e ss ita te  the use of contactors o f rather long residence tim e, and a t t e n t im  

has th erefore  been d irected  p r in c ip a lly  to  a c e t ic  a c id . A cetic  acid  alone 

i s  not s a t is fa c to r y , because on su ccessiv e  backwashing e ith e r  a w hite 

p recip ita te  (amine a ce ta te? ) or a second organic phase i s  formed. Mixtures 

o f a c e t ic  and n i t r ic  acids can, however, be used, ju st enough n i t r ic  acid  

being added to  prevent formation o f two organic phases; higher concentrations 

of n i t r ic  a c id  tend to  fav o u r ex tra ctio n  of plutonium by the amine. Our 

r e s u lt s ,  w ith a standardised s t ir r in g  time o f 3 min, are given in  Tables I I I  

and IV. The rapid f a l l  in  Dp  ̂ as backwashing proceeds, demonstrated by the  

r e su lts  in  Table IV , i s  a fortunate f e a tu r e ,  and can be ascribed  to  

progressive displacement o f n itr a te  by a c e ta te  ion  in  the  amine phase.

Small amounts o f  a c e t ic  acid  can be to lera ted  in  recy c lin g  amine. 

Measurements fo r  ^  v /v  336 in  DBC in  contact w ith  2M (aqueous) she Tied

th at Dp^^jyj did not change s ig n if ic a n t ly  on a d d itio n  o f a c e t ic  a c id  up to  

0.05M in  the organic phase.

-8 -



TABLE I I I
t

Plutonium backwashing id th  a c e t ic  aold

Conditions: Equal volumes
3 min s t ir r in g
P u (l? ) ex tracted  in to  15^ v /v
Alamine 336 in  DBC from 211 HNO,

A cetic  acid  
( i n i t i a l  
aqueous)

I n i t ia l  == 0,0841 I n i t ia l  0.01251

Pinal
^Pu(org)

i P inal
°Pu(aq) »Pu

P in al
^Pu(org)

Pinal
^Pu(aq) ^Pu

0 . 5M O.O48M 0,0361 1.36 O.OO4 OM 0.0G44M 0.91

1 .0 0.035 0.049 0.72 0.0029 0.0055 0.52

2 .0 0,026 G.056 0,46 0.0013 0.0071 0.18

3 .0 0.018 0,065 0.28 “ ~

TABLE IV

Plutonium backwashing with a c e t ic - n it r ic  acid  mixtures

Conditions: Equal volumes
3 min s t ir r in g
Pu(lV) ex tracted  in to  v /v  
Alamine 336 in  DBC from 2M HNÔ

I n i t ia l I n i t ia l  aqueous phase
®Pu

1 st
backwash

2nd
backwash

3rd
backwash

0.09251 1 ,0 1  HAc + 0 .1 M HNOj 1 .77 1.16 0.19

0.0735 " + 0 . 05M HHÔ 0.76 0.20 0.06

0.0735 0.5M HAo 1.77 0.42 0 .03

» 9 -



Conclusions
I

The r e s u lt s  presented in  sec tio n  5 in d ica te  th at a flow sheet o f  the  type 

shown in  Part I  i s  f e a s ib le  fo r  the ex traction  o f plutoniuia from a mixture o f  

plutonium, uranium and f is s io n  products#

Plutonium can be conveniently backwashed from the organic phase by a 

mixture of a c e t ic  acid  and n it r ic  a c id .
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