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0,O ABSTRACT 

This report describes further laboratory development of the 

Purex process for the six-month period ending January 31, 1953. 
The results of comprehensive studies of solvent degradation and 

regeneratfon,continued investigation of final purification steps 

for the uranium product, and miscellaneous process experimental 

work are presented, 

. 
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1 e 0 I ~ E O D U @ T I O N  

For the  past s i x  months, a major portion of the  Purex laboratory 
work has dea l t  w i t h  process problems which have materialized during the  
f i n a l  phase of p i lo t - sca le  process evaluation and demonstration a t  ORNL. 

Repetit ive operation of the ORNL Purex p i l o t  plant  with highly i r r ad ia t ed  
Hanford metal of minimum 60 days cooling has been accompanied by v i s i b l e  
evidence of solvent de te r iora t ion ,  which has made the  solvent recondition- 
ing operation exceedingly troublesome, 
t he  Chemical Development and the  P i l o t  Plant Sections most of the  solvent 
recovery problems have been resolvedo 
continued the study of solvent chemistry i n  order t o  gain mre bas ic  
knowledge of solvent behavior i n  t he  Purex system, as understood here 
and a t  other  sites., 

Through the  combined e f f o r t s  of 

HQWeVeF, the  laboratory group has 

Further study of the  adsorption of radioact ive zirconium and niobium 
on s i l i c a  ge l  has resu l ted  i n  s ign i f i can t  improvement i n  decontamination 
and bed capacity.  
an " i n f i n i t e  capacity" s i l i c a  ge l  bed f o r  the  ta i l -end  treatment of 
uranium product appears qu i te  promising, 

The prospect of continuous plant-scale  operation of 

Invest igat ion of the e f f e c t  of process variables (e .,go, denitration, 

nature and extent  of metal l ic  impuri t ies)  on the  r e a c t i v i t y  of uranium 
t r iox ide ,  produced from Pwex uranyl n i t r a t e ,  during conversion of the 

oxide t o  uranium t e t r a f l u o r i d e  has been s t a r t e d ,  
t o  the  foaming problem encountered during ca lc ina t ion  of uranyl n i t r a t e  
from TBP systems and t o  f e r r i c  s u l f a t e  s o l u b i l i t y  i n  ac id  evaporator 
residues ., 

Attention has been given 

Appreciation is  expressed t o  G o  R .  Wilson and J, E. Edgerton f o r  
ana ly t i ca l  work done by them during the  course of t h i s  work. 



Solvent Studies ,  Sodium hydroxide was again demonstrated t o  be 

superior t o  sodium carbonate as a solvent decontaminating agent. Compar- 
ison of the decontamination obtained w i t h  1 M and 0.1 M ma CO showed no 
advantages of the  more concentrated carbonate eo lu t ion ,  Superior decon- 
tamination f ac to r s  obtained i n  laboratory s tudies  over those obtained i n  
the  p i l o t  plant  were a t t r i bu ted  t o  the presence of entrained material i n  
the solvent,which was allowed t o  set t le  out i n  the laboratory experiments 
before the decontamination was car r ied  out ,  In  the continuous process 
used i n  the  p i l o t  p lan t ,  the s e t t l i n g  does not occuro 

- 2 3  - 

Studies on the emulsion that  formed i n  solvent waehed w i t h  water 
showed that the emulsion can be broken w i t h  as l i t t l e  as lo-' M - HMO3 i n  
t he  aqueous phase. 
i n  the  agueow phase also breaks t h e  emulsion, 
t he  emulsion t o  form could not be removed by exhaustive washing w i t h  sodium 
hydroxide, sodium carbonate, o r  n i t r i c  ac id ,  When t h e  volume r a t i o  favors 
the  aqueous phase, emulsions form much more readi ly ,  and are much more 
stable than when an exceaes of organic f a  present ,  

The presence of" a small amount of" s o d i m  carbonate 
The substance that causes 

The inorganic f r ac t ion  of the i n t e r f a c i a l  sludge that  accumulated 
i n  the  p i l o t  p lan t  water wash column waes found t o  be a mixture consis t ing 
pr inc ipa l ly  of calcium, aluminum, s i l i con ,  and corrosion products. 

Centrifugation of the second uranium cycle product stream was shown 
t o  be s l i g h t l y  e f f ec t ive  i n  reducing the  carryover of radioactive insoluble 
materials in to  the uranium product, but the  s m a l l  gain i n  decontamination 
is considered not t o  be worth the added operating cost .  

Decontamination experiments wath used Pwex solvent have indicated 
tha t  much of the iodine present is i r r eve r s ib ly  f ixed by the aolvent. 
Further work using radioiodine has demonstrated tha t  the df luent  combfnes 
chemically w i t h  iodine under conditions ex i s t ing  i n  the process, whereas 
TBP does not .  
appreciable capacity f o r  react ing w i t h  iodine,  

These experiments have demonstrated t h a t  the di luent  has an 



Uranium Product Tail-End Treatment., No posi t ive conclusions were 
reached as t o  the cause of the var ia t ions i n  the  adsorption e f f ic iency  
of s i l i c a  ge l  f o r  zirconium and niobium from d i f f e ren t  batches of uranium 
product concentrate. However, the results of the experiments t h a t  were 
carrfed out indicated that the presence i n  the solut ion of orthophosphoric 
acfd, DBP, or  does not cause the  var iable  behavior of the s i l i c a  ge l .  

A column of 60- t o  80-mesh s i l i c a  ge l  was shown t o  have four  times 
the capacity f o r  the uranium product solu%ion 8 8  ?@to 40-mesh7 and t o  
give greater  deeontamfnation, Rough calculat ions indicate  tha t  advantage 
may be taken of the decay of the  adsorbed zfrconium and niobium on the 

bed i n  such a way that a fine-mesh s f l i e a  ge l  column of p rac t i ca l  s i z e  
can be used w i t h  no regeneration of the s iP iea  gel befng needed, 

Foaming during Denftratfon, Further s tud ies  have indicated that ,  

when uranyl n i t r a t e  product is dehydrated and deni t ra ted at a rate 
comparable t o  tha t  experienced i n  plant-size equipment, excessive foaming 
does not occur i n  the presence of as much as 400 par t s  of DBP per mil l ion 
of uranium. 
causes uneven boi l ing  but no foaming, 

The presence of 50 t o  200 pads of TBP per mil l ion of uranium 

So lub i l i t y  of Fer r ic  Sulfate  i n  Acid Evaporator Residues. The results 
of preliminary s tudies  indicated tha t  both n i t r f e  and su l fu r i c  ac ids  markedly 
depress the s o l u b i l i t y  of f e r r i c  su l f a t e ,  



3 * 0  SOLVENT STUDIES 

V. J o  Rei l ly  and L o  Eo Line, Jr, 

Increase of t he  a c t i v f t y  l eve l  of the Purex p i l o t  p lan t  demonstra- 
t i o n  runs during operation with 600-Mwd Hanford m @ t a P  cooled only 60 
days has been para l le led  by cer ta in  problems associated w i t h  solvent 
recovery. 
t h e  f i r s t - cyc le  solvent e f f luent  (ICW) i n  these runs has proved to be 

exceedingly d i f f fcuPt  t o  decontaminate t o  an acceptable l e v e l o  
irradiated uranium cooled only 60 days is  processed? the  problem of 

113’ pickup and re ten t ion  by the solvent stream becomes espec ia l ly  
acute ., 

Contrary t o  experience i n  runs with longer cooled material, 

When 

The appearance of i n t e r f a c i a l  matter in  t h e  solvent recovery 
columns suggested the  p o s s i b i l i t y  t h a t  t h i s  condition is associated 
wi th  t he  loss  of decontamination e f f ic iencyo Aside f r o m t h f s ,  such 
column emulsions are operat ional ly  undesirable, and may conceivably 
a f f e c t  the main bine process performnee. 

Conclusions drawn from r e s u l t s  of preliminary experiments on these 
problems are of a t en ta t ive  nature, but they should provide a base f o r  
fu r the r  invest igat ion,  

The solvent decontamination procedure used i n  t h e  p i l o t  plant  a t  
the t i m e  of these experiments eonsfsted i n  washing the used solvent 
w i t h  one-fifth volume of 0,5 M Ma e0 i n  a pulse pnSwnn (S1 column for - 2 3  
f i r s t - cyc le  solvent,  S2 e o l m  f o r  seeond-cycle solvent), followed by a 
one-f i f th  volume water wash i n  a spray tower, 

3 01 

f porn 
t h a t  

Solvent Deeontaminat ion 

Experiments on deeoctawinatfon of f i r s t - c y c l e  used solvent (ICW;* 
Purex p i l o t  p lan t  r u m  ccnfirmed psevlous results‘’’ which had shown 
0,1 M - NaOH is superior t o  sodluan carbonate as a solvent-decontaminating 



agent by a f a c t o r  of about 2 (aee Table 3-1). The difference is not 

considered grea t  enough, however, t o  warrant changing t o  caus t ic  deeon- 
tamination, e o q a r i ~ o n  OB" r e s a t e  w i t h  0.1 IM (I$) and P M (10%) ~a co - 2 3  
showed no o r  only s l i g h t  8 r m r i t y  of the more concentrated carbonate 
(see Tables 3-1, 2 )  and 3 1 Era v%cv of %hie fact there  is probably no 
advantage i n  using the  more conhcen%sated carbonate so lu t ion  in p i l o t  p lan t  
decontamination, 
deeontamfnatfon factors of -/8 and g a m  d . ~ ~ o ~ t ~ ~ ~ ~ a % % o ~  f ac to r s  of w 1 0  

were obtained w f t h  both 0,P M and 1 lul Na CO Similar resdts were obtained 
c_I - 2 3 "  

with EeP-16 %@W, In the p i l o t  plant  beta and $23 

- 

I n  laboratory atuctfes on the  ICW from HCP-7, beta 

f'actoPB Qf 3 8  eeteh, 

were obtained with 1 M Ha CCP The ~ ~ ~ ~ ~ s ~ ~ ~ y  higher factors obtained in 
the laboratory are probably due to the fact  %ha$, after being washe6, the  
solvent m e  aBBowed t o  se$%ls over the weekend, and when analyzed contained 

In the continuom solvent-  

- % a a  

l i t t l e  O F  no entrained material [see see,  3 2 ) o  
recovery equipment in the p i l o t  plant, %here was e s s e n t i a l l y  no holdup of 
washed solvent,  and entrained partfeleee had not settled out when the organic 
was analyzed, 
and phase separation were 8labfghtlaby better with P M Ma eo 

With PCW from runs ECP-14 and 16, t h  gamma deeontaminat ion 
than with 0,1 M e  - - 2 3  

~ a a  the e ~ ~ ~ % r n ~ ~ ~ s  on the IICW from ECP-I~,  appreciable decontaminatfon 
was still befng obtaafned. after 28 min contact between the solvent and the  
carbonate, 
always observed, Ro explanatfon f o r  t h i s  behavior ie offered, 

Such a lag in %he ~ ~ ~ ~ ~ t ~ ~ n  of the ~ e ~ o ~ ~ a ~ i ~ a t i o n  is not 

28-mfaa wash with sodim 
carbonate %e shown i n  Tables 3-2 and s o  Other e ~ e ~ ~ m e ~ t ~  were car r ied  
out which showed the  equivalence of three 1O-miaa washes and one 30-min 
wash with carbonate, 
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Table 3-1 

Laboratory Decontamination of First-Cycle Used Solvent 
(from P i l o t  Plant  Run HCP-7) with Sodium Hydroxide and 

Sodium Carbonate 

Sample 
No 0 

Samples of" ICW were contacted with decontamination reagent 
indicated; at  in t e rva l s  shown, port ions were removed and 
analyzed f o r  beta and gamma a c t i v i t i e s  

I n i t i a l  beta ac t iv f ty :  l 5 , ' j O O  c/m/d 

(4 I n i t i a l  gamma ac t iv i ty :  10.7 mv/d 

Decontaminating Reagent 

0.1 M NaOH - 

0.1 M N a  CO - 2 3  

1 M - Na2C03 

S t  i r r i n g  
Time (naira) 

5 
10 

33 

5 
10 

30 

5 
$0 

35 

Act iv i ty  of Solvent 
after Treatment 

l ,280 
1,180 

890 

2 9170 
2,130 
2,240 

1,610 
2 p 110 

2,100 

a )  Gross 7' 

0.4 

1.05 

1 . lo 

(a) Readings on ionizat ion chamber i n  Building 3550. 



Table 3-2 

Sample 
No 

1 

2 

2a 

2b 

Laboratory Decontamination of First-Cycle Used Solvent 
t h  $odium Carbonate 

Samples o f  ICW contacted with reagente f ~ a ~  times shown, and 
port ions then analyzed, within 2 min of end of s t i r r i n g ,  f o r  
gamma a c t i v i t y  

I n i t i a l  gamma ac t iv i ty :  57 muv/ni~ Car 

Treatment 

20-min wash w i t h  carbonate 

F i r s t  10-min wash w i t h  carbonate 
Second 10-min wash with carbonate 
Thfrd 10-min wash w i t h  carbonate 

1-min water wash following t h i r d  
carbonate wash 

10-min wash w i t h  0,P M MaOH 
following third carconate wash 

After Wash w i t h  
0 J  M Ma 610 - 2 3  

26 

ec2 
26 
20 

a 

5 02 

A f t e r  Wash with 

- 2 3  1 M N a  CO 

18 

36 
18 

11 

605 

(a) Readings on Building 3550 ionizat ion chamber, 



Table 3-3 

Laboratory Decontamination of First-Cycle Used Solvent 
(from P i l o t  Plant R u n  R C P - ~ ~ ( ~ )  ) with Sodium Carbonate 

Samples of ICW contacted with reagents f o r  times shown, and 
portions then analyzed, within 2 min of end of s t i r r i n g ,  
f o r  gamma a c t i v i t y  

I n i t i a l  gamma ac t iv i ty :  1200 mv/d ( b )  

Treatment 

F i r s t  10-min wash w i t h  carbonate 

Second 10-min wash with carbonate 

Third 10-min wash with carbonate 

10-min wash with 0.1 M NaOH 
following t h i r d  car'i;onate wash 

1-min water wash following caus t ic  
wash 

y Act iv i ty(b)  of Solvent (mv/ml) 
After Wash with 

0.1 M Ha  CO - 2 3  

3 94 

290 

260 

180 

116 

A f t e r  Wash with 
1 M Ha CO - 2 3  

150 

__- 

(a) I n  run HCP-16, 60-day-cooled material was processed, 
(b)  Readings on Building 3550 ionizat ion chamber. 



Washing the  solvent w i t h  water and/or sodium hydroxide following 
the carbonate wash gives fu r the r  decontamination (Tables 3-2 and 3 ) 0  
Since n i t r i c  ac id  is e f fec t ive  i n  removing entrained a c t i v i t y  from the  
used solvent (see Sec ., 3 o3 .2) 

solvent from ~ e p - 1 6  WEN t r i e d ,  a c t f v f t y  increased from about 
200 t o  420 mv/d when the  solvent was washed with 0.1 M HMO This was 

undoubtedly due t o  the redissolving of activity which had p la ted  out on 
the walls of the container.  Centrffugat%en a f  t he  carbonate-washed solvent 
accomplished no addi t iona l  decontamination, This fs not in agreement w i t h  

r e s u l t s  of o ther  recent runs, in w h k h  a large amount of a c t i v i t y  was 
removed from the solvent by allowing it t o  settle (see Sec ., 3 -2) e 

f t e  effect  on the  carbonate-treated 
 he ga 

- 3" 

Washing the H C P - I ~  IeW f o r  P hr w i t h  0 , E  E4 - gags a t  75OC reduced 
the  gam a c t i v i t y  from %2QQ t o  53 arav/d, which is comparable t o  r e s u l t s  
obtained with hot caus t ic .  Washing w i t h  O o l  - M H202-0.1 - M NaOH a t  75'C 
reduced the  a c t i v i t y  t o  180 mv/m.l, Further washing with water had no 
e f f e c t  with e f t h e r  reagent,  Meither of these  reagents is recommended 
f o r  process use. 

Since the bulk of t he  residual  a c t i v i t y  w a s  found t o  be iodine (see 
See, 3 0 1 0 1 ) , ~ e p e t f t i v e  washing with a mixture of" 0 , l  M Ma CO + 0.1 M - K I  
was t r ied and found t o  be no more e f f ec t ive  than carbonate alone, Treat- 
ment w i t h  1% N a O C l  was inef fec t ive ,  w h i l e  s o d i m  metksxi.de was no better 
than sodium hydroxide ., 

- 2 3  

3.1.1 

S c i n t i l l a t i o n  spectrometer analyses of" solvent t h a t  had been washed 

Nature 0% Act iv i ty  Remaining i n  Treated Solvent 

with various reagents showed tha t  only a, sm1B frac t fon  of the a c t i v i t y  
remaining i n  t he  solvent is due t o  ~ u t h e ~ i ~ ~  zirconium,and niobium 
(see Table 3 - k )  The bulk of the a c t i v i t y  is due t o  iodine,  

Decay measurements on the HCP-66 PCW and radiochemical analyses of 
t he  untreated solvent indicated %hat. 60 t o  75$ of t he  gamma a c t i v i t y  i n  
the untreated solvent w a s  iodine, whfch gives a combined ruthesfum- 
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Table 3-4 

Nature of Act ivi ty  Remaining i n  Treated Solvent 

Estimated by means of the s c i n t i l l a t i o n  spectrometer 

Solvent Treatment 

30-min sodium carbonate wash, 
followed by centr i fugat ion 

30-min sodium carbonate wash, 
followed by 10-min sodium 
su l f ide  wash at room 
temperature 

60-min sodium sulfide wash 
a t  7 5 O c  

60-min sodium hydroxide- 
hydrogen peroxide wash a t  
75OC 

Ru 

9 

10 

10 

3 

0 

0 

(a) The remainder of the a c t i v i t y  fs iodine. 

Estimated(b) 7 Activi ty  
(mv/d) 

RU 

37 

12 

5 

5 
c 

Zr-m 

0 

4 

3-05 

0 

400 

104 

44 

162 

(b) S c i n t i l l a t i o n  spectrometer results converted t o  mi l l ivo l t s  per  

(c )  Iodine 7 a c t i v i t y  taken by difference,  
milliliter f o r  comparison with other  results reported, 



niobium-zirconium a c t i v i t y  of about 400 mv/ml f o r  t h i s  ICW, 

somewhat lower than the amount encountered i n  other  recent solvent 
batches, whfeh again bears out t he  difference between this  batch and 
previous ones ., 

This is 

Results of caust ic  washing experiments ehow t h a t  a large part of the  
fodfne i n  the ICW fs chemically bound rather than dissolved molecular 
iodine. Organic iodine compounds could be formed i n  the solvent by d i r e c t  
iodination when the organic phase i f s  contacted w i t h  the IAF o r  by addi t ion 
of H I  across double bonds, There is some evidence tha t  d i r e c t  addi t ion 
could occur under Purex condftions (see See, 3.1,2), 

Caustic washing of the organic a t  elevated temperature removed much 
of the  iodine during the f i rs t  tfme in te rva l ,  A 1 0 0 - m l  sample of ICW from 
run ~ e p - 1 6  was  s t i r red with 75 lal of 0,l M' - NaQH at  60-65'~; a t  in te rva ls  
the mixture wae allowed t o  set t le  f o r  several  minutes and 10-ml portions 
were removed and analyzed by scintiPPatfon spectrometer (see Table 3-5) ., 
The a c t i v i t y  of the unwashed sample of I C W  (zero time) was found t o  be 

almost 100s iodine, which is surpr is ing,  
iodine beta a c t i v i t y  of the  solvent during the first 5 min of washing, 
followed by a very slow drop over %he remainder of the hour. The sharp 
drop may be due t o  the  removal of molecular iodine, while t he  slow decrease 
may be a t t r i bu ted  t o  the sPuggfsh hydrolysfs of the  organic iodine compounds 
a t  the  elevated temperature, 

There ma a sharp drop i n  the 

3,1.2 Invest igat ion of Poseible Methods of Formation of Iodine 
Comounds 

I n  order t o  e lucidate  -$he nature of the organic iodine compounds found 
i n  used solvent,  as w e l l  as t o  determine possible methods of formation, 
several  simpler solvenfx were treated w i t h  e i t h e r  iodine o r  hydriodic ac id  
i n  n i t r i c  acid,  then washed a t  room temperatwe w i t h  0-1 M NaOH t o  remove 
dissolved reagents before analysis, ,I3' t r a c e r  was used t o  simplify the  
iodine determination, The t o t a l  iodine concentration i n  the  aqueous medium 
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Table 3-5 

Iodine Removal from P i l o t  Plant  ICW by Caustic Washing 

a t  60 t o  65 '~  

S t i r r i n g  Time 
b i n >  

0 

5 

10 

30 

60 

30,2 x IO6 
6 

6 
3*86 x PO 

2!,85 x 10 
, 

2,28 x 10' 
6 1,67 x PO 

Gross 7 (b 1 

1360 

128 

100 

74 

58 

(a) Act iv i ty  i n  organic determined d i r e c t l y  by s c i n t i l l a t i o n  
spectrometer 

(b) Readings on Building 3550 ionizat ion chamber, 



was about 1 &iter, 
t o  reac t  extensively with commercial hexane; about TO$ of the iodine 
present was taken up '3y the  hexane i n  1 hr  a t  room temperature when the  

aqueous phase w m  5 M in ERG 
t r a t e d  su l fu r i c  ac id  before befng t r ea t ed  w i t h  iodine did not absorb an 
appreciable amount Under the  rsarne conditions, commercial benzene (not  
washed with su l fu r i c  ac id)  absorbed no iodine, 
404 of the  iodine present;  Amseo 125-90, 734&, and Amco 190-10, 944. 
After e ight  washes with concentrated s u l f u r i c  acid,  Amseo 123-15 took 
up 204 of the  iodine present,  o r  about 0,2 g of iodine per l i t e r  of 
so lvent ,  
caus t ic  a t  75°C 
responsible f o r  t he  pickup of radioiodine i n  the  Purex process, 

In these experiments, molecular iodine was found 

Hexane that had been washed w i t h  eoneen- 3"  - 

Amco 123-15 absorbed 

The iodine thus picked up is not removed by washing w i t h  0.1 - M 
Therefore, the  kerosene d i luent  appears d i r e c t l y  

The hydriodic ac id  did not r eac t  r ead i ly  w i t h  any of the  solvents 
that added molecular iodine rap id ly  under the same conditions. These 
r e s u l t s  indicate  that the  iodine pickup by the  Purex solvent might be 
minimized by Judicious choice of solveat  df luent  or by providing condi- 
t i o n s  i n  the  IAF f o r  converaion of the  iodine t o  some form other  than 
molecular iodine e 

3.2 Change f n  Act iv i ty  of ICW with Time 

Comparison of the beta  and g a m  a c t i v i t i e s  of untreated ICW samples 
submitted by the p i l o t  p lan t  f o r  analysis w i t h  those of corresponding 
samples submit ted by the  Chemical Development Section showed considerably 
higher values f o r  the  p i l o t  p lan t  samplers (see Table ~ - 6 ) ~  It is thought 
t h a t  these higher vabues are due t o  the  presence of radioact ive p a r t i c u l a t e  
matter, which slowly s e t t l e s  out when the solvent is allowed t o  stand., 

Since the  t i m e  Papee of about s i x  weeks between the two s e t s  of 
analyses i s  about one h a l f - l i f e  i n  t e r n  of the  predominating kinds of 
a c t i v i t y  (ruthenium, n iobim,  and zirconium), the  differences i n  the  
p i l o t  plant  and laboratory sample aqallpes are much g rea t e r  than can be 



accounted f o r  on the basis of decay, 
gamma a c t i v i t y  as a function of time w i t h  a sample of ICW from run 
HCP-15 immediately after it was obtained from t h e  p i l o t  plant  (see 
Table 3-7) showed t h a t  over a 9-day period t h e  loss  i n  a c t i v i t y  due 
t o  8-day iodine is only a f r ac t ion  of t he  t o t a l  l o s s ,  

Measurements made of the gross 

To determine whether t h e  loss  i n  a c t i v i t y  on standing w a s  due t o  
p l a t ing  out on the  walls of  the glass container, a 25Q-ml  sample of 
t h i s  same solvent w a s  allowed t o  stand for 11 days, 
t he  undisturbed sample (see Table 3-8) was considerably less than the  
a c t i v i t y  after thorough mixing, A s  shown i n  Table 3-8, most of the 

o r ig ina l  a c t i v i t y  of t h i s  sample of ICW is associated w i t h  droplets  
and/or pa r t i cu la t e  matter which slowly set t le  o u t o  
was a t t r a c t e d  t o  the  g lass  but w a s  not s t rongly held there, as shown by 
the a c t i v i t y  recovered by rfaasing the  walls w i t h  fresh solvent,  and by 
the  small amount removed by the  n i t r i c  ac id ,  

The a c t i v i t y  of 

Some of the a c t i v i t y  

P i l o t  plant  solvent from runs B C P - ~  through 14 a l s o  contained a 
la rge  amount of a c t i v i t y  which sett led out on standing, 
t r ea t ed  nor untreated solvent from runs HCP-1 through 5 and from run 
HCP-16 showed t h e  presence of act ivi ty-carrying forefgn matter 

Rowever, ne i ther  

Table 3-6 

Comparison of Beta and Gamma Act iv i t i e s  of Laboratory 
and P i l o t  Plant SamDles 

f3 Act iv i ty  (c /m/d> 7 Activi ty(&) (mv/ml) 
Laboratory I P i l o t  Plant  Laboratory P i l o t  P lan t  

(a) As determined on Building 3550 ionizat ion chamber, 
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Table 3-7 

Decrease i n  Gross Gamma and Iodine Act iv i ty  
of ICW (HCP-15 1 with Time 

Time 

0 

5 min 
10 min 
4 days 

9 days 

Gross y (mv/mn> 

962 
896 
853 
198 
148 

Iodine 7 (mv/ml) 

25 

Table 3-8 

Adsorption of ICW (HCP-15) Act iv i ty  on Walls of Container 

Original ICW ac t iv i ty :  about 960 mv/ml 

Solut ion 

1. 

2. 

3 *  

4. 

A f t e r  s tanding f o r  11 days and before 
thorough mixing of contents 

A f t e r  thorough mfxfng 

Rinse of walls with f r e sh  TBP-Amseo mfxture 
(calculated t o  I C W  volume) 

Rinse of walls with hot 8 M EN0 
(calculated t o  I C W  volume) 

f o r  2 h r  - 3  

Total ,  items 2-4 

Gross 7 (mv/ml) 

154 

847 

168 

4 

1019 

. 



3.3 Phase Distr ibut ion of Aet ivf ty  in Treated Solvent 

Several samples (100 t o  250 tnl> of solvent t h a t  had been t r ea t ed  
When with Na CO 

these were allowed t o  stand f o r  several  days, B t o  2 ml of aqueous phase 
col lected a t  t h e  bottom, and s t reaks of white i n t e r f a c i a l  material formed. 
Results of experiments car r ied  out on these samples indicated t h a t  much 
of t h e  a c t i v i t y  remaining i n  the  S2P after the  decontamination treatment 
is associated with t h i s  i n t e r f a c i a l  material (see Table 3-9 ) .  

i n  t he  p i l o t  plant  (S2P) were cloudy when received. 
2 3  

Measurements were made of t he  gross beta  a c t i v i t y  of the  organic 
phases and of the  whole samples after thorough mixing, 
(S2P-1 and 
than that of t he  organic phase alone, and it was concluded t h a t  the a c t i v i t y  
did not follow t h e  organic when %be two phases separated, 
t h e  separated aqueous phase was only about 1% of t h e  volume of t he  organic, 
so t h a t  if the  a c t i v i t y  followed the  aqueous, t he  aqueous a c t i v i t y  would 
be 500 t o  1000 times t h a t  of the  srganfe, 

faetore  t h i s  high have ever been obtained under the  most favorable 
laboratory conditions,  and it therefore  appears t h a t  the  a c t i v i t y  must 
res ide  on the  i n t e r f a c i a l  material. 

With two exceptions 
the  mixed samples showed an a c t i v i t y  5 t o  10 times higher 

The volume of 

However, no decontamination 

3.3.1 Ident i f ica t ion  of I n t e r f a c i a l  Sludge 

A sample of t he  i n t e r f a c i a l  material was recovered by centr i fuging 
the sludge and washing severa l  t i m e s  w f t h  hexane t o  remove solvent and 
with water t o  remove residual  sodium carbonate, A preliminary s c i n t i l -  
l a t i o n  spectrometer examination indicated the a c t i v i t y  t o  be l a rge ly  
niobiume Spectrographic analysis  showed calcium t o  be very strong; i ron 
and chromium strong; s i l i con ,  manganese, and aluminum moderate; and only 
t r aces  of uranium and sodium, 
a mixture of calcium, aluminum, siSfcon, ana corrosion products, 

The material appears t o  be essentially 



Table 3-9 

Ac t iv i t i e s  of Separated Organic Phase and Mixed Sample of 
SodfuPn Carbonate-Treated Solvent 

S2P 
Sample No. 

1 

2 

3 

4 

5 

Gross f3 Act iv i ty  (e/m/ml) 

Separated Organic 
Phase Mixed Sample 

3,770 

37,400 

19,400 

20,400 

27,100 

128,000 

13,200 

18,900 

15 800 



. 

3.3.2 Effect  of Nftrfc  Acid on In t e r f ac i a l  Act iv i ty  

N i t r i c  acfd does not remove appreciable gamma a c t i v i t y  from carbonate- 
t rea ted  eolvent t h a t  has been allowed t o  s e t t l e  p r i o r  t o  being washed w i t h  

n i t r i c  acid.  It was found t o  remove considerable a c t i v i t y  from ce r t a in  
l o t s  of solvent ( f o e o 9  from HCP-11) t h a t  had not been allowed t o  e e t t l e ,  but 
t he  decontamfnatfon of the  mfxed solvent w i t h  n f t r i c  acid was somewhat less 
than the decontamination obtained by s e t t l i n g  alone (sea Table 3-10),, 
experiments consisted i n  mshfng 25-ELL portfons of the  carbonate-treated 
solvent (S2P) samples by shaking wfth equal volumes of 0 , l  M HMO and 
allowing t o  s e t t l e  f o r  1 min, 
were compared w i t h  those of the untreated samples, S imf lar  determinations 
were made, before aaad a f t e r  n i t r i c  acfd treatment, on solvent that had 

been allowed t o  sett le f o r  several  days, [It has been noted elsewhere 
(Sec. 3.1) i n  t h f s  report  t h a t  ne i ther  a d i l u t e  acfd waeh nor cent r i fu-  
gation had any benef ic ia l  e f f e c t  on carbonate-washed solvent from p i l o t  
plant  run HCP-16 3 
3.4 

The 

- 3  
The gross gamma a c t f v f t i e s  of the samples 

Formation and Discharge of Emulsions 

3.4.1 Effect  of Volume Ratios 

It has been observed i n  the p i l o t  plant  t ha t ,  when ICW is washed 
wfth sodium carbonate i n  a pulse colpnmn, the phases disengage eas i ly ;  
i n  the  water-wash column, which follows the carbonate-wash column, an 
emulsion is formed. Brief exploratory laboratory work fndicatsd that, 
when the  volume r a t i o  of" aqueous t o  organic is grea te r  than P, there  is, 
under ce r t a in  condftions, a tendency t o  emulsify, which is absent when 
the volume r a t f o  is i n  favor sf the  organic, These findings were 
consis tent  w f t h  the  p i l o t  p lan t  observatfone; namely, the  volume r a t f o  
favors the  organic fn the  carbonate-wash eolumn, where no emulsion i s  
formed, but the  water-wash eolumn, where emulsfffcation occurs, is 
operated w i t h  t h e  aqueous phase eontfnuous, so that the volume r a t f o  of 
aqueous t o  organic is  conefderably higher than lo Eowever, fu r the r  



Sample 
No 

Table 3-10 - 

Effec t  of N i t r i c  Acid on I n t e r f a c i a l  Act iv i ty  of 
Carbonate-Treated Solvent from R u n  HCP-11 

25 - m l  volumes of carbonate-treated solvent (S2P) 
thoroughly mixed and contacted with equal volumes 
of 0.1 M HNO3; same samples allowed t o  sett le 
several-days and t r ea t ed  s imflar ly;  gamma a c t i v i t i e s  
of both mixed and s e t t l e d  solvent measured before 
and a f t e r  n i t r f c  ac id  treatment 

y a c t i v i t y ( a )  (mv/ml) 

Mixed Organic 

Before HNO3 
Treatment 

After BN03 
Treatment 

- 0 -  

4 

6 2 4  

43 43 

8.09 

l b , 2  

Organic S e t t l e d  Several  Days 

Before HNO3 
Treatment 

4.4 

_-- 
0-0  

4.48 

2.88 

6.00 

After  HNO3 
Treatment 

( a )  Readings on ionizat ion chamber i n  Building 3550. 



. 

experiments have indicated t ha t  ICW and sodium carbonate solut ion mixed 
in any proportions separate readi ly ,  Also,ICW that has not been previously 
contacted w i t h  carbonate separates  readi ly  from a mixture with water i n  
any proport ions 

Other experiment8 showed t h a t  e i t h e r  ICW o r  IEW (used solvent from 
the second uranium cycle) ,  after being contacted w i t h  a lka l ine  solut ion,  
emulsifies r ead i ly  when mixed with equal o r  grea te r  volumes of e i t h e r  
water, sodium hydroxide, o r  calcf hydroxide but does not readi ly  form 
an emulsion w i t h  half i ts  volume of these reagents. The emulsions, when 
formed i n  these exper%ments, did not separate completely f o r  an hour o r  
more. The similar behavior of I @ W  and PEW indicates  tha t  rad ia t ion  
damage is not a fac tor  i n  the Purex process i n  the formation of the 

emulsifying agent, as t he  IEW has received only an inf in i tes imal  rad ia t ion  
dose e 

304,2 Presence of Miitsic Acid 

Experiments t o  determine the e f f e c t  of n i t r f e  acid on phase separa- 
t i o n  indicated tha t  the presence of n i t r i c  acid grea t ly  shor%ens the  t i m e  
required f o r  disengagement of the  phaees, but t h a t  the acid Concentration 
is not c r i t i ca l  (see Table 3-11) 

~n studying the effect 0% n i t r i c  acid, a 25- re^ sample of solvent 
(S2P-1) t h a t  had been t r ea t ed  w i t h  1 I4 Mia CO i n  the p i l o t  plant  was - 2 3  
shaken with an equal volume of V ~ B P ~ O  

t o  separate and the  disengagement tiae, foe,, the  time between the end 
of e t f r r f n g  and the  ~ i ~ ~ n g a ~ e ~ e ~ t  0% the phases, was observed, 
aqueous reagelate used sueeessfv l y  on the same sample of solvent were 
0,l M Ma CO and th ree  separate por%fon~ of dfs t i l led watere 

end of t h i s  treatment, any n f t s i e  asid that might have remained i n  the  
solvent a f t e r  the  pf lo t  plant treatment was pres 
v o ~ m e  of OJ M mo wa8 ne& added, rol~owed by three  aeparczte port ions 
of d i s t i l l e d  watero ~ e a ~ ~ ~ ~ ~ ~ t ~  0% the n i t r i e  acid concentration of 
the  solvent after each reagent had bean withdrawn ahowed progrcssfvePy 

reagents,  The phaees were allowed 

The 

By the - 2 3  

- 3  



Table 3-11 

Effect  of N i t r i c  Acid on Phase Separation 

25 ml of solvent that had already been treated with 
1 M Ma2603 (S2P-l) stirred with 25 ml of each of 
aqGeous reagents mentioned below, i n  order given; 
disengaging time of phases following each treatment 
noted 

Aqueous Reagents 
Used 

0.1 M - HB03 
Dist i l led water 
D i s t i l l e d  water 
Dist i l led water 
D i s t i l l e d  water 

0.1 M HMO - 3  
Distilled water 
Dis t i l l ed  water 
D i s t i l l e d  water 
D i s t i l l e d  water 

1 M - HR03 
Dis t i l l ed  water 
Di s t f l l ed  water 

Disengaging Time 
(set 1 

39 
44 
45 
90 
100 

36 
34 
40 

( a )  Calculated, w i n g  D O C .  (O/A) f o r  HNO of 0.2, 3 



decreasing ac id i ty .  A volume of 1 M EN0 was then added, followed by - 3  
two separate port ions of d i s t i l l e d  wa%er, 
sharply when n i t r i c  acid was added, and the  t i m e  was not very d i f f e ren t  
In the  presence of 0,002 M HMO from t h a t  i n  the  presence of 0.8 M. - 3  - 
disengagement time wae 8hor-b 81 long as any appreciable n i t r i c  ac id  
remained i n  the  solvent,  

The disengagement time dropped 

The 

Sodium carbonate was also $om8 t o  break the  emulsion once it had 
formed, but not at such l o w  ~ o ~ ~ e ~ t r ~ ~ ~ ~ n s  as i n  %he case of n i t r i c  acid.  

3.4,3 

Quantitative removal of DBP from fresh solvent by a s ingle  shor t  

Removal of DBP and MBP from ~ r a n i ~ - ~ o n t ~ i n i n g  Solvent 

0.1 E4 Na CO aaaslh w a ~  ~~~~~~t~~~ 

DBP OF rnP faa the presence of manianap bad not been demonstrated, 
r, but removal of e i t h e r  - 2 3  

I n  the following ~ ~ e r i ~ e ~ ~ ~  %he uranium method(22 f o r  determining 
small amounts of DBP i n  ari organic phaee wa8 used. 
the complexing ae%ion of DBP %OF uranium, %n e%o%ehiome%rfc amounts, with 
d i r e c t  analysis  of the  organic phase for uranium $0 indicate  the quant i ty  
of DBP present ,  
DBP i n  the  organic, 

Thfa procedure u t i l i z e s  

It is believed to be reliable with as little as 0.00lqb 

I n  order t o  determine wheth F DBP would be ~ ~ ~ t ~ % a t % v e l y  removed 
by a sodium carbonate wash, pure DBP was added t o  a l eve l  of about 800 ppm 
t o  3O$ TBP-Amco t h a t  contained only 1 ppm of DBEP or iginal ly;  
was then equilibrated w i t h .  0.002 M lJO,(NO ) 

3 2  
ing the DBP and f t e  associated uranium was washed fou r  times, P min for 
each wash, w i t h  equal volumes of 0 ,P  M Na CO 

f i n a l  organic were a 
with the  following resul%s: 

the  solut ion 
esButfon, The organfc eontafn- 

o_ 

The aqueous washes and - 2 3" 
yzed for DBP (by determining the uranium present) ,  

I 



F i r s t  carbonate wash 
Second aqueous wash 
Third aqueous wmh 
Fourth aqueous wash 
Organic a f t e r  fourth wash 

800 ppm DBP removed 
5.7 ppm DBP removed 
1.0 ppla DBP removed 
Below l i m i t  of detection 
Below l i m i t  of detection 

Therefore, within the lilnits of accuracy of the analyt ical  method, 
aWut 99s o r  more of the uranium was removed by the first carbonate 
wash . 

Another experiment confirmed t h i s  result. After the organic 
(containing 800 ppm of DBP with i t s  associated uraniun) had been 
washed f o r  1 min w i t h  0.1 M N a  CO 

was re-equilibrated w i t h  the d i lu t e  uranium test  solution. 
found then t o  contain uranium equivalent t o  2 ppln of DBP, while a 
blank of fresh solvent contained 1 pprn. 
fac tor  of 400 t o  800 was achieved in  t h i s  s ingle  carbonate waeh. 

and then w i t h  water, the organic - 2 3  
It was 

Thus a DBP decontamination 

Several experiaents were carried out w i t h  MBP. I n  rather a ~ a s l l  
amounts (about 30 ppm of MEiP i n  the organic phase), qui te  a heavy 
prec ip i ta te  formed a t  the interface w i t h  0.002 M uranyl n i t r a t e .  
the solvent was contacted with 0.1 M N a  CO 
discharged, and the uranium dissolved i n  the aqueous phase. 
the organic phase showed essent ia l ly  no uranium, indicating the abaence 
of uranium-complexed MBP. 
removed by an alkal ine wash than is  DBP. 

A f t e r  
the prec ip i ta te  was re8ULy 

Analyst8 of 
- 2 3' 

Uncomplexed MBP should be even more readily 

Three' samples of ICW from run HCP-16 were analyzed f o r  DBP by .. .* 
measuring their uranium content. 
t o  remove TBP-complexed uranium and then equilibrated with 0.002 - M 
uranium. 
l i m i t  of detection of the method. 
three times with 0.002 - M uranium (also t o  remove TBP-complexed uranium) 
and, upon analysis f o r  uranium, were indicated t o  contain 6 ppm of DBP, 

P by volume. This is lower than had been expected. 

One was washed three times w i t h  water 

The uranium analysis indicated 1 ppm of BP,rhiCb 56 ab "the: lower 
The other two samples were washed 

T. 



3.5 Act ivi ty  Entrainment i n  ~ e e ~ ~ d ~ ~ ~ a n ~ ~ - ~ y c ~ e  Extractor 

Emulsification i n  the second-wanim-cycle ex t rac tor  might result 
i n  carryover of a c t i v i t y  (associated w i t h  the emulsifying agent) by the 
solvent stream (DU), which couPd limit uranafunn decontamination, 
the amount of l i q u i d  entrained in the DU stream is 8 

Since 
11 (about O,3$, 

as indicated by i ron determinations) and the aguesua phase a t  the  P a s t  
scrub stage is at roughly the  8ame a c t i v i t y  Bevel a8 the organic product, 
any change i n  a c t i v i t y  on f i l t e r i n g  or centrifuging would be due t o  
removal of" so l id  or  l iquid  retained in t he  organ%c from the  neighborhood 
of the feed s tage,  Results of e eriments carrfed out on second-cycle 
solutions indicated t h a t  some benefi t  would be gafned in product deeon- 
tamfnation by centrifuging the DU &ream or the EU stream, 
benefi t  is  probably not wm%h the cos t  of the  speratfon, 

IIowever, the  

A sample of DU from run. €32-15; was centrifuged, The decrease i n  
a c t i v i t y  (see Table 3-12] m y  not a p ~ a r  si fffeant when t he  f r ac t ion  
removed is considered, but the amount e s r r ~ ~ ~ o ~ ~ s  to roughly s i x  times 
the gama tolerance i n  %he uran%um, If" most 0% t h i s  should go w i t h  the 
uranium and be converted t o  a fom not removable by f i l t r a t i o n  or centr i fu-  
gation, it would be a very important contributor t o  produet gamma ac t iv f ty .  
In  order t o  determine whether the ae t iv f ty  removed from the DU by centr i fu-  
gation would go w i t h  the uranium produet o r  t he  organic waste if not 
removed, samples of t he  aqueous ~ a ~ i u ~  produet (EU) 
and concentrate, and of the organic mete (EW) were also eentrffuged, 
The results (see Table 3-12) indicated %hat the  ammt of gama a c t i v i t y  

both flowing stream 

separated by eentrffugfng the DU is about equally s p l f t  between the EU 
and EWo A f a i r l y  good material balance was obtained, The amount of 
material re~lnoved from the EU concentrate by centrffugfng FEW small, 

The data do not eonf fm or dieprove the hy-potheeis %hat f i l t r a t i o n  
of the EU concentrate (which is done t o  aome degres when a eiPiea gel  
ta l l -end absorber is  wed) w i l l  be ai ef fec t ive  as centrifuging the EU 

flowing 81 t ream 



Table 3-12 

Reduction i n  Act ivi ty  of Second-Uranium-Cycle Streams 
by Centrifugation 

Solutions centrifuged f o r  10 m i s  i n  In te rna t iona l  
C l in i ca l  Centrifuge 

Stream 

DU 

EU, fs No. 1 

No. 2 

EU, cow.  

E W N O .  1 

No. 2 

y Act iv i t i e s  ( 4  

Uncentrif uged 

6.05 

1.32 

2.20 

7.02 

1.60 

1.32 

Centrifuged 
~ 

4.8 

0.96 

1.76 

6.5 

1 .o 

0 a 9 2  

Uncentrif uged 

67.2 

22 e o  

36.7 

17.6 

17.8 

--- 

( a )  Readings on Building 3550 ionizat ion chamber. 

Centrifuged 

53 -3 

16 .o 

29.3 

16.2 

11.1 

--- 

I 
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Previous experience ('25) in the  adsorption of zfreonfm and niobium 
from several  p i l o t  plant batches of EU ~ o ~ ~ ~ ~ t ~ ~ ~ ~  has indicated the  
presence of more than one chemical fom sf e i r ~ o n i ~  and niobium, the  
d i f fe ren t  species exhibi t ing different 8 ~ f i n i t i e s  for the  silica gel ,  
The r e l a t ive  proportions of these % o m  have var.%ad 8igaaiffeantPy from 
batch t o  batch, leading t o  erratic behavfor i n  ~ d s o ~ ~ i o n  efffcfeneye 
Further work has been done i n  8x1. effort t o  ~ ~ t ~ ~ i n ~  the  nature of these 
species, the meam of esnver-king then to mre readily adsorbed species, 
and the  e f f ee t  of particle size 08 ~ ~ ~ o ~ % ~ ~ ~  capacity and efffency, 

9 
i 

5 *, 

~~ aea 
The e f f ec t s  on the  ~ ~ ~ o ~ t ~ ~ ~ a t i ~ ~  f s e t o r ~  of refluxing the  feed 

and of the presence of MBP, DBP, TBP, amd ~ ~ h ~ p ~ o ~ p h ~ ~ i ~  ac id  were 
studied in an attempt $0 gain an f n ~ f @ t  into the ~ariations in adsorbs- 

b f l f t y  of zirconfma and niobi 
were made under ident ica l  conditions except f o r  the treatment of the  feed, 
Decontamination fac tors  f o r  both ef rcsnfm and n i s b ~ ~  (see Table 4-1) 
in feed t h a t  was refluxed p r io r  t o  befn 
about half what they were i n  %he control run, 
200 parte per million parte  of' wan%epa?, t o  the ~~o~ amount already 
present appeared t o  reduce the d e o ~ ~ ~ ~ f n ~ ~ % o n  factorPs ~ ~ ~ ~ W ~ t ~  especial ly  
those fo r  niobium, 
decontamination s l igh t ly ,  but the amom% was i n s i  can% in esqlarieon 
with the batch-to-batch v ~ r ~ ~ ~ ~ ~ n ~  The removal P by scrubbing s i x  

founnd in preTTiow rm$, Control runs 

the c o l m  were 
The addition of DBP and MBP, 

The addition of fnorganfe o ~ h ~ ~ h o ~ ~ h ~ % ~  increased the 
ii?. 

times with 59 TBP i n  P by scrubbing With eo had no e f f ec t  

on zirconiuga adsorption, but the ~ ~ 0 b f ~  ~ e ~ ~ ~ % ~ ~ f ~ ~ % i 0 ~  w~s about half tha  
obtained i n  the control  run, 
probably not b e t t e r  %ban s 5046; some 0% the effects therefore m y  not be 

real 0 

!Eltee r e p r ~ ~ ~ ~ ~ b i ~ i ~ ~  of these euslpesiments is 

- 
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Table 4-1 

EU 
Concen- 
trate 

Effect  of Feed Treatment on Zirconium and Niobium Decontamination by S i l i c a  Gel 
2 S i l i c a  gel Ooluan: 20 cm h i e ,  1 CB i n  cross-sectional area; 

f i l l e d  with 20- t o  40-mesh Davison refrigeration-grade s i l i c a  gel 
1 ml/m/c& Temperature : moa Solution flow rate: 

286 

345 

470 

4-70 

2 ZP 

8,000 

23,000 

19,000 

L n Pretreatment 

'eed refluxed f o r  
3 days 

'eed epiked with 
200 p a r t s  each 
of DBP and NBP 
per miPlion 
pa r t s  of 1u 

reed spiked with 
200 pa r t s  of 
orthophosphate 
per million par te  
of w 
ked treated t o  
remove DBP and TBP 

Effluent 
VoPs.. per 

!Q%umP 

Decon 

ont ro l  

18 
13 
8 
5 
5 -5 
4,8 
403 

2.7 

2 0 8  
3 00 

3 04 

3 -4 
2.8 

Instantaneous 
minat i l  

r 
rreated 

(a) C = Control run; T = Treated. 
(b) Determined by s c i n t i l l a t i o n  counting, 
(c) Activi ty  of feed # a c t i v i t y  of grab-$#mple of ef f luent .  
(d) Run 33 was made on HCP-19 EU concentrate about fQur weeks after the  control  r m  30. 

and t he  treated run 31. 
are due t o  decay. 

The differeaces i n  the  i n f t i a l  zirconium and niobium a c t i v i t i e s  

L Facto 

lontrol 

47 
25 
13 
6 

17 
13 
10 

5.5 
4.5 
4 e 2  
4 -3 

4.5 
4.2 

30 
12 
7 
6 

20 
6 
3 0 

5 

7.5 
5 04 
5 -2 

Iw 
03 
I 

. . 
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One of the  variables tha t  was not held constant for these runs was 
the  e f f ec t ive  age of t he  solu$ions a t  the time of" adsorption, 
run 33 was processed through the adsorber four  weeke a f t e r  i t s  control ,  
run 30, and i n  t h a t  time about half the or%g;inaE niobium decayed and was 

replaced with new niobium from the decay 0% the efr.eolaium, 
niobium would be expect d t o  behave in a 

the  chemical coaposi%fon of the eoEu%fon and not an %%e previous h i s to ry ,  
The possibility had been ~ o ~ ~ i ~ ~ r ~ ~  %ha$ the %sw-ae%d conditions (foe , 
(1 M) i n  the elng dissolver OR i n  %he CW and EU evapsratore weape responsi- 
ble f o r  the  fo rwt im of $he less readily adsorbed 3peefes, bat the  poor 
decontaainatfon obtafned ~ 8 t h  the freshly famed ~~~~~~ in t h i s  run make 
such an exphna%i<sn mlfkely to be csrsect, 

FOP exanple, 

This fresh 

- 

s d t s  of rum 33 prove concluefvely t h a t  DBP f e  not the laater ia l  
responsible for ~ o ~ t i o ~  of n ~ n ~ ~ ~ ~ ~ b a ~ ~ ~  zirconium and niobium, since the  
decontamination was poor in this series in which DBP 

s ign i f i can t  amounts. 
orthophosphoric acid not cleara by these ~ ~ ~ r i ~ ~ ~ % ~  f responsibility fo r  
poor decsntamination is ~ o ~ o b u t y ~  ~ ~ ~ ~ ~ h ~ r ~ ~  acid, 

not present in 

The only ~~~~~~d %a %ha group TBPY DBP, MBP, and 
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4.2 Effect  of P a r t i c l e  Size of S i l i c a  G e l  on Zfrconfum and Niobium 
Deeontamfnat ion 

The use of f i n e s  mesh silica gel  was fnvestfgated,  control  runs 
The decontaminatfon w i t h  60- being made with 20- t o  kl-mesh material. 

t o  80-mesh s i l ica  gel was sf 
runs (see Table 4-21 
than 900 volumes of so lu t ion  per eol~nmaz volume, but t h i s  may have been 
due i n  p a r t  t o  radfoaetive decay on the bed (see See, 4,4), 

ifieantlgv grea te r  than that in the  control  
The capacity of the  column appeared t o  be grea te r  

4.3 Pressure Drop Data 

An important eonsfderatfon in the use of fine-sized silica g e l  i n  
the column fs  the fracrease in back pressure whfeh occurs, The pressure 
drops through the eolavmns used f o r  runs 26 and 28 w e r e  measured with the  

solut ions t r ea t ed  by the  eoPum, namely with a so lu t ion  of uranium eoncen- 
t r a t i o n ,  i n  two cams, of 345 g l l f t e r  and in a th f rd ,  of 490 g / l i t e r ,  The 
pressure drops shown i n  Table 4-3 include the  head of the  so lu t ion  i n  the  
bed i tself ,  
from a formula given by  anfo ford'^' as 2, lg  and 3.,2 cent ipoises  fo r  the 345- 
and 490-gl l f ter  soludions, respect ively,  
thus 1.45. 
t i o n  I s  divided by 1.45, t o  make it comparable w i t h  t h a t  of t he  less concen- 
t r a t e d  solut ion,  the r e su l t an t  value, when p lo t ted  on a graph of pressure 
drop versus flow rate, will fall on a s t r a i g h t  l i n e  through the two points  
p lo t ted  on the  mme graph f o r  the  Pass concentrated solut ion.  Thus, 
pressure drops a t  other  flow ra t e s  and a t  o ther  concentrations may be 
eetfmated from the  data presented, 
prohib i t ive ly  high f o r  the  use of such f ins-s ized silica g e l o  

The vfseos i t fes  of these soPePtafons a t  25OC have been calculated 

The r a t i o  of the  v f scos i t i e s  f e  
If the  pressure drop obtained with the  more concentrated solu- 

The pressure drops found a r e  not 

4.4 Infinite-Capacity S f l i ca  Gel Column f o r  Zirconium and Niobium Adsorption 

The high capacity found with the f ine-s ized ssfPfea ge l  has raised the  
p o s s i b i l i t y  tha t  the e o l m n  may be desfgned so that no regeneration i s  
needed, This is  achieved when the  amounts of z f reonim and niobium on 
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ORNL -1 548 
- 

Table 4-2 

Effect of Silica G e l  Pa r t i c l e  Size  on Decontamination of Zirconium and Niobium 

2 Sil ica  8 1  column: 

Temperature : room 

20 CP high, 1 cm i n  cross-seetfonal area; 
f i l l e d  w i t h  20- to 40- sh Davfson refrigeration-grade s i l i c a  gel 

(4 Instantaneous 
F.? c toro  

rn 
20 t o  

- ( e )  Activi%y of feed / a c t i v i t y  of grab sample of e f f luent .  
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Table 4-3 

Pressure Drop through a Column of" Fine-Mesh Sf l fea  Gel 

Grain s i ze :  

Temperature : 25*C 

60 t p  80 mesh 



. 
the column are such that t he i r  deeay rates are  equal t o  the r a t e  of t h e i r  
addition in the feed, 
t ha t ,  with a capacity (exeluding decay) of 600 volume8 per column volume, 
a column 20 in ,  in diameter and 18 f t  high w i l l  have in f in i t e  capacity 
f o r  a feed of 3 metric tons 0% manium per day. 

Rough caPcuPatfone (see See, goo) have indicated 

The decontamination obtained in such a bed w i l l  depend on the 
re la t ive  amounts of zirconium and niobium fn  the feed, With a zirconium 
decontamination of 10, the effluent z i reonfm p l m  niobfanm a c t i v i t y  w i l l  
be roughly one-third the zirconfun feed a c t i v i t y  over s f a i r l y  wide range. 
Greater deeontamiaaatfon for zaPobium f s  p ~isible  wi%h a somewhat larger 
column, but the niobium w i l l  grow back in $0 some extent on fur ther  deeay 
of the z%rconium, A% transfant e ~ ~ ~ ~ i ~ r ~ ~ )  there will be 2,3 times more 
niobium than z1reonia;arn act%vity,  For more details, see See, 9 , O 0  

v, J o  Reilly 

In  September, 1951) 274 ~b of uranium [as ~ ~ B ~ ~ ~ o ~ ~ ~  solution] aecprmu- 
lated from ear ly  Purex p i l o t  plant runs was shipped t o  m11inckrodt (St ,  Loufs) 
fo r  large-scale conversfon t o  uranium t r ioxideo Their preliminary boildown 

Pwex uranium product solu%Poaa (e log M uranium and 0.6 M HNO t o  - - 3  
nearly 100s uranyl n i t r a t e  p ~ o ~ e ~ ~ ~ ~  ~ m o ~ % ~ ~ y ~  Eowever , w i t h  the inception 
of denitration, vfolsnt foaming oeewrsd in the pot, r e e a t i n g  i n  the over- 
flow of 340 bb sf manfum before %he heat could be reduced, 
laboratory ~ n v ~ s t i g ~ t f o n ~ ~ ~  a t  6BRNL revealed that smB1 quantitfes of" DBP 
and TBP (the la t ter  undergoing ~d~olysis durfabg evaporation and denftratfon) 
present i n  the wanim product ealut%sr% were  responsible far %he foaming 
phenomenon 

Subsequent 

By the i n s t a l l a t i s n  sf" ~ ~ ~ ~ ~ ~ ~ ~ ~ a ~ ~ t ~ ~ ~  the  ani^ s t r i p  COIUL%M, 

the O M L  p i l o t  p l a t  has reduced solvent ~ ~ ~ r ~ f n ~ ~ ~ ~  to a mfnimm, 
t o  its psiwry purpo~e,  %he si l ica  gel!= adssrptfon ~o~~ effect ively filters 

Incidental  
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4 out the solvent-containing sludge that appears i n  the uranium product 
(IEU) after evaporation t o  leg M - uranium, 
deni t ra t ions of the p i l o t  plant waniwra product have indicated that 

these measures are euff ic ien tky  effective t o  reduce foamfng t o  a 
manageable l eve l ,  

Subsequent large-scale 

Coincident with these ~ e v ~ l o ~ ~ ~ ~ ~ ~ ~  some laboratory e f f o r t  was 

put fo r th  t o  determine the DBP concentratian that could be to le ra ted  
without excessive foamfng. At W L ,  &noli wfth exutrenae9iy rapid evaporation 
rates and on a laboratory scale, serious foaming occurred with less than 
50 pa r t s  of DBP or TBP per mflPfon of wanfum, whereas pr ior  0RNL experf- 
ence with a flask deni t ra tor  a t  mderate evaporation rates indicated t h a t  
significan% foaming w ~ d d  not occur w i t h  less than 450 par t s  of DBP., 
was planned t o  evaluate the effect of B ller amounts of DBP i n  t h i s  
apparatus, which i s  believed %o approach more closely the conditions 
prevai l ing in a full-scale den i tmto r ,  

;3 

It 

The ef fec t  of TBP was studied with uranyl n i t r a t e  solut ions t o  which 
were added 50, 100, and 208 pa r t s  of TBP per mil l ion of uranium immediately 
pr ior  t o  evaporation ( s t a r t i n g  at about 700 g of uranium per l i t e r ,  0,4 t o  
0,g M - i n  HN03). The presence of TlBP a t  all concentrations t e s t ed  appeared 
t o  cawe  uneven boi l fng i n  the temperature range 110 t o  115°C, whfch on 
two occasions caused l i q u i d  t o  spew over into the  recefver,  
very l i t t l e  e f f ec t  on foamfang was noted. 
of uranium, there  was  not suf f ic ien t  foam a t  150 $0 160 e t o  cover the 

surface; above t h i s  temperatwe the foam died d 

However, 
With 200 pa r t s  of TBP per million 

0, 

The e f f ec t  of DBP was studfed on uranyl n i t r a t e  solution8 t o  which 
were added 200, 300, and ebo0 partsp of BBP, as an aqueous solutfon,per 
mill ion of uranium. A t  n800 parbe and below, there  was no s igni f icant  
amount of foam a t  140 t o  laQa(: ( f o e , ,  less foam than required t o  cover 
the  surface),  but there  was mom tendency f o r  the so lu t ion  t o  b o i l  
unevenly i n  the range 1x0 t o  115°C than with pure uranyl n i t r a t e  solut ion,  

UO3 frm t w o  di f fe ren t  sowcee v a ~  u e d  in the  prepamt ion  or  the upany1 

0 
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The e f f e c t  of aging the uranyl nitrate-DBP so lu t ion  f o r  18 h r  before 
evaporation was investigated,  and solut ions con%aining only 0,1 mole of 
HI?O per mole of uraniaun as well  as neut ra l  uranyl n i t r a t e  solut ions were 
t r i e d  i n  addi t ion t o  the  normal. €IN0 /W mole r a t i o  of 0,50 
variat ions had any s ign i f i can t  effect on the  foaming. 
of DBP was added per mil l ion of  uranium, caneiderably more t rouble  was 

experienced with uneven boiling in %he range l a b  

17OoC, 0,75 t o  1.0 i n ,  of foam was  pre~ent, covering the ewface, 
these experiments, the  evapomtfon rate m8 such as t o  go from 106 uranyl 
n i t r a t e  hexahydrate to the  inception o f  deni t ra t ion i n  about 50 mfn, 

3 
lone of these 3 

When 600 p a r t s  

t o  1150C9 and a t  150 t o  
I n  all 

The large dffference betmen the effect  0% DBP i n  the apparatus used 
y be due e n t i r e l y  to the Parge difference in  here and that used a t  W L  

the  rate of evapora tbn  between the  two tests, 
t i ons  approach much more c lose ly  those occurring i n  plant-size equipment, 
A sample of uranyl n i t r a t e  solution taken from the  Earshaw pot just p r i o r  
t o  the  f i n a l  boildown i n  the  recent test w i t h  Pwex proeese material was 
deni t ra ted  in the  laboratory apparatus, 
completely covering the  surfacej was present a t  160 t o  170°C, 

plant  deni t ra tor ,  sone foam was present a t  t h i s  s tage,  and the  heating 
rate was seduced t o  about half f o r  1 h r  w%il the  foam subsided, On t h i s  
basis, 0,75 t o  l i n ,  of foam may represent 
equipment 

It appears that our condi- 

Lese than 0,s in, of foam9 not 
In the  

n mdea%rab%e l e v e l  i n  p lan t  

The " reac t iv i ty  test," developed by K-25 a8 sf an extensive 
program t o  invest igate  the  reactions of uranium trioxide,'8' has been 
reported t o  be a useful gawe of the r e a c t i v i t y  of uranium t r iox ide ,  i o e o p  
of the  extent  of" i ts  convera%sn t o  uranium t e t r a f luo r ide  under conditions 
similar t o  those employed i n  the  K-25 feed plan%, Correlation between 



the  index of r e a c t i v i t y  of et given oxide as obtained i n  this laboratory 
t e a t  and the  plant  behavior of the  same oxide is reported as being 
exce l len t ,  

I n  view of t he  apparent ~ ~ p ~ ~ ~ e ~ ~ e  of the  extent of conversion of 
UO t o  Up4 on such matters a~ the presence of B ~ P B  amount8 of ionic 
impurit ies and the physical pmpertie?~ of" the UO 
r e a c t i v i t y  t e s t  has been proposed a8 a s.uf%abPs "me" t e s t  f o r  recovered 
U03* The appara%ue f o r  the  test has been set  up according t o  the  recom- 
mendations of K-25,and work has been done t o  gain experience with the  
method as w e l l  aasr t o  s%mp%ff"y and standardize the procedure, 

3 
the  laboratory 3 j  

Conclusions dram f r o m  results sf work dons at  K-25 have auggested 
that the  uranyl nftratx? deanitratisn proeedwe used i n  producing UO 
the  r e a c t i v i t y  of" t he  oxide, It is desirable, therefore ,  t o  have a standard 
laboratory denitration procedure, preferably one giving an oxide of the  same 
r e a c t i v i t y  as t h a t  produced by plant-ecalc deni%rat ion,  
a laboratory-scale deni t ra t ion  reactor  %abr%ca%ed, 

a f f e c t s  3 

For t h i s  purpose 

6,1 

The apparatus wed fo r  the  reduction and hydrofluorination of uranium 
t r iox ide  cons is t s  of a furnace through which tank hydrogen and hydrogen 
f luor ide  gases can be passed over a m p l e a  of" oxide contained i n  a nickel 
boat ,  A 17-in. length of" Po5-ino-f,d, nickel pipe placed i n  an e l e c t r i c  
tube furnace serves as the reaction chamber, The pipe fs closed a t  one 
end except f o r  tho gas faabet and a themocouple well9 and can be closed 
at the o ther  end by a threaded nickel cap, 

side takeoff a t  %he threaded end and are passed through a soda l i m e  t r a p  
before being discharged, The gas i n l e t  %a connected through a 0,020-in0 
leak  orifice and needle valve t o  8 manifold supp%yisg tank hydrogen, 
nitrogen, and anhydrous hydrogen fluorfds,  The r e a c t f ~ n  vessel  is a 
four-compartment nickel boat with gavera$E  on^ 1 by 112 by 4-112 in. 
The four  compartments are cut  into the &-.l/2- by 1- in ,  face,  and each of 

The ex i t  gases escape by a 
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these chambers is 2 by 5/16 and I,& in, deep, 

half-filled by a 3-g sample 0% UO For %he method of d i r e c t  weighing 
of the  samples before and after reaction, four  detachable n icke l  boats 
were =de. 
l a rge r  vessel .  Each of these boats weighs about 5 g o  

Each compartment is  about 

3 "  

One of %hem could be placed in  each compartment of the  

The o r i f i c e  s i ze  (0,620 i n o  "j and needle nBve s e t t i n g  wre adgusted 
t o  give flow rates of N b O  s t d  ce/min of hydrogen f luor ide  and ~ 1 6 0 0  
s t d  ce/min of 
were not found t o  vary $ ~ ~ ~ i ~ ~ ~ ~ ~ t ~ y ~  

Through the course of the ~~~~~~~~t~~ these flow rates 

The procedure used in t r ea t ing  %ha samples ( ident ica l  w i t h  tha t  i n  
use a t  K-25) was the  foPPswfng: 

wts ~ ~ i ~ ~ ~ r n a ~ ~ ~  opposite) of the  boat,  
3-g sample8 of the  oxide fn q u e s % f o ~  are weighed. 

compartments 3-8 samples 0% standard oxide are treighed," 
of d i r e c t  weighhe; fs t o  be used, the samples are weighed accurately on 
an analytfeal balanceo 

In to  the o ther  two 
If the method 

2. The loaded boat is placed in the cold f w n a ~ e ,  the  hydrogen 
flow is started, and heat ing of  %he $.ma.e 

3 After 3Umfn the  temperature of the furnace reaches 590°C, where 
it is maintained for P o5 hr more 0 

k ,  A f t e r  a total reduction t i m e  of 2 br, the hydrogen Plow is cut  
off  and the  EEF" f l o w  1s begun and eoaatfmued steadlily f o r  30 m9n a t  590°C0 

5. Whfle the ID f l o w  fs ~ob~t inued ,  the system i~ eeoPedi w i t h  an 
air J e t  on the outer  side 0% %Be fmnaee. 
temperature should drop t o  wP25"e. 
f l u sh  the KF from t h e  system. 

After 15 mfn of cooling, the  
A flow of nitrogen is then used t o  

Q 
A t  present MaP1incksPodt UQ is befng used at K-25 as a reference 3 

standard, Some of th%s ox%& hae bean transferred to QRNL for use i n  
the present work., 



6, The samples are removed, pulverized, and analyzed fo r  Up&, U02, 
and U02F2. 

contents f a  weighed befme the I lie %e remvedo 
If analyeit3 is t o  $36 done gravimetriea1$, each boat plue Its 

With the reduction and h y ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  reaction conditions described, 
In the time provided, the product w i l l  be a mixture cf 15FbilD UQ2, and UQ2F2" 

alm06t complete reduction of UCB 

age of U O ~ F ~  is tbm S ~ P P  (1 t o  5$l0 
owing, presmbb%y, $0 e m l %  a ~ s ~ t ~  sf f n r i t f s s  and dffferences in physical 
propertfee of the Snf tSsP  uranium %rfox$de sample, 

t,o U02 w i l l  be accomplished, and the percent- 3 
 be ~ 1 4 ~ ~ ~ ~  r a t i o  will vary widely, 



No sam?3 0 

H -2 
M-4 
H -3 
M-9 
H -4 
M-11 

HW-1 
M-5 
Hw-3 
M-10 

m-4 
M-13 

m-5 
M-14 

HX-1 
M-12 

HX-2 
M-15 

a - 3  
M-16 

P -1 
M-17 

P -2 
M-18 

Table 6-1 

Laboratory React ivi ty  of Uranium Trioxide from Various Sources 

4 *9 
1.4 

4.9 
3 03 
7.5 
4.1 

40.4 
17.3 
45 09 

6 -8 
46.5 
11.4 

2 .b 
14.5 

10.4 
00- 

8%,8 
83.8 
'5405 
78 

React ivi ty  Ratio, R / r  

Analytical  

0.68 

0,70 

0.68 

0,70 

0.68 

0.55 

0.54 

1.14 

P .13 

1.16 

Wt. Gain 

-_e 

0.61 

0*58 

--o 

1.18 

1.20 

0.98 

0.96 

(a) See t e x t  f o r  meaning of pref ixes  on a a q l e  numbers, 
(b) The. r e a c t i v i t y  r a t i o ,  R / r ,  is the $ i n  t he  unknown sample divided by 

the  $ UF4 i n  the  standard MalPinckrodt sample run adjacent t o  the  unknown 
i n  the boat,, 



old Hanford product known t o  be o f  low reac t iv i ty ;  HX was a laboratory- 
hydrated UO 

uranyl n i t r a t e ;  H was an oxide of undetermined or igin,  probably containing 
impurities 

P was an oxide prepared by deni t ra t ion of Purex process 3; 

Comparison of the  r eac t iv i ty  ratfos obtained from analy t ica l  results 
w i t h  those obtained by the weight-gaic psscedwe indicates t h a t  within 
the l i m i t  of app l i cab i l i t y  of the  te8t the eimpPsr weight-gain method 
should su f f i ce ,  mat is, the average precision in the r e a c t i v i t y  r a t i o  
determination8 is no b e t t e r  than 5$, while the average e r r o r  introduced 
by the  weight-gain method is about 7$, A s  expect.ed, the  lower the reae- 
t i v i t y  of an oxfae, %he greater  i s  the dffferenee between the  r eac t iv i ty  
r a t i o  values obtained by the two methods. Pn general, it fs recommended 
t h a t  the r e a c t i v i t y  test be r e l i ed  upon f o r  no grea te r  than 10s accuracy, 

On a rout ine  'basis, the  weight-gain method should seduce the processing 
time per sample from 8-10 h r  t o  about 3-4 hro 

6.2 Denitration Equipment 

A 100 mP capacity deni t ra t ion pot has been constructed from type 347 
s t a in l e s s  steel 
and i s  equipped w i t h  an anchor type stirrer operated at  100 r p m .  
apparatus will be used t o  study the denitretion. reaction w i t h  pa r t i cu la r  
regard t o  the r eac t iv i ty  of the oxide produced. 

Thia reactor  is e l e c t r i c a l l y  heated (Glas-Col mantle) 
T h i s  

7.0 SOLUBILITY OF FEMIC SULFATE IB A C I D  EVAPORATOR RESIDUES 

Ferr ic  sulfate and s u l f u r i c  acid are formed in equimolar amounts by 
the  decomposition of ferrous sulfamate during evaporation of the acid 
wastes from the Pusex proeees for recovery of the n i t r i c  acid. 
on the so lub i l f ty  o f  ferric su l f a t e  i n  %he acid e v a p ~ r a t ~ r  residues is o f  

i n t e re s t  i n  the  determination of the acid concentration f ac to r  tha t  may 

be obtained during acid recovery without prec ip i ta t ion  of any of the  
consti tuents of' the solution. Results of prePiminary experiments a t  

Information 
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Table 7-1 

Solub i l i t y  of Fe r r i c  Sulfate  i n  N i t r i c  Acid-Sulfuric Acid Mixtures 

12 .o 
7815 



. 
.. 

. 
,. .. 
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various temperatures (see Table 7-1) indicate  t h a t  both n i t r i c  acid and 
su l fu r i c  ac id  have E strong depressing ac t ion  on f e r r i c  su l f a t e  so lub i l i t y .  
The measured s o l u b i l i t i e s  were used t o  estimate the amount of f e r r i c  s u l f a t e  
t h a t  can Just remain in solution, in the  presence of equimolar amounts of 
su l fu r i c  acid,  in n f t r f c  ac id  a t  .&he vofking point (see Fig, 7-1) 

The e f f e c t  of sodiwn n i t r a t e  was not considered i n  these experiments, 
and the information therefore  is of l i m i t e d  value a t  present. Sodium 
n i t r a t e  is a l s o  expected t o  exer t  a depressing a f f e c t  on the  f e r r i c  eu l f a t e  
s o l u b i l i t y ,  

I -1 
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where 
feed, a t  steady state, w i l l  have t o  be equal t o  this  figure plus t h a t  
leaving i n  the  e f f luent .  Thus, 

R x Z r o  = nzr (0.9 x Zro  x 600 x V) + 0.1 R Zro,  

Zr is the  decay constant f o r  zirconium. The rate of zirconium 

and 
R v =  

6oo xzr 
I 

where R is the flow rate of both feed and ef f luent .  For a bed handling 
3 metric tons of uranium per day, R w i l l  be 7500 l i t e r s /day  and hzr = 

0.0107 day-'; V is found t o  be 1170 l i t e rs .  
i n  a 20-in.-diameter column, about 18 f t  high. 
w i l l  provide a l i n e a r  flow rate which is consis tent  with decontamination 
and capacity spec i f ica t ions  used i n  theee calculat ions.  

This volume w i l l  be cohtained 
Thie column cross-section 

With the assumptions made, the ef f luent  of t h i s  bed w i l l  contain 

one-tenth the  feed concentration of zirconium, If the  niobium a c t i v i t y  
i n  the  feed is about f i v e  times o r  less the zirconium a c t i v i t y ,  t he  niobium 
a c t i v i t y  i n  the e f f luent  w f l l  be z03 times the zirconium a c t i v i t y  owing t o  
the  t r ans i en t  equilibrium, 
tamination f a c t o r  may not be increased much beyond 10, which means that 

addi t iona l  column length beyond the value found i n  the preceding paragraph 
w i l l  be inef fec t ive  f o r  removal of zirconium. However, addi t iona l  removal 
of niobium is l ike ly ,  gfving less niobium than the t r ans i en t  equilibrium 
value. It is  not very prof i tab le  t o  reduce the niobium a c t i v i t y  much below 
the equilibrium value, though, as it w i l l  grow back i n  as the product ages, 
The ove ra l l  niobium plus zfrconium decontamination f ac to r  may be estimated 

as a function of the r e l a t ive  a c t i v i t i e s  of  the two species i n  the  feed: 

Present data indicate  tha t  the zirconium decon- 

Act iv i ty  r a t i o  i n  feed, 
Zr/Nb Overall D,F. (Nb + Zr) 

00 3 
1 6 

0 -5  9 
0 -2 10 


