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Tine Excer process sliould. be cheaper than %he dry process now i n  use, and, 

imlike the dry process, i.t achieves consideralisl~e decontsmination. A d:is- 

advantagi- of %‘ne pl-ocess has been the rapid corrosion of the anode &aiming 

e lec t ro lys i s  had found that  the ?JF4 was pa r t i a l ly  re- 

oxidized t o  UO F by contact with the ,mode. Also, the cell must be operated 

at teiflperatures a.bove 90°C in order t o  ob-tain a. dense preeipita’ce; below go°C 
the  bulky U J 4 * 2  e 5X20 i s  obtained. 

Other workers 3 7  

2-2 

Laboratoi-y-scaie experiments were carried out i n  an e lec t ro ly t i c  c e l l  

in vhich %he anode %7as protected from the f luoride ion i n  thz el.ectro1yte 

by an ion-exchange meisibrme 

these conditions, WE efP:Lciency of the cell, anti the de@ont,mination 

achieved were investigated, 

and amnoniuin .waos s.i;rad.i.ed f o r  possib1.e savantages e 

The nature of the  prec ip i ta te  formed under 

Precipi ta t ion of 9. double f luoride of ursniuin 

On the b a r i s  of t’ne resulJr,s, two modified f10wshee.t~ f o r  %he Excer 

process vjeyz prepared, a,nd the cost  est imate  vias revised. 

pixp”.ring mhydrous UF directly from the ore i s  suggested, 

A flowsheet for 

4 

En otker e x p e r i ~ n e n t s ~ - ~  on e l ec t ro ly t i c  redu.ci;ion of the  uranyl ion t o  

urmoiis, reduction efficiency was found t o  ’oe increased by simultaneous 

precipi te-tior, of lJFl i n  excess IIF. Reduc”ii.ort wi t’iiout precipi, tation was 

@arr..ied out, i n  -the UO C3. -NC1 and. UO SO -H SO sysLellls t o  study .the reduction 

step alone. 

1- 

2 2  2 4 2 4  

A po i t ion  of the la’ooraloqy work was carr ied out  by L. L. hnnas and A. F. 

Giuffrida, F. E, Elal-ringtan w a s  responsible fop  a reajor pay% of the eco- 

mmie study reported i.n Sec, 7 .0.  Analyses vere made undel- the supervision 

o f  G o  F, Wilson, J. Fdge‘ton, :.I. Iaing, and C .  Feldrm;ll?. 

3.1 Description of C e l l  

The ceJ..l used in the reduetio~i-pl-ecipi.f;a%ion expcrimeiits had ai? ioriics CR-61 

mti on-exchange menibrane hyd-iaul i ca l ly  sealed between the electrode compartment 

(F igs ,  4 and 5 ) .  The fiiembmne was backed with keflon o r  saran c lo th  and was 
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Fig. 4. Electrolytic Reduction Cell. 
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A monel s t i r r e r  with a twisted 3/32- by 1/2- by b i n ,  blade welded t o  

a 1/4-in. shaf t  extended from the cathode compartment i n to  the f i t t i n g  

holding the membrane t o  i t s  haveg support and through the anode compart- 

ment i n to  the chuck of a Mix-Master motor outside the ce l l .  The shaft 

w a s  hydraulically sealed from the anolyte by a sheath of 3/8-in. saran 

tubing connected t o  the saran f i t t i n g  fastened t o  the haveg plate. 

thick UF4 s lur ry  produced percolated up around the spinning shaf t  of the 

s t i r r e r  and l e f t  through a saran tubing f i t t e d  perpendicularly t o  the 

sheath. 

The 

During assembly the component par ts  of the c e l l  were compressed 

between two 9- by 10-in. plates,  3/8 in. thick, by meas  of threaded 

s ta inless  s t e e l  t i e  rods extended through 1/2-in. holes d r i l l ed  i n  each 

corner of the end plates,  the polyvinyl chloride blocks and frames, the 

membranes, and the haveg support. 

the component par ts ,  rubber or neoprene gaskets were used wherever needed. 

The t i e  rods were e1ectrica.ll.y insulated by tygon sleeves. 

To ensure hydraulic seals between all 

A narrow-channel c e l l  w a s  used t o  study the  efficiency of the reduction 

s tep alone. 

anode since expansion of lead oxide film in to  the  channels could have plugged 

the anode compartment. 

channels i n  1/8-in.-thick p l a s t i c  gaskets t ha t  provided a hydraulic seal 

between the cation-exchange membrane and the platinum anode and the lead 

cathode. The electrode area exposed t o  the current w a s  O,23 f t  . The 

platinum anode w a s  cemented t o  a 1- by 9- by 10-in. block of luc i te ,  and 

the 1/8- by 9- by 10-in. lead cathode p la te  w a s  supported by another 1- by 

9- by 10-in. l u c i t e  block. Access of solution t o  each electrode compartment 

w a s  through a 3/8-in. hole i n  the l u c i t e  blocks, 

compressed between two 3/8- by 9- by 10-in. steel plates  by means of t i e  rods 

extended through the four corners of the ce l l .  The t i e  rods were insulated 

with tygon tubing. 

A 0.0002-in.-thick platinum anode w a s  used rather  than a lead 

The cathode and anode compartments were defined by 

2 

On assembly, the unit w a s  

Rapid recirculation of solution w a s  used i n  place of s t i r r i n g  t o  provide 
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An experiment was continued u n t i l  steady s t a t e  w a s  approached, the 

current being kept constant. 

were de-tiemined by the volumes collected i n  1 - l i t e r  polyethylene graduates 

i n  knoiM times, Density and weight measurements mde on samples collected 

over a specified time in te rva l  provided a more accura'be measurement 02 

f l o w  rates. 

voluuaes coUected i n  5OO-ml glass grad~xa-tes. Representative samples were 

collected a t  the start and during steady-state operation for  analysis, 

During the course of a run, the time, c e l l  current, c e l l  voltage, and 

flow rates were recorded a t  in te rva ls ,  

Influent and eff luent  catholyte flow ra tes  

Anolyte flow rates were determined periodically f r o m  the 

I n  experbents on the reductioa s tep  i n  the absence of precipitation, 

operation vas similar, but rapid recirculat ion of anolyte and catholyte 

stream though the channels of the electrode corfigartmen'ts was used 8 s  a 

subst i tute  f o r  the s t i r r i n g  used i n  the other c e l l ,  

across each coraparkment r a s  equdized at 5-6 psi. 

The pressure CLrop 

3.3 Preparation 0% Catholyte Solutions 

Uranyl f luoride feed solu-tion w a s  prepared by dissol-vine; a weighed 

i n  a xnixture of hydrofluoric md svdLf'uric o r  hy&rochl_oric 
3 

anoun-1; of UO 

acids end d i lu t ing  -&th w a t x r  t o  the desired uranium fluoride, hydrogen, 

and s ~ ~ ~ ~ e  or  chloride concentrations. 

Peed solution to t e s t  second-stage operation i n  both systems w a s  the 

supernatant l i qu id  separated from the s lurry produced dwing  reduction- 

precipi ta t ion of hydrated te t ra f luor ide  and double fluoride. 

Stadies of' the reduction s tep  alone were carr ied out with 0.5 M - U0,S04 
and with 0 - 5  M U0,S04 made 1.3 N i n  acid by dissolving UO 

excess of acid. 

chloride and 0.7 N - i n  acid T ~ S  prepared f r o m  uranium recovered in the Kiggins 

contactor from low-Cl;rad.e Los Ochos uranium ore, 

i n  a calculated 
3 - - 

For one experiment, a solu-bion about 0.4 M - 5x1 m a y 1  

8 
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i n to  %he mode compr”ment from .&he cathode compartmentv, 

that a 1/8-izi. lead anode would have t o  be replaced three o r  four t i r e s  a 

year in a c e l l  %hat was opera%ed contiraaaotas~v. 

It was estimated 

4e2 H$ddpofPuori~ Acid Kecycle 

~ e e a i ~ s e  of the presence of the wmbrme, sulfuric or  hydrochloric acid 

can be used instead o f  hydrofluoric acid. Lo carry %he current when u ~ a n i m  

and fliuoride ions have bcea removed i n  the precipitation. 

no excess hydrofluoric acid i n  the superm.tm$ froin t h e  final. product t o  

be recycled, 

or excess hydrofluoric acia, 

pseeipitatlon contains only traces o f  fluoride, %he watayl fluoride re- 

xmln%ng i.n the su:mma-t;m% may be recovered and concentrated by reqcl..ing 

% h i s  liquid through a ca%lon-exelwnge solum. 

There is therefore 

The cell perfonned eqLaaU.7 well wf%h sriLRupic, hydrocbLoric, 

Since -the su-pema%ant; from the LIF4e0,75N20 

h-.g _a_ Reoxi&3.-kion of Wh 

The hi& current e f f ic ienc ies  obt,ained a t  the high current densi t ies  

used i n  these s-t;udies indicated that there was no reoxidation aP the UF4. 

These high eurrenli efficiencies were obtained in “be absence o f  excess HF, 
In the unprotected system excess H F  is required bo keep %he U(I1J) out of 

sc3.ulion (precipi ta ted)  a d  u.n.avaiZable for reoacfhtion. 

Iu part  of one m (Expt, 22) wi4A sulftirie aeid present, a bulky, 

l i ~ & t e r  p e a  preclpitake famed, probably as a result o f  the temperature 
dxapping belo7.r 90°C. 

except when %he s%i.n=rer slipped and had t o  be readjusted, 

‘I%ie voltage r aa ined  eons%=% during this 50-hr mu? 
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A X J ~ L Y  of 3'eduction- Prec ip i ta t ion  B u n s  

Time: %ins 53 and 56, 30-40 hr ;  1"a1 22, 50 nr; 
a l l  ozhers, 2-6 hr .  

33 
3 1; 

52 
53 
56 
40 

42 
41; 

55 
51 
49 
22 
45 
46 

I .  7 Y I  

0.50 
0.50 

0.24 
0.24 
0.26 
0.23 
0.23 
0.22 
0.23 

0.27 
0.4-9 
0. 50 
0.50 
0.46 
0.45 

1.2 0.73 
1.1 3.67 

1.25 0.28 
1.0 0.24 
0.6 0.23 
1.25 0.28 
0.75 0.29 
0.5 0.35 
0.5 0.25 

1.25 0.05 
1.85 --- 
1.0 0.07 

2.4 4 o . o p  

1.0 --- 
1.5 <0.0Td 

0.26 
0.26 

0.2i 
0.26 
0.29 --- 
--- 
--- 
--- 

0.30 
0.28 
5.28 
0.50 
--- 
--- 

1.5 
2.0 

1.9 
1.3 
1.0 
1.0 
1.0 
1.0 
1.0 

1.0 
2 .o 
2.0 
2.0 
2.0 
2.0 

J. 70 8.: 
>90 3.6 

40-60 6.2 
40-60 6.2-7.3 
40-60 6.5-8.1 
40-60 6.1 

40-60 6.0 
40-60 6.1 

42-50 6.1 

-a25  6.7 
,?O 10.2 
3 go 9.11 
,9(, 8.2 
go 6.0 
,.90 8.2 

84 
83.5 

91 
87 
90 
30 
88 
90 
89 

66 
92 
90.5 
9!i 
93 
94 

68.3 
69.5 

54.6 
68.8 
65.7 
58.1 
74. 
72.9 
7-.3 

66.0 
67.5 
69.9 
72*? 
73.a 
73.5 

25.4 --- 3.8 4.2 
25.7 0.27 3.3 0.9 

26.3 --- 4.7 --- 
26.2 --- 3.2 2.1  
24.2 --- 1.8 --- 
25.3 --- 2.5 - - -  
a . 5 c  --- 0.2c 0.3 
24.3 --- 2.1 2.7 
25.2 --- 2.2 --- 

22.6 --- 0.8 12.5 
23,2 --- - -- 4.0 
2;.2 --- 0.1; 5.9 
22.9 -- - --- 4.0 
23.7 --- 3.3 I.Oe 
23.9 --- 3.3 1.ae 

%he f luoride concentration of represen-;ative s a q l e s  vas deteni ined by back-.ti'mating the  standard a lkai i  use6 t o  absorb the 33 t h a t  w a s  s t e a q - d i s t i l l e d  
during conrplete -Lydroasis of the  samples. 

biJater w a s  deteminei! by d i r e c t  absorption i n  iini.iy&One of water evolved i n t o  a ni t rogen stream from samples heated i n  a sodi;m carbonate bed t o  50OoC. 
!"he values a re  corrected €or  absorption of mmoriia by fLnhydrone. 

'This sam2le was anaiyzed a i t e r  $@ 
no s igni f icznt  conversion of UPIL to  U02. 

$jo m o n i u n  f luoride was added. 
f luor ide  used i n  e a r l i e r  experiments. 

"The l o w  water content i s  3ot easily exglained; a 0.75 hydrate is expected. under the conditions of Expts. 45 a d  46. 

The values give,? a r e  corrected f o r  a e u t r a l i z e t i o n  of t h e  HF by ammonia a l s o  evolved during the hydrolysis. 

on for 2 ;?r i n  air a t  300-k00°2 t o  v o l a t i l i z e  the  wmonPm f1tiori.de. The ssrnplzs rermined unLformly green, ind ica t ing  

The anmonPm ion i n  the  supernatant waste so iu t ion  and the  p r e c i p i t a t e d  p r d u c t  probabiy cane from res idua l  mnonium 





Table 2 

Composition of Different UE,;xT\M,,F Precipi ta tes  Famed 

During Elect;roly-bi@ Reduction 

' Precipi ta te  
Solution Conposition (M)  Composition ( w t  $) Density Description of 

Expt, U02F2 IIF NIl4F H2S04 F NH4 U ( g / c c )  Precipitate 

56 0.26 0.6 0.23 0.29 22.1 1,8 66.8 2.4 Crystalline, dark 
green 

22.6 1.8 66A 2,l Crystalline, l i g h t  
green 

53 0,24 1.0 0.24 0.26 25.6 4.1 65*3 1.4 &latinous l ight 
green 

24.3 3.5 65.8 1.8 Crystall ine,  dark 
green 
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Fig.  6 .Dependence of  Current Eff iciency on Nature o f  
Reduced Product. 

z I I I 

REDUCTION (%) 

ADDED 
o 3.0M HF 
@ 0.9M HF,I.OMHCI 
8 0.9M HF,0.2M H2SO4 

0 . 9 ~  H F , 0 . 5 M  t-fZSO, 

Fig 7 Dependence of C u r r e n t  Efficiency on Solution Composition 
and Percentage Reduction during Precipitation of UF4 3/4H20 from 0 5 M  
UO2t p Solution 
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111 the  second stage as the double salt  (Expt. $4), giving an overall 

reduction of greater thnsl 99%- 

(Exyt, 57), the second-stage reduction dropped t o  84% at; 84% current 

efficiency. 

When there TELS a deficiency of TIF 

The current efficiency IELS 88% f o r  84$ reduction i n  precipi ta t ion 

of the 2 - 5  hydrate of UF4 (Expt, 38). 
on the basis of the efficiency of the f i r s t - s tage  reduction t o  the 3/4 
hydrate. 

might improve the second-stage reduction efficiency, However, an overall  

reduction of 9.46 was obtained i n  precipi ta t ion of the higher klydrate, 

which i s  suf f ic ien t  t o  demonstrate the effectiveness of two-stage operation. 

This is less t han  trould be expecked 

Operation a% a high enough ternpera-t;we La produce the 3/4 hydrate 

The ex-perinients were carr ied out with supernatant solution from the 

s l u n y  produced i n  the f i r s t - s tage  reduction, Since the efficiency of the 

redmction was not expected t o  vary with the degree of hydra-bion o f  TJF4 and 

temperature i s  unimportant i n  precipi ta t ion of the  double fluoride,  no 

attempt was made -to control the teaperature, 

2 
A current density of about 0.2 amp/in. w a s  used i n  the second-stage 

reduction of 0.5 - M U02F2. 

per square foo-t of mercury cathode during two-stage reduction, and I kwhr 

of energy p ~ r  pound of uranium reauced w a s  required at  t h i s  r a t e  of reduction, 

For 99$ reduction of 0.25 M - U02F2, the  current densi*by was halved; 0.75 kwhr 

was required for reduction o f  0 - 7  lb of uranium per square f o o t  o f  mercury 

cathode 

U ~ a a ~ ~  was produced at a r a t e  of about 1.35 lb/hr 

4 ‘7 DeconLamiuation 

I n  the earlfer studies2 the uranim T . ~ S  separated from fission and 

corrosion produ.c-ts by large factors  i n  the Excer process, With the revised 

cell, exclusive of decontamination achieved i n  the preceding ion exchange 

step, factors fox+ decoxitamination from corrosion products were as high as 

5;000, Grass beta gross gamma decontaniination factors  of up t o  45 and 

9, respectively, were obtained (Table 4) 
Lhe 1i.gh-t; elements was obtained with -&e fluoride-chlorid? sys-te~tl (Expt’s .”.4 

The maximum decontamination from 
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and 45). 
gelatinous and $?&if* precipi ta tes  

metal prepared frm the Exeer uF4 product indicated that i t  was of metal- 

grade p?.rrity (Table s). 
step might be elimiaated i n  pregaration f r o m  ores of uranium metal.. %or use 

i n  reactors, md the second and/or t h i rd  solvent-extraction cycle ai@"{; be 

elimtna-ted i n  reprocessing 0% speiit Fuel. 

The rninimwn decontamination factors  were obtained w3th the 

Spectrographic maPjsis of urmfuiz 

013 the basis o f  these resu l t s  the solvent-extraction 

!The %est  t o  deternine whether metal-grde uranium coifid be prepared 

from the  Exeer product was made w i t n  a solution 0,251 M i n  UQ2F2, 0-25 M i n  

NIS F, and 0,25 M i n  H S O  

vanadium, mnnganese , t i n ,  chromium, e a b i m m ,  moubdenm, md ' O O Z W ~ ~  %le 

impurity level. o f  these components was 1000 t o  2000 ppm with respect t o  

the ura,nium, 

menbrarig: cell La UFl;Oe3NH4F ( E q t s .  56 and 57). !?he precipi ta te  was washed 

w i t h   iter and absolute alcohol and dried under a heat lamp, 

salt was decomposed a t  b O ° C  i n  an atmosphere o f  m, and the pre@ipitnf;e was 

reduced with crzlcdum i n  a thermal-bomb rcduca%ion step, 

w a s  84$ uapaniuro. metal- and 16% CaF2 slag, 

@Q t h e  s m a l l  charge (about l kg) tha% was mailable for +&e redaction step 

(Table 5) .  

- - 
which w a s  contaminated wi th  iron, cobalti) nickel, 4 - 2 4  

The uranyl. ion w a s  reduced i n  two-stage operatZon of Yne 

T k  douhle 

The f'%nal. prcduc% 

The hi& slag content was a t t r ibu ted  

I n  all, three processes, impurities separated from tke uriwium during the 

r e ~ ~ ~ c t i o n - p r e c i p i t a t i o n  step shorn14 be removed by the res in  c o l m  during 

%he waste recovery step, k ipmi t i e s  which remain with the  traces of uraxim 

axe i h ~ e  not x-cnrnved by the f imt  ion-exchange step. so each case, the 
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Table 5 

Spectrographic Analysis 09 U r a n i u m  M e t a l  Wepared from 

EXCW UF), proauc-ta 

ESectrolyic cell feed  initial m e t a l  content : 
1000-2000 of each per mil l ion 
parts of m i u n  

h o w t  in Metal Amomt i n  Metal 
Eleneat (Pm) Element ( P P I  

35 
35 

4 100 
20 

4 25 
4 10 

1. 
5 
3 

c2. 
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ixo ion-exchange steps involve use of oppositely charged resin beds and 

impurities not picked up by the cation exchanger, for  example, should 

be removed by the anion exchanger, 

5.0 MODIFICATION OF EXCER PROCESS 

Two inodifications of the Excer process fo r  use with uranyl n i t r a t e  

solutions, t o  reduce costs and t o  improve the operation, are  suggested. 

as a r e su l t  of t h i s  study. 

I n  the f i r s t  flowsheet (Fig. 1) the aodifications which derive solely 

*om the use of a membrana t o  separate catholyte rind moQ-te are incorporated. 

The s’ci1.l used to recover Ixn i s  eliminated, and an a~ion-excha~nge res in  

column i s  added t o  recover uranium from tne anolyte and from the supernatant 

solution exit ing from the catholyte. Because a more dense UF *O.75J-x 0 

precipi ta te  i s  formed i n  the presence of d i lu t e  su l rWic  acid, the cen tz i age  

i s  replaced by a decantation texk, 

4 2 

The second flowsheet (Fig. 2) incorporates those changes which resu l t  

from use of ’ihe double-salt system, The s t i l l  t o  recover HF again i s  

eliminated. ‘!%e centr-ifuge is r e t u r n e d t o  the operating scheme because it 

i s  believed tha t  ‘dne double-salt i s  not dense enough t o  permit use of de- 

cautatiori. An mion-exchange res in  column i s  used t o  recover uranium from 

the  anolyte and f ro3  the supernatant catholyte. 

no anhydrous HF are required during the dehydration step, but a cold t rap  

i s  a&ded t o  recover the monium fluoride %ha.% i s  volat i l ized,  

IS0 scrubbing tower a d  

A more dras t ic  modification of the Excer process i s  proposed f o r  the 

handling o f  ra1~7 axes (Fig. 3 ) .  

for conversion of UO (NO ) 
It tras assumed t h a t  the anion-exchange product would be suf f ic ien t ly  pure 

md. t ha t  excessive cb2-oride corrosion could be prevented i n  succeeding steps 

In  this case the cation-exchange c o l m  

t o  UO F and removal of chloride was eliminated. 
2 3 2  2 2  



2 
Sn an earlier detailed cost estinaate the cost to produce lJFL, by 

Vfie Excer process wits estirmted Lo be 25,lb per pound af uu.milum. 

%inu.ous operation a t  a uranium production rate of 22 tons per f&y, -[ b y s  

a week a,nd 315 days per year, w a s  assumed, 

Con- 

Subtraction of 'chose cos% items which no longer exist, as 8 result 

of major modifications, i ,e. , climina-tior1 of anode comoaioa and I F  

reco-velly problems, gives 8 c o s t  estirnate of about 2Of? per pound of uranium, 

?%e i t e i n s  eliminated arc a still for  I€F recowry and labor to operate this 

s-btbb, mode replacement costs, md the replaeeaent cost of mode stockings 

that were used 'eo sheath the anodes. 

Tihe es tha ted  basic equipment c o s t s  are given in Table 6 and the 

detai led eosts  are coiiverted t o  t o t a l  capital. inves-kment i n  Table 7. 
building cost; w a s  estiruated by rnaking a rough building layou% i n  a cubical 

shape and charging $lo0O per cubic foot ,  

c;ost;s art' a lso  s m m r i z e d  i n  Table 7. 

The 

'l9te estimated snnual. operating 
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Table 6 

Capital Investment 

Bas i c e qrtfpnenl costs 

Installed equipment costa (14@ A) $638,400 
Piping (50$ B) 319,200 

$as”i;rwnen%s (16 B) 63,800 

Total phys-leal without building $1,021,400 

supcrvisb-i (35$ E)  3519,500 

Total physical $1,378,900 

To ta l  $1,792,400 

$454, oooa 

Englaeerlng and construction 

Bwild i ng 

CQntingenCfes (y3$ H )  413,500 

$501,000 

a 
PncXudes $351,800 fo r  general equtpment; $82,500 for e lectrolyt ic  c e l l s  and 

me~brrznes; and $21,700 f o r  rubber-lined-steel ion-exchange system, 

’lnclu6.e~ $300,000 for  power supply and $58,000 for  bus bars. 
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Table ’I 

Annual Opxizting Costs 

315, days/year 
22 tons/day, 

C’nemZcals 
1Jf;iliki.es 

Electricity at $O.OQ?/kwhr $108,000 

Wa%er ?it $0.028/looo gal 2,000 

Stem, at $0 68/1000 lb 306, ooo 

Demineralized F120 at $0 e OL5/1000 L3,OOO 
gal. 

MS. s celWile0us 
I% anodes wid membranes 30,000 
IJIaintencmce, 4$ of total .  118, ooo 

capi ta l  inves-t;melzt 
0th” e 6 40,000 

~eeon‘canimtisn, 30$ of ~min tenmce  material costs 

Process equipment 
Elec-t;xvi cC21 equiplent 

$332,500 

$100 > 000 

31,000 
177,500 

24,000 

1.88~0 00 

358,500 
58,500 

$2,304,000 
2,721,000 
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