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REPROCESSING WITH AMINE EIHER SYSTEMS 

PART 3 COUNTER-CURRENT TRIALS WITH ALAMINE 336 > DIBUTYL CELLOSOLVE 

by 

R. J. W. Streeton 
M. J. Holdoway 

ABSTRACT 

15% (0.30M) Alamine 336/DEC has been tested in the reprocessing of 

fast reactor fuel (75?̂  uranium; 25% plutonium), for the separation of 

plutonium from uranivun and fission products. Miniature mixer-settler runs, 

using either uranium(IV) as a stand-in for plutonium, or plutonium( IV) have 

been carried out. Good separations of uranium(IV) and uranium (VI) can be 

achieved, without using excessive volxunes of solvent and scrub, because 

concentrations up to 16-17 g uranium (IV)/I in the amine phase can be 

obtained. With plutonium(IV), however, owing to formation of a third 

phase, the limiting concentration in the amine phase is only 10.5 g 

plutonium(IV)/I, which is rather low for a satisfactory flowsheet. The 

behaviour of zirconivim/niobium and ruthenium was investigated, and it has 

been found for ruthenium that only the tetranitrato nitrosylruthenium 

cannot be scrubbed out of the solvent. Decontamination factors of 240 and 

42 have been obtained for zirconium/niobium and ruthenium respectively. 

Backwashing of uranium(IV) or plutonium(IV) from the amine phase was 

satisfactorily carried out with 1M acetic acid containing 0.05M HNO^. The 

solvent was reconditioned by contacting it with 1M HNO^. 

Chemistry Division, 
U.K.A.E.A. Research Group, 
Atomic Energy Research Establishment, 
HARWELL 

August, 1965 

/DB. 

HL65/4365 (C,6) 



CONTENTS 

3.1 
3.2 
3.3 
3.4 
3.5 
3.6 
3.7 

Run 
Run 
Run 
Run 
Run 
Run 
Run 

AD1 
AD2 
AD3 
AD4 
AD5 
AD6 
AD7 

Page 

1. Introduction 1 

2. Experimental 1 

2.1 Material s 1 
2.2 Apparatus 2 
2.3 Analysis 2 

3. Results of Runs 2 

3 
3 
3 
3 
4 
4 
4 

4. Discussion 5 

4.1 Behaviour of Uranium in Contractor I 5 
4.2 Behaviour of Rutheni\im in Contactor I 5 
4.3 Behaviour of Zirconium/Niobium in Contactor I 6 
4.4 Behaviour of Plutonium in Contactor I 6 
4.5 Behaviour of Uranium(IV) and Plutonium(IV) in Contactor II 7 

4.6 Behaviour of Acetic Acid in Contactor III 7 

5. Conclusions 7 

Acknowledgements 7 

References 8 

APPENDIX 

Behaviour of Ruthenium in the Amine Phase 9 



ILLUSTRATIONS 

Fie. 

1. Process Layout 

2. The Partition of U(IV) and Pu(IV) between 1M HNO- and 15% 

Alamine 336/DBC 

3. Run AD1 Concentration Profiles 

4. Run AD2 Concentration Profiles of U(IV) in Contactor I 

5. Run AD2 Concentration Profiles of U(Vl) in Contactor I 

6* Run AD2 Concentration Profiles of U(IV) in Contactor II 

7. Run AD3 Concentration Profiles of U(IV) in Contactor I 

8. Run AD3 Concentration Profiles of U(Vl) in Contactor I 

9. Run AD3 Concentration Profiles of U(IV) in Contactor II 

10. Run AD4 Concentration Profiles of Acetic Acid and Nitric Acid 

in Contactor III 

11. Run ADS Concentration Profiles of U(IV) in Contactor I 

12. Run AD5 Concentration Profiles of Ru in Contactor I 

13. Run AD5 Concentration Profiles of Zr and Nb in Contactor I 

14 
.,• The Distribution of Extractable Ruthenium Species vs Time of Stirring 





1. INTRODUCTION 

The scheme described in Part 1 for processing irradiated fast reactor 

fuel elements with 15 vol. % Alamine 336 in dibutyl ceJlosolve (DBC) is 

shown diagramatically in Fig. 1. No attempt has been made in this diagram 

to define volume ratios, concentrations or number of stages. These have 

been varied throughout the programme as experience has been gained; their 
I 2 

optimum values are discussed below and in Parts 1 and 2. ' 

In many of the runs in which uranyl and fission product concentration 

profiles were determined, uranium(IV) was used as a substitute for 

plutonium( IV) . Such runs could be carried out without a glove box, 

•UraniumCIV), although less strongly extracted than plutonium(IV) at low 

concentrations, loads the solvent to the same degree at high concentrations, 

and so gives essentially the same concentration profiles in the contactors. 

2o EXPERIMENTAL 

2,1 Ma t e r i a1s 

Dibutyl cellosolve was treated as described by Pilbeam to remove 

monobutyl cellosolve and peroxides. After Run AD.3 this treatment was 

carried out within the 24 hours preceding the experjment. Alamine 336 was 

used as received and diluted to 15 vol % (O.iM) with DBCo Immediately 

before an experiment this solution was equilibrated three times with IM 

HNO-, Acetic acid, nitric acid, uranyl nitrate, hydrazine nitrate and 

water were all AnalaR reagents. All nitric acid used in experiments with 
-2 

uranium(IV) contained 10 M hydrazine nitrate to destroy nitrous acid. 

The uranium feed solutions for runs AD1, 2, 3 and 5 were prepared by 
4 

the electrolytic reduction of a solution containing initially 200 g 

uranium (VI)/1 in 1.4M HNO^ such that the product had the following 

composi tion:-

U(IV) ~ 50 g/1 

U(VI) ~ 150 g/1 

HNO ~ IM 

The uranium/plutonium feed solution for run AD6 was prepared by 

diluting a stock solution containing 300 g plutoniumiIV)/I in 6M HNO- with 

uranyl nitrate solution to give a product of composition:-

Pu( IV) = 50 g/1 

U(VI) = 150 g/1 

HNO^ ~ IM 

For run AD5, nitrato nitrosylruthenium (containing Ru) complexes 

from.R.C.C. Amersham were diluted with inactive ruthenium complexes in IM 



HNO_ + IM UO_(NO_)2. This solution was refluxed with nitric oxide for 

30 minutes and sparged with nitrogen while the refluxing continued for a 

further 15 minutes to remove nitrous acid; rapidly cooled; aged for 

20 hours; and added to the feed. This treatment converts all the ruthenium 
5 

to nitrato nitrosylruthenium complexes. Paper chromatographic tests 

carried out on this solution indicated that ~ 10% of the ruthenium was 
. . o 

present as the tri- and tetranitrato (group D) complexes . 
95 For run AD5, zirconium oxalate from R.C.C. Amersham was fumed down 

six times with concentrated nitric acid and aged for one month. This 

material was found to contain 80% zirconium and 20% niobium O counts) by 

.^paper chromatography and was made up to IM HNO_ and IM U02(N0-)- 20 hours 

before adding it to the feed. 

2.2 Apparatus 
o 

The mixer settlers used were Mk I Wall machines with a stage volume 

of 12 ml (7 ml aqueous phase and 5 ml organic phase). 

Feeds to the mixer settlers were metered by D.C.L. piston pumps, 

pumping from graduated vessels. 

2.3 Ana lysis 

The purity of the DBC was assessed by gas chromatography and the 

molarity of the Alamine 336 was determined by non-aqueous titrimetry . 

Quantitative analyses of uranium( IV) and total uranixim were carried 
4 

out spectrophotometrically as described by Streeton and Jenkins . When 

uranium(VI) was present, the difference between the values for uranium(IV) 

and total uranium was taken as the value for uranium(VI). 

Total plutonium was determined by a-counting and plutonium(III) by 

spectrophotometry. 

Ruthenium and zirconium/niobium were determined by Y~spectrome try 

using a sodium iodide scintillator coupled through a photomultiplier to a 

LABEN 512 channel pulse analyser. The resolution of this detector is 
95 

insufficient to distinguish between the energies of the yphotons from Zr 
95 

and ^ Nb. 

Analyses of acetic (HAc) and nitric acid mixtures were performed in 

the absence of uranium. The total acid concentration was obtained by 

direct aqueous titration. The nitric acid concentration was determined 

gravimetrically by precipitation as nitron nitrate and the acetic acid 

concentration obtained by difference. 

3. RESULTS OF RUNS 

Seven runs have been carried out, five using uraniun(IV) and two using 

plutonium(IV). These were prefixed by AD (an abbreviation of Alamine 

536/DBC). 15% Alamine/DBC and IM HNO^ (in both feed and scrub) were used 



throughout. The runs are listed below. 

Run Ob .1 ec t 

AD1 Study of conditions in contactor I. 

AD2 Study of conditions in contactors I and II* 

AD3 Study of conditions in contactors I and II. 

AD4 Study of conditions in contactor III. 

ADS Study of fission product behaviour in contactor I 

AD6 Study of Pu behaviour in contactor I. 

AD7 Study of Pu behaviour in contactor II. 

3.1 Run AD1: This scouting run investigated the feasibility of using 

uranium(IV) as a substitute for plutonium(IV). A promising uranium(IV)/ 

uranium(VI) separation was achieved (Fig. 3 ) , in ten stages. 

3.2 Run AD2: This run investigated the behaviour of uranium(IV) and 

uranium(VI) in contactors I and II, Feed concentrations and volumes are 

given in Figs. 4, 5 and 6. The apparatus was run for about 6 hours and 

then stopped. Each phase from alternate stages together with the feed 

stage of contactor I was sampled and analysed for uranium(IV) and total 

uranium. The results (Figs. 4, 5 and 6) show that whereas contactor I was 

operating satisfactorily, contactor II was not, and from the distribution 

of uranium(IV) at stage 10, could not be expected to do so at the flow 

ratio used. 

3.3 AD3: This was a repeat of run AD2 but with the uranium( IV) feed 

concentration closer to the postulated plutonium( IV) value of 50 g/1 and 

with the sol vent/aqueous flow ratio (S/A) in contactor II = 1/1, The first 

hour's running showed that at the flow ratio solvent/aqueous feed 

S/A„ =2/1 complete extraction of uranium(IV) was not being achieved. The 

solvent flow was therefore increased stepwise until good extraction was 

obtained at a flow ratio S/A_, = 3/1. Stage Euialyses were carried out as 

in run AD2 and the results are plotted in Figs. 7, 8 and 9. 

Some retention of uranium(VI) was observed in the organic raffinate 

from contactor II, due to peroxides in DBC. (See section 2.1 abovej 

3.4 Run AD4: The purpose of this run was to test the backwash, in 

contactor III, of acetic acid from the organic raffinate, obtained as the 
9 

mixed nitrate and acetate from contactor II, Preliminary work had shown 

that acetic acid had a partition coefficient of approximately 0,27 between 

15% Alamine 336 nitrate/DBC and IM HNO^. A McCabe-Thiele diagram indicated 

that at a flow ratio S/A = 1/1 the acetic acid concentration would be 
-3 

reduced to 2 x 10 M in the solvent after four theoretical stages. This 

flow ratio was therefore adopted. 

3 -



Contactor II uses 0,05M HNO^, IM HAc as the aqueous backwash solution, 

and in run AD3, yielded an organic raffinate which contained 0,34M HNO-, 

0.28M HAc, A solution of this composition was made up for rvin AD4 to avoid 

the presence of trace uranivim and was contacted with 1 ,06M HNO^ in nine 

stages. Fig. 10 shows that the concentration of acetic acid in the amine 

phase was easily reduced to the limits of detection. 

3.5 Run ADS: This investigated the behaviour of fission product 

zirconium/niobium and ruthenium in contactor I. Runs AD2 and AD3 had shown 

that flow ratios solvent/aqueous feed/aqueous scrub (S/A^/A ) = 3/1/1, were 

satisfactory for the major components uranium(IV) and uranium(Vl), so these 

values were adopted. Radioactive zirconivim/niobium and ruthenivim were 

added to the feed before the start of the run (see section 2.1). During the 

run, samples of solvent product were analysed by yspectrometry and at the 

termination of the run, samples of each phase from all stages were taken 

for Y analysis. Care was taken during sampling to avoid mixing of the 

phases, with attendant transfer of solute. Sufficient samples were taken 

and analysed for uranium(lV) and uranium(VI) to show that conditions were 

similar to those in run AD3. The results are plotted in Figs. 11, 12 and 

13. 

3.6 Run AD6: This r vin investigated the behaviour of plut onium( IV) in 

contactor I, and was intended to repeat run AD3 substituting plutonium(IV) 

for uranium(lV). The initial flow ratios were S/A_/A„ = 2,5/1/1, calculated 

to give a solvent product of 20 g plutonium( IV)/1. After 2 hours apparently 

satisfactory operation, a third phase was observed in the scrub section, 

although no third phase could be observed in the feed stage. 

The run was stopped. The mixer settler was cleaned out and re-started 

using flow ratios S/A„/Ag = 3/1/1 (to give a solvent product of 16.6 g 

plutonium/1); this again formed a third phase. This procedure was 

repeated, with an increased solvent flow rate each time, until with flow 

ratios S/A_/A_ = 4.8/1/1 (giving a product containing 10.5 g plutonivim/1) , 

a satisfactory two phase system was obtained. 

It was also observed that the aqueous raffinate was green, due to' 

~ 0.25 g plutonium( III) /1 in this uranivun stream. 

3.7 Run AD7: Sufficient solvent product was obtained from run AD6 to 

study the backwash conditions in contactor II, using 1.0M HAc and 

0.05M HNO.,. Eleven stages of the mixer settler were used for this 

experiment at a flow ratio S/A = 1/1. The plutonium concentration in the 
-3 

solvent was reduced from 10.5 g plutoniam/1 in the feed to 10 g 

plutonium/1 in the raffinate. 

- 4 -



4. DISCUSSION 

4.1 Behaviour of Uranium in Contactor I 

It is apparent both from the profiles and Fig. 2, that the organic 

phase will extract no more than 16-17 g uranium(IV)/I (i.e. 0.067M); this 

is true even at the feed stage in run AD3, where the aqueous concentration 

is 42 g uranitim( IV)/I . Since the amine concentration is 0.3M, the maximum 

solvent loading with uranium(IV) appears to be 45% of the saturation value. 

However, reference to the concentration profiles for uranium(Vl) shows that 

also at the feed stage, the solvent contains 39-47 g uranium(VI)/1 

(0,165-0.20M uranium(VI)), i.e. the additional solvent loading with 

uranium(Vl) is 55%-65% of the saturation value. The apparent excess solvent 

loading over 100% is due to extraction of uranium(VI) by DBC. At IM HNO_, 
1 11.5 g uranium(VI)/I is to be expected in DBC alone. 

4.2 Behaviour of Ruthenium in Contactor I 

The ruthenium concentration profiles for each phase are plotted in 

Fig. 12. It can be seen that there is no change in ruthenium concentration 

in the organic phase between stages 6 and 1, showing that 2.4% of the 

ruthenium is present as a species X with (from Stage 1) a distribution 

coefficient greater than 24. Subsequent measurements indicated a value of 

~ 25 for this quantity (see Appendix). The presence of 2.4% of this 

species limited the possible overall DF- to 42. 

If the counts due to X'are subtracted from the counts in the organic 

phase a straight line parallel to the aqueous profile between stages 6 and 

10 is obtained (see Fig. 12). This line together with the aqueous profile 

over stages 1-10 indicates a species Y with a partition coefficient of 

0.1-0.2 which is being effectively scrubbed from the amine phase. 

Extrapolation of the linear section of the aqueous profile to the feed 

stage indicates that the concentration of Y at the feed stage is 10% of 

that of ruthenium at this stage, A McCabe-Thiele diagram for a solute 

with distribution coefficient of 0.15 and the flow ratios used in this 

experiment indicates a 25% build up at the feed stage above the aqueous 

product. The percentage of species Y in the feed is therefore 

•in 100 ., w 

10 X -r^ X 2 = 16, 

(The factor 2 corresponds to the dilution of the feed by the scrub,) 

If the maximum overall distribution coefficient, which occurs at 

stages 19 and 20, is considered to be 0.11, then the remaining species Z, 

comprising ~ 81% of the total, has an average distribution coefficient of 

0,04, 

The species X and Y described above may be identified both by their 

partition coefficients and by the percentage composition as being the 

species D. and D_ described by Scargill , 

- 5 -



4.3 Behaviour of Zirconium/Niobium in Contactor I 

Zirconium and niobium cannot be treated separately for the reason 

discussed in section 2.3, However, the pattern is generally similar to 

that for ruthenium. 

Reference to Fig. 13 shows that, as with ruthenium, there is a small 

amount (~ 0.4%) of a highly extractable species with a distribution 

coefficient > 6, A second species, ~ 4,5% of the feed, has a distribution 

coefficient of ~ 0,15, while the other 95% has a distribution coefficient 

of ~ 0.02. There appears to be a peak in the organic phase profile at 

stage 13, which may be an analytical error, as such a peak should have 

reflected a similar peak in the aqueous phase profile, at the same or 

adjacent stages. In any future run this section of the contactor should 

be examined for axiy sign of refluxing, 

4.4 Behaviour of Plutonivim in Contactor I 

The unexpected formation of a third phase in the scrub section of 

contactor I during run AD6 is not completely understood, Pilbeam * 

investigated third phase formation with solutions of thorium in 15% 

Alamine 336 in DBC, and showed that there exists a limiting concentration 

of free acid in the amine phase, above which no third phase formed. He 

also showed that below this limit there is a metastable region where the 

third phase is formed slowly or indistinctly. It is likely, therefore, 

that a similar situation exists in the plutonium( IV)/amine system, but to 

date, no further work to establish this has been carried out. 

It seems probable that at concentrations of plutonium in amines above 
_2 

~ 10 M there is some aggregation of the plutonium(IV)/amine complex. In 

the limit this aggregation produces a third phase. The fact that no third 

phase was formed in the feed stage is in agreement with Allen's work . 

He has shown that, in a sulphate system, the presence of uranium(VI) causes 

deaggregation of the amine even at very low uranium concentrations. 

Third phase formation in a mixer settler completely disrupts the 

normal flow pattern. The third phase, being denser than the remaining 

organic layer, sinks to the interface in the sett lers-^and does not pass on 

to the next stage. 

The later work on third phase formation in Part 1 indicates that an 

acidity of 2M would probably avoid this problem. The counter current 

trials were stopped before the third phase study was complete, but it is 

hoped to continue the investigation later. 

The appearance of plutonium( III) in the contactor I aqueous raffinate 
1 2 

can be ascribed to disproportionation of plutonium(IV). Rabideau has 

shown that in IM perchloric acid at 50 g plutonium( IV)/I , 1% of plutonium(III) 

will be formed in half an hour. Although the rate is slower in nitric acid, 

it is sufficiently fast to produce the observed 1% in the course of the 

- 6 -



experiment. Rabideau also showed that the rate of disproportionation is 

inversely proportional to the cube of the perchloric acid concentration. 

Thus increasing the nitric acid concentration in contactor I, as suggested 

above, should reduce the disproportionation by a large factor. 

4.5 Behaviour of Uranium(IV) and Plutonium( IV) in Contactor II 

2 
In part 2 of this paper, it has been shown that the rate of backwash 

of plutonium(IV) or uranium(IV) by acetic acid is somewhat slow and it was 

suggested that the rate would only be increased if acetic acid entered the 

amine phase. Analysis of the solvent product from contactor II during 

run AD3 showed that acetic acid had entered the amine phase and it was also 

observed that uranium(IV) or plutonium(IV) was backwashed from the amine 

(run AD3 and run AD7) by a solution of IM HAc and 0.05M HNO^. It appears 

therefore, that the acetic acid enters the amine phase, complexes the 

uranium( IV) or plutonium( IV), and that this acetate complex is backwashed. 

4.6 Behaviour of Acetic Acid in Contactor III 

Although as stated above (para. 3.4) the partition coefficient for 

acetic acid (D,,, ) is ~ 0.27 the profile for run AD4 (Fig. 10) indicates, 
HAc o ' 

in stages 9-5, D„. ~ 0.4. The latter value is however, sufficiently low 
ilAC 

to ensure that the acetic acid in the solvent product is reduced to a 
level considerably lower than that which has been found to affect the 

2 
solvent performance in subsequent cycles. 

5. CONCLUSIONS 

A limited study has been made of one amine system and its perfoimance 

in three contactors of a solvent extraction scheme. Conditions in the 

first contactor have shown three aspects which require more development 

work:-

1. A rather poor D. F. for ruthenium, 

2. The formation of a third phase in the scrub section leading to 

low solvent loadings with plutonium, 

3. A small amount (0.5%) of plutonium lost as plutonium(III) in the 

aqueous raffinate. 

The backwash (contactor II) and solvent reconditioning (contactor III) 

operated wel1. 
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APPENDIX 

B e h a v i o u r of R u t h e n i u m i n t h e Amine P h a s e 

by 

C . E . Lyon a n d R. J . W. S t r e e t o n 

1, T e s t s w e r e c a r r i e d o u t on t h e r u t h e n i u m i n t h e 15% (0 .3M) A l a m i n e 3 3 6 / 

DBC p h a s e p r o d u c e d i n r u n ADS ( F i g . 12) w i t h t h e o b j e c t 

( a ) o f e x a m i n i n g i t s d i s t r i b u t i o n w i t h a n i t r i c a c i d - a c e t i c a c i d 

p h a s e s u c h a s m i g h t b e u s e d f o r b a c k w a s h i n g p l u t o n i u m , a n d 

( b ) t o o b t a i n i n f o r m a t i o n a b o u t t h e c o m p o s i t i o n a n d k i n e t i c s o f t h e 

n i t r o s y l r u t h e n i u m c o m p l e x e s i n i t , 

2 , R e s u l t s w i t h A c e t i c A c i d - N i t r i c A c i d 

The r e s u l t s of s t i r r i n g a n e q u a l v o l u m e of t h e a m i n e p h a s e w i t h a 

m i x t u r e of IM a c e t i c a c i d a n d 0,05M n i t r i c a c i d o v e r a p e r i o d of 30 m i n u t e s 

a r e shown i n F i g , 1 4 , They s u g g e s t t h a t i n a b a c k w a s h c o n t a c t o r u s i n g 

t h i s a s t h e a q u e o u s p h a s e , t h e r e w o u l d b e a s p l i t of the r u t h e n i u m i n 

a p p r o x i m a t e l y e q u a l a m o u n t s b e t w e e n t h e two p h a s e s , 

3 , Compos i t i o n 

Distribution coefficients (D^ ) after stirring for 30 sec with IM 
Ru ° 

n i t r i c a c i d a t r o o m t e m p e r a t u r e a n d u s i n g t h e a m i n e p h a s e d i l u t e d w i t h DBC 

t o g i v e d i f f e r e n t m o l a r i t i e s of a m i n e , s h e w e d t h a t t h e d e p e n d e n c e on t h e 

A l a m i n e 336 c o n c e n t r a t i o n was a p p r o x i n a t e l y f i r s t p o w e r . The r e s u l t s w e r e : -
Amine (M) 0 . 3 0 . 1 5 0 . 0 7 5 0 . 0 3 8 

D„ 25 1 2 . 5 7 . 4 4 . 2 
Ru 

The profiles (Fig. 12) for the run which produced this amine phase 

indicate that ruthenium emerging in the solvent phase was fractionated and 

consisted essentially of one species, probably the 2:3:4:5-tetranitrato 

complex referred to in other work as D.. This was confirmed by measuring 

D„ at room temperature after stirring for 30 sec with aqueous phases 

consisting initially of IM and 6 M HNO., respectively:-

Aqueous phase at equilibrium Partiition Coefficients for 
0.3M Alamine 336/toluene 

(a) 

(b) 

HNO3 

IM 

5 

U IV 

< 0.1M 

< 0.1 

°Ru 

25 

2 

P4 

80 

1.1 

^3 

0.5 

< 0,005 

The results are compared in the last two columns with the partition 

coefficients (P. and P_) for the tetra- and trinitrate complexes (D and D ) 

found for similar aqueous conditions by Scargill ; his results for 0,25M 

TLA in toluene have been multiplied by 1.2 so as to refer to 0,3M amine. 

- 9 -



The results at a final acidity of IM HNO^ imply that there is £a. 96% of 

the complex D. and 4% of D_ in the amine phase (which had been aged for 

1-2 hours before the experiment). The fact that Dp with a final acidity 

of 5M HNO, is greater than P. is due to the influence of the diluent; other 
2 

results (Part 2, page 6) show that the use of DBC instead of toluene as a 

diluent gives substantially higher distribution coefficients, 

4, Kinetics 

F i g , 14 shows the e f f e c t of s t i r r i n g t h e amine phase over a p e r i o d of 

t ime a t room t e m p e r a t u r e wi th equa l volumes of IM and 6M n i t r i c a c i d 

r e s p e c t i v e l y . With 6M n i t r i c a c i d ( f i n a l a c i d i t y 5M) t h e r e s u l t s a r e 

• c o n s i s t e n t w i t h e q u i l i b r i v u n b e i n g r e a c h e d a f t e r 1-2 h o u r s w i t h 25% of the 
r u t h e n i u m in t h e o r g a n i c p h a s e , s i n c e w i t h t h i s v a l u e a s emi - log p l o t 

( F i g . 15) of f r a c t i o n of r u t h e n i u m in o r g a n i c phase minus f r a c t i o n a t 

e q u i l i b r i u m a g a i n s t the t ime g i v e s a s t r a i g h t l i n e . The f i r s t o rde r 

r e a c t i o n s which c o n t r o l the r a t e a r e t h e a q u a t i o n r e a c t i o n s D. -» D^ -> B + 

C -> A i n the aqueous p h a s e . The r e s u l t s and s i m i l a r ones i n r e f , 6 a p p l i c ­

a b l e to 3M n i t r i c a c i d imply t h a t t h e r a t e of the f i r s t s t e p , D. -+ D , , i s 

0 , 4 - 0 , 1 min ( t j ^ , 1 t o 1^ min) i n 3-5M n i t r i c a c i d . 
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CONCENTRATION IN AQUEOUS PHASE cj/Jt 

A.E.R.E. R 4 4 4 0 (PART J) F IG. 2. THE PARTITION OF U (lv) AND Pu Qv) 

BETWEEN IM HNOg AND l5°/o ALAMINE 336/DBC 

1 0 



SCRUB 
H N O 3 S I M 
F U O W S I ' O nvl./mir\. 

F E E D 
HNO3 r IM 
u(lvTt:33,/L 
uCviJalOO^/L 
FLOW a I'O ml/min 

S Q L V I N T 
15 Yo ALAMINE 3'»<> 
IN DBC 
H N 0 3 ^ 0 3 e M 
P L O W =: a-OmLs/mln 

SCRUB 

SOLVENT PRODUCT 
l5%,AUAMINe 3 B 6 
IN DBC 
HNOgCCQ. 3 8 M 
U ( | V ) = I63/L 
UfVl) s M g t 
F L O W S a-omLs/mJn 

E X T R A C T I O N 

A Q . R A F F I N A T E 
HNO3 = IM 
U ( l v ) = 0 . f e o | L 
u (V l ) = S O ^ | L 
FLOWS a Ottv/s/rata 

1 0 0 

5 0 

91 2 0 

2 
z 
< 
n 
Uu 

0 
z 
o 
< 
fIC 

z 
111 
u 
z 3 

o—-"J=JiML, 

^uCSl)(Or<,.) 

.̂ (nz)(H) 

0 5 

o a 

0 1 

AQUEOUS 

ORGANIC 

3 4- 5 & 7 e 

S T A G E NUMBER 

A.E.R.E. R.4440 CPART 3) FIG. 3. R U N A P I 

C O N C E N T R A T I O N P R O F I L E S . 



S C R U B 
H N O 3 s 1 M 

( N H 2 ) 2 . ~ 0 0 I M 

FLOVVsO-Slmls/mtn. 

' 

F E E D S O L N 
\J(\\/Jm33S^/Ji 
U ( V l ) s l 0 3 3 /1 . 
H N O 3 S r M 

( N H 2 . ) 2 - O O I M 

PLOW«IOml /m. :n . 

I 
SCRUB 

SOLVENT PRODUCT 
l^% A L A M I N E 3 3 6 
N I T R A T E IN D B C . 
uOv)« i&<4 9/.e 
U(V|) » 0 I 5 g/A 

[l=LOW 9BZ 1 mls/mut. 

S O L V E N T 
15% A L A M I N E 3 3 & 
N ITRATE I N OBC 
FLOW • Z l ml%/tnCn 

' 

E X T R A C T I O N 

J 
AQ. R A F F I N A T E 
H N O j ^ ~ I M . 
u ( i v ) » 0 t 3/.e 
U ( V 0 = I 0 9 3 / J 2 
F L O W S l-Smls/mcn. 

I Z 3 4 5 a 7 8 9 10 n 12 13 14 15 I& 17 /8 19 £ 0 
S T A G E N U M B E R 

A.E.R.E. R.4440(PART3) 
FIG. 4. RUN AD2 CONCENTRATION PROFILES OF 

U (iv) IN CONTACTOlTl 



SCRUB 
MNd3 s | M 
(^H2)a — O O I M 
FLOW^O-Slmls/mtn 

FEED SQLN 
U ( l v i - 3 3 - 5 o / £ 
UCVI)sl639/X 
HN03» I M 
(NneJa- ~oo iM 
FLOW g t'Om Is/men 

SOLVENT 
15% A L A M I N E 3 3 6 
NITRATE IN DBC 
FL0W«=Zlml8/mift _ _ _ z 

SCRUB EXTRACTION 

SOLVENT PRODUCT 

2 0 0 

lOO 

15% A L A M I N E 3 3 6 
NITRATE IN DBC 
uiwAslG,^ a /A 
u(v0»O 15 9/Jl 
FLO W « 2 • I m I a/min. 

Aq. RAFFINATE 
HNOa eTKT 
U ( l v r - 0 l g / 4 
uCvi; = io9 9/A 
FLOW =1-5 mis/miii 

> 

U. 

o 
z 
0 

bl 
O 
2 
0 
o 

5 0 

ZO 

lO 

S -

U Cvi) AQUEOUS^ 

A Q U E O U S , 
O R G A N I C 

J L J L J. I l l ' I I.. 

3 4. 5 & 7 8 9 ID II IZ 13 14 15 16 17 18 19 ZO 
STAGE N U M B E R 

A.E.R.E. R . 4 4 4 Q ( P A R T 3 ) 

F I G . 5 . RUN AD2 CONCENTRATION PROFILES OF 

U ( V I ) IN CONTACTOR I 



UCiV) BACKWASH SOLN 
HAC = l - O M 
H N O 3 S O O 5 M 
P L O W = I ml/mLrt. 

S O L V E N T PRODUCT 
FROM A D 2 CONTACTOR I 
I5%ALAMINE 3 3 ^ N I T R A T E 
IN DBC 
UOV) ss I&-4. q/JL 
U(VI) = 0 ' I 5 9 / I 
FLOW* a-1 mis/min. 

U( IV ) BACKWASH 

SOLVENT RAFFINATE 
15% A L A M I N E 3 3 6 
A N D ACETATE I N 
U ( IV)» OG»2 g/Jl 
FLOWS Z-1 fnfl.s/mCa. 

NITRATE 
OBC. 

U IV E X T R A C T 
U(|V)« 
HNO3 
HAC — 0 - 5 M 
F L O W * lmJL/mc.n 

a 2.-5 s/t 
• ^ 0 0 5 M 

3 0 T 

AQUEOUS 

( I V ) ORGANIC 

0 2 

0-1 

^ O R G A N I C 

± J. X ± ± 
2 3 4 5 6 7 8 8 ID 

S T A G E N U M B E R 
A.E.R.E. R . 4 4 4 0 ( P A R T 3 ) 

FIG.6. RUN AD2 CONCENTRATION PROFILES 
OF U( lV ) IN CONTACTOR IE 



SCRU8 
HN03 S I M 
CNHa)a — 9 0 I M 
PLOW s 0<SC>>nl»/rr '̂uv 

F S t t P SOLN 
U ( l v ) s 5 B ' ^ q / L 
U f V l J s i f c S j f l 
H N O g * IM 
(NH^)a , —O-^IM 
PLOW s o 96ml$/mifw 

SC|«UB 

& O L V B N T 
ISTv ALfkMINC S3G 
NiTRATe IN OBC 
FLOWS S O fn\4 \fi\\K 

E X T R A C T I O N 

SOLVENT P R O D U C T 
18% ALAMINE S 3 6 
NITRATE I N D B C 
UCIV)=:US ^ /L 
u(vi) = 5 a 3 / u 

A q . R A F F I N A T E 
H N O ^ S I M 
UOV) = 0 - 8 4 g / U 
U(VI) = 9 0 g / t 
FLOWs.1 StnU/mift 

loe 

SO 

-> a o -

u. 
o s 
z 
0 

I-

u 
z 
u " 

0-8 -

O l 

ŷ '̂  
U( IV) ORGANIC ^ •'*''^ \ ^ ^ 

.^P' - 'uOv) AQUEOUS 

AQUEOUS 

.ORGANIC 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

— 

— 

\ 
) 

1 1 
I e a ^ s c» 7 a 9 l o i i la is 14 is i» i7 is 19 eo 

STAGE NUMBER 

A.E.R.E. R.4440.(PART3) 

FIG. 7. RUN AD3 CONCENTRATION PROFILES OF U(iv) IN CONTACTOR I 



SCRUB 
HNO) I M 
( N H ^ ^ j ^ O O l M 
PLOW OSfemU/ivU 

FEED SOLN 
U{«V)=S3 99/L 
U(Vl)sl653/L 
H N 0 3 « I M 
(NH2)2 — O O I M 
FLOWS 0 - 9 6 wl.s/mV.«l. 

SOLVENT 
|S% AL/SMINE 3 3 6 
N I T R A T E IN O B C 
FLOW=S'0ml»/m.t«v 

SCRUB E>^T^ ACTION 

SOLVENT PRODUCT 
15% ALAMINE 3 3 6 
N I T R A T E IN DBC 
U ( lV)s=n-5^/ t 
uCvij^B-ag/i, 
FLO\^< = 3 0 rtvLs /nvVn, 

AQ RAFFINATE 
H N 0 3 = I M 
Q ( I V ) = 0 - 8 4 - ^ / L 

u(vi)=qo<j/t 
FLO\A/*ISw.ls/rtvt.<^. 

2 0 0 T T—r 1—r 

AQUEOUS. 
ORGANIC 

J L J L J_ J I I X J L I J L 
I 8 3 4 5 & 7 8 9 to II 12 13 \^ 15 16 17 18 19 2 0 

STAGE NUMBER 

A.EP.E. R.4440(PART3)FIG.B. RUN AD3 CONCENTRATION PROFILES OF U^ l̂) 

IN CONTACTOR 1 



U IV B A C K W A S H S O L N 
H A c * l O M 
H N 0 3 s 0 0 5 M 
F L O W S l O ml/mJn. 

S O L V E N T PRODUCT 
F R O M A D 3 CONTACTOR I 
I 5 % A L A M I N E 33G IN D B C 
u( iv )» M-5 9/-£ 
U(Vl )= : 5 2 g/-€ 
F L O W a O ' 9 C » mls/min 

U ( IV ) BACKWASH 

S O L V E N T R A F F I N A T E 
15% A L A M I N E 
A N D A C E T A T E 
u(iv) ^ O 9/£ 
FLOW m 0 ' 9 & mls/min. 

3 3 0 N I T R A T E 
IN O B C . 

U ( | V ) EXTRACT 
U ( I V ) * 1 4 - 8 3 / 4 
HNO3 — 0 0 5 M 
H A c — D - 7 M 
F L O V V B I my/min. 

2 0 

10 

-z: 5 

y 

u. 
o 
z 
o 

h 
Z 
bJ 
O 
Z 
o 
o 

0 5 

0-2 

0 1 

U( iv ) AQUEOUS 

U(lV) ORGANIC 

AQUEOUS^ 
O R G A N I C 

FIG 

) 4 5 G 7 8 S 10 
S T A G E N U M B E R 

A.E.R.E. R . 4 4 4 0 ( P A R T 3 ) 
9. RUN AD 3 CONCENTRATION 

PROFILES OF U(IV) IN CONTACTOR IE 



H A c BACKWASH SOLN 
HNOaa 
FLOW 

I 06M 
O n\.is/ mtn. 

SOLVENT RAFFINAT^E 
(FROM CONTACTOR n 

^ 15% ALAMINE 33C IN D6C 
HNO3 « 0 - 3 7 a M 
HAc - 0 2 B I M , 
FLOW ° I • O rtvls/mln.. 

S O L V E N T WASH 

SOLVENT (TO RECYCLE) 
15% ALAMINE 336 IN O&C. 
HNO3 * 0 - 3 8 6 M 
HAc " < 0 0 0 9 M 
FLOW « 1 0 mes/mln. 

I 
AQUEOUS RAFFINATE 
HNO3 = 1-02M 
HAc » 0 2 7 M 
FLOW =' l-Omts/mtg 

9 
U 
< 

O 

z 
o 
< 
I-
z 
hi 
O 
Z 
o 
o 

T 

HNO3 AQUEOUS 

\9 

0-5 -

0 2 

0-1 

0-05 

0 0 2 6 

0 0 1 

HNO3 ORGANIC 
9i X H 

HAc AQUEOUS 

4 
STAGE 

5 6 
NUMBER 

A.E.R.E. R.4440. (PART3) FIG. IP. RUN AD4 CONCENTRATION 
PROFILES OF ACETIC ACID AND NITRIC ACID IN CONTACTOR DI 



scRue 
MN03=: IM 
FLOWslOmts/rolo 

AQ.FEED 
H N 0 3 Z IM 
Uf lV)5 i4Bg/L 
UCvi)«l5ZjL/L 
Ru -^ lO ^M 
Zr/Nb S l O ' ^ M 
FLOW»lOml/mJn 

1 

SOLVENT 
IS ^ ALAMINE 336 
N I T R A T E IN DBC 
FLOW s B O mis Icnia 

SCRUB EXTRACTION 

SOLVENT PRODUCT 
IS ' / eALAMINE B3C> 
N I T R A T E IN DBC 
Uf lvJr ISgiC 
M-(vO 
Ru. ~IQ"®M 

- 6 , Zr/Nb ^ - I ^ ^ I O ' ^ M 
PLOWS 3-Ornla/ffxm 

ACi R A F F I N A T E 
HNO3 = IM 
U(IV") <0- lg/b 
U (V0=. TSg I I 
Ru = S»< 10"^ M 
Z r / N b =5^IO'"4vi 
FLOW s g'OfBlt/win 

5 0 

2 0 

Of 

u. 
o 
2 
o 

< 

h 
z 
m 
u 
z 
o 
u 

O S -

o a 

O l 

0 0 5 

O O B 

0 0 1 J L ± J. -L JL J L J_ I J_ J L J L 
I e 3 4 5 6 7 B 9 10 I I la 13 14 15 16 17 IB 19 20 

STAGE N U M B E R S 

A.E.R.E.R.4440(PART 3 ) F I G . II .RUN ADS CONCENTRAT ION PROFILES OF U(lV) IN 
CONTACTOR I 



SCRUB 
H N O 3 S I M 
FLOW »1-0 mis/rmft 

1 

AQ. FEED 
HNO3 s I M 
uriv)«48 j / i 
U{V | )a i52« / j 2 
R u - I O - 3 M 
Z r / N b - * I O - ' M 
PLOW at I-O mls/min 

SCRUB 

SOLVENT 
1 5 % A L A M I N E 3 36 
N I T R A T E IN OBC. 
F L O W - 3 - 0 mis/mtr\. 

EXTRACTION 

SOLVENT PRODUCT 
|5%ALAK/IINE 33C» 
NITRATE IN DBC. 
U(IV) s 15 s / j t 
UCVI) = < I <lfJL 
Ru. ,- ' 10-5 M 
Z r / N b - I - 4 X I O - 6 M 
PLOWS 3 0 mls/miln 

i 

AQ. RAFFINATE 
H N O 3 s I M 
0 ( l V ^ s < 0 l 9 / i 
0(VI) = 75 9 M 
R U - - 5 X I O - 4 M 
Z r / N b ~ 5 X I 0 ~ ^ M 
FLOW ssZO mls/mdn. 

5X 10" 
Ru AQUEOUS 

a COUNTS DUE TO VORO 

AQUEOUS 

ORGANIC 

J I I I I { I J _ l I I I I I I I L 
I Z 3 4- S G 7 8 9 10 II l£ 13 14 15 16 17 IB 19 2.0 

STAGE N U M B E R 

A.E.R.E.R.4440CPART 3) FIG. 12. RUN ADS CONCENTRATION PROFILES OF 

Ru IN CONTACTOR I . 



SCRUB 
H N O 3 S I M 
F L O W - 1 0 1 tU/> 

A Q 
HNO3 
u(iv)« 
o(vi) • 
Ru -
Zr /Nb 
FLOWi 

FCED 
B I M 
4.8 , / £ 
I S 8 , / 1 
ro-3M 
- I O - ' M 

« l -O rnls/mtln. 

SOLVENT 
IS% A L A M I N E S 3 » 
NITRATE IN DBC. 
F L O W - SOmlf/mui. 

p 

SCRUB EXTR4kCTION 

SOLVENT PRODUCT 
I 5 % A L A M I N E 33fi> 
N ITRATE I N D B C . 
uOy) s IS g/A 
U(V|) < I 9/Jt 
Ru ~ I O - 5 M 
Z r / N b ~l.<|.XIO-»M 
FLOW e 3 0 mlc/mbn. 

AQ. RAFFINATE 
H N O 3 « I M 
u ( i v ) 4 :o ig /J& 
U(VI) » 7 5 9 / I 
R u - ^ S X I O - 4 - M 
Z r / N b - ^ 5 X I O - * M 
FLO W - Z O m Is/ntCA. 

Z X I O 
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h 
2 
D 
O 
o 
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o 

u) 
O 
z 
o 
o 

2 

i 
o 

1 
3 
Z 
O 
u 
K 
N I 2 3 4. S 6 7 8 9 10 II 12 13 14. 15 16 17 18 19 ZO 

S T A G E N U M B E R 

>A.ER.e.R4440 C P A R T 3 ) F I G . I 3 . RUN ADS CONCENTRATION PROFILES OF Zr AND Nb 

CONTACTOR I . 

IN 



I S O L V E N T PRODUCT FROM A D S STIRRED W I T H I M 
H N O 3 

H SOLVENT PRODUCT F R O M A D 5 STIRRED W I T H I M 
H A c + 0 0 5 1 ^ H N O 3 

m S O L V E N T PRODUCT FROMI A D S STIRRED W I T H Q» M 
H N O 3 

100% 

Ul 

< 
I 
a 
u 
z 
< 

o 

<§ 

.< 

5 0 % -

10% 

ao%-

2 0 3 0 4 0 5 0 so 7 0 80 9 0 100 
S T I R R I N G T I M E O^ INUTES) 

A.E.R.E. R .4440 (PART3) 

FIG. 14. THE DISTRIBUTION OF EXTRACTABLE 

Ru SPECIES VS. TIME OF STIRRING. 



lO 20 3 0 4 0 SO 
TIME OF STIRRING WITH GM HNO^ IYVLTX 

GO 

A.E.R.E. R.4440. (PART 3) FIG. IS. THE DISTRIBUTION OF 
EXTRACTABLE RUTHENIUM SPECIES VS TIME OF STIRRING. 
(For dgtoils SEE text.) 
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